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PREFACE

Much has occurred to affect the field of electromagnetic compatibility
(EMC) in the 11 ycars since the first edition of this book was published. The
two most important developments are the proliferation of digital clectronics
in the consumer marketplace and the establishment of rules on emission
control from digital systems by the Federal Communications Commission
(FCC). As a result interest in the subject of EMC has increased dramati-
cally.

The first cdition covered basic theory and cmphasized reducing the
susceptibility of electronic systems. There is now a need for information on
controlling the emission from electronic systems, especially digital systems,
and on low-cost techniques for providing EMC for consumer products sold
in & competitive market. In addition there is increased concern about the
susceptibility of electronic systems to electrostatic discharge. This edition
was written to address these issues,

Virtually all the material contained in the first edition is still applicable
and has been tetained. Three new chapters have been added on the subjects
of noise and radiation from digital electronics and electrostatic discharge.

Chapter 1 was rewritten and now includes material on the FCC regu-
lations. Chapters 2 to 7 were updated and contain new material; Chapters 8
and 9 arc unchanged; Chapters 10, 11, and 12 are new. Chapter 10 covers
digital circuit noise and layout, Chapter 11 is on digital cireoit radiation, and
Chapter 12 deals with electrostatic discharge. In addition a new appendix
has been included on FCO EMC test procedures (Appendix F).

I would like to cxpress my gratitude and appreciation to all those who
took the time to comment on the first edition of the book, and to those who
encouraged me to write this sccond edition. In particular, 1 would like to
thank Scott Roleson, Bob German. and Dr. Clayton Paul for the many
fruitful discussions we had on the subjeet of EMC.

I owe a special debt of appreciation to Eva Carter {or her superb editing
of the manuscript. A special thanks also gocs to Dan Johnson who worked
out all the problems in the first edition and pointed out errors. Finally, 1
would like to thank all my colleagues who took the time to review this
manuscript and make useful comments and suggestions.

Hesey W, O1r

Livingsron, New fergay
July 1987
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PREFACE TO FIRST EDITION

This book covers the practical aspects of noise suppression and control in
electronic circuits. It is intended primarily for the practicing engineer who is
involved in the design of electronic equipment or systems, and also as a text
for teaching the practical aspects of noise suppression. The concepts of noise
reduction presented in the book can be applied to circuits operating from
audio frequencies through VHF. More emphasis is placed on low- to
mid-frequency noise problems, however, since these are the least documen-
ted in existing literature,

Some of the most difficult and frustrating problems faced by design
engineers concern elimination of noise from their circuits or systems. Most
engineers are not well equipped to handle noise problems, since the subject
is not normally taught in engineering schools, and what literature is avail-
able is widely scattered among many different journals.

Solutions to noise problems are usually found by trial and error with little
or no understanding of the mechanisms involved. Such efforts are very time
consuming and the solutions may prove unsatisfactory if the cquipment is
moved to a new environment. This situation is unfortunate, since most of
the principles involved are simple and can be cxplained by elementary
physics.

This text began as a set of lecture notes for an out-of-hours course given
at Bell Laboratories and later presented as part of the in-hours continuing
cducation program at the laboratories. The approach used in the text is
design oriented, with the amount and complexity of mathematics kept to a
minimum. In some cases, models representing physical phenomena have
been simplified to provide more useful results, By making realistic simplify-
ing assumptions, results having clear physical meaning are obtained,

The organization of the material is as follows, Chapter 1 is an intro-
duction to the subject of noise reduction. Chapters 2 and 3 cover the two
primary mesns of noise control: shielding and grounding, respectively.
Chapter 4 covers other noise reduction techniques such as bulancing,
decoupling, and filtering. Chapter 5, on passive components, covers the
characteristics that affect the components’ noise performance and their use
in noise reduction circuitry. Chapter 6 provides a detailed analysis of the
shielding effectiveness of metallic sheets. Chapter 7 covers relays and
switches and discusses methods of reducing noise generated by these
devices. Chapter 8 covers intrinsic noise sources that result in a theoretical

fwr
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minimum level of noise present in a circuit. Chapter ¥ discusses noise in
transistors and integrated circuits.

At the end of cach chapter is a summary of the most important points
discussed. For those desiring additional information a bibliegraphy is also
included. In addition, Appendix A discusses the decibel and its use in noise
measurements on voice-frequency analog communications systems. Appen-
dix B (presented in the form of & check list) is an overall summary of the
more commonly used noise reduction techniques. Review problems for cach
chapter can be found in Appendix D with answers in Appendix L.

1 wish o express my gratitude to Mr. 5. D Williams, Ir.. who collabo-
rated with me on an original sct of notes for a noise-control seminar. That
work provided the seed from which this book grew. T am also grateful to the
many students whese enthusiasm provided the incentive to continue this
work. Special thanks to Mr. F. P, Sullivin and Miss A, L. Wasser for their
technical editing of the manuseript. and o Mr. L. E. Morris and Mr. T2 N
Heirman for their many helpful suggestions. In addition I would like w0
thank all my colleagues who reviewed the manuscript, for their useful
comments, Finally, | would like to express my gratitude 1o Bell Laboratories
for their cooperation and support,

Henry W. OTT

Whippanv, New fersey
July 1973
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1 INTRODUCTION

The widespread use of electronic circuits for communication, computation,
automation, and other purposes makes it necessary for diverse cireuits 10
operate in close proximily. All too often these circuits affect each other
adversely, Electromagnetic interference (EMI) has become a major prob-
lem for circuit designers, and it is likely to become more severe in the
future. The large number of electronic devices in common use is partly
responsible for this wend. In addition the use of integrated circuits and
large-scale integration has reduced the size of electronic cqupment. As
circuitry has become smaller and more sophisticated, more circuits are being
crowded into less space, thus increasing the probability of interference.

Today's cyuipment designers nced to do more than just muke their
systerns operate under ideal conditions in the laborstory. Besides that
obwvious task, they must also make sure the cquipment will actually work in
the “rcal world,” with other cquipment nearby. This means that the
cquipment should not be affected by external noise sources. and should not
itself be # source of noise to the environment. Electromagnetic compatibilily
(EMC) should be a major design objective.

In Fig. i-1 the block diagram of a radio receiver is used as an example to
depict the various types of interference that can occur in equipment. The
wiring between the various stages conducts noise, and some stages radiate
noise. In addition ground currents from the various stages flow through a
common ground impedence and produce a noise voltage on the ground bus,
Electric and magnetic licld coupling between signals in various conductors 15
also shown. These noise problems arc cxamples of intraeguipment interfer-
ence that must be solved before the radio will operate in the laboratory.
When the radio is installed in the “real world™ it becomes exposed to
additional external noise sources, such as shown in Fig. 1-2. MNoise currents
are conducted into the receiver on the ac power line, and the radio receiver
is cxposed o electromagnetic radiation from various sources, In this case
the noise sources are not under the designer’s control. However, the unit
must still be designed to operate in this covironment.

Figure 1-3 depicts the other side of the noise problem. The radio can be a
source of noise that may interfere with other cquipment. Parts of the circuit
radiate noise directly, and the power cable conducts noise to other circuits.
Noise current Howing in the power lead causes the lead to radiate additional
noise. Designing equipment to mimimize noise generation is cqually as
important as designing equipment that is not susceptible to interference.
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1 - NTRODUCTION
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Figure 1.3, Electronic equipment such ag this radio can emil noive that may iaverfere with otlher
circuily. Conslderarion of nowe during equipment desien con wvoid these emivsions.

. Noise is any clectrical signal present in a circuit other than the desired
SLgJ_JaI. _'E'his definition does not apply to the distortion products produced in
a circuit duc to nonlinearitics. Although these distortion products may be
undesirable, they are not considercd noise unless they et coupled into
zl_m:rther part of the circuil. It follows that a desired sigﬁaiwin ong part of a
cireuit is considered to be noise only if coupled to some other part of the
circuit.

MNoise sources can be grouped into three categories: (1) intrinsic noise
sources that arise from random fluctuations within physical svstems. such as
thrmal and shot noize. (2) mun-made noise stnur_ces_. such as mators,
switches, digital electromics, and radio transmitters. and (3) noise due o
nutural disturbances, such as lightning and sunspots.

‘ Interference is the undesirable effect of noise. If & noise voltage causes
improper operation of a cirenit, it is interflerence. Noise cannotl be elimi-
nated but only reduced in magnitude, until it no longer causes interference.

DESIGNING FOR ELECTROMAGNETIC COMPATIBILITY

EJeclmmagrlletlc compatibility (EMC) is the ability of an electronic system
to (1) function properly in its intended elcctromagnetic environment, and

DESIGHING FOR ELECTROMAGNETIC COMPATABILITY 5

(2) not be a source of pollution to that environment. The cleciromagnetic
environment is composed of both radiated and conducted energy. EMC
therefore has two aspects, emission and susceptibility.

Susceptibility is the capability of a device or circuit to respond to
unwanted electrical encrgy (i.e., noise). The susceptibility level of a circuit
or device is the noise environment in which the equipment can operate
satisfactorily, without degradation, and with a defined margin of safety. The
opposite of susceptibility is immunity. One difficulty in determining mmuni-
ty (or susceptibility) levels is defining what constitutes performance degra-
dation.

Emission pertains to the interference-causing potential of a product. The
purpose of controlling emissions is to limit the clectromagnetic energy
emitted, and thereby control the electromagnetic environment in which
other products must operate. Controlling the emission from one product
may eliminate an interference problem for many other products. Therefore
it is desirable to control emission in an attempt o produce an elec-
tromagnetically compatible environment.

To some extent susceptibility is self-regulating. 1f & product is susceptible
to the anvironment, the customer will become aware of 1t and may not
continue to purchase it. Emission, on the other hand, tends not to be
self-regulating. A product that is the source of cmission may not be affected
by that emission. As a result various regulatory bodies have imposed
standurds 1o control emissions from certain classes of products.

EMC design can be approached in either of two ways: one is the crisis
approach, and the other is the systems approach. In the crisis approach the
designer proceeds with a total disregard of EMC until the design is fimished
and testing or—worse yet—field expericnee suggests that a problem exists.
Solutions, implemented at this lale stage. are usually cxpensive and consist
of undesirable “add-ons.” This is often referred to as the “Band-Aid”
approach.

As cquipment development progresses from design to testing and 1o
production, the variety of noise mitigation techniques available to the
designier decreases steadily. Concurrently, cost goes up. These trends are
shown in Fig. 1-4. Early solutions to interfercnee problems, therefore, arc
usually best and least cxpensive,

The systems approach considers EMC throughout the design: the de-
sipner anticipates EMC problems at the beginning of the process, finds the
remaining problems in the breadboard and early prototype stages, und tests
the final prototypes for EMC as thoroughly as possible. This way EMC
becomes an integral part of both the electrical and mechanical design of the
product. As a result EMC is designed into—and not added onto—the
product, and this is a more cost-cffective approach.

If noise suppression is considered for one stage or subsystem at a time
when the equipment is being designed, the noisc mitigation technigues are
simple and straightforward. Expericnce has shown that when noise suppres-
sion is handled this way, the designer should be able to produce cquipment
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Figure l1-4, A5 eguipment development proceeds, she nunther af availahle noise-rediuciion
fechniques goes down. Af the same tdme the cost of aoise reduction goes up.

with 90% or more of the potential noise problems eliminated prior to
LL‘HLII’EI!:[_.

On the other hand, a system designed with complete distegard to noiss
suppression will almost always have noise problems when testing begins,
Analysis at that time, to ind which of the many possible noise path
combinations are contributing to the problem. may not be simple or
obvious. Solutions at this late stage usvally involve the addition of cxtra
components that are not integral parts of the circoit, Penalties paid include
the added cngineering cost and the cost of the mitigation components and
their installation. There also may be size, weight, and power dissipation
penalties.

EMC REGULATIONS

Some added insight into the problem of interference and the obligations of
equipment designers can be gained from a teview of some of the more
important government and military EMC regulations and specifications.

FCC Regulations

In the United States the Federsl Communications Commission (FCC)
regulates the use of radio and wire communications. Part of its responsibility
concerns the contral of interference. Three sections of the FCC Rules and
Regulations® have reguirements that are applicable to nonlicensed elec-
tronic cquipment. These are Part 15 (for radio-frequency devices), Part 18

*Code of Federal Regulations. Title 47.

EMC REGULATIONS -

(for industrial, scientific and medical equipment), and Parl 65 (for equip-
ment connected to the telephone network).

Part 15 of the FCC Rules and Regulations sets forth technical standards
and operational requirements for radio-frequency devices, f\ rudin-fruf.lucn—
cy device is any device that in its operation is capable of emitting, inten-
tionally or unintentionally, radio-frequency cnergy by radiation, conduction,
or some other means. Radio-frequency energy is defined by the FCC as any
electromagnetic energy in the frequency range of 10kHz to 3 GHz. The
standards have a twofold purpose: to provide for the operation of low power
transmitters without & radio station license und to control interference to
authorized radio communications services that may be caused by equipment
that emits radio-frequency encrgy or noise as a by-product of its operation.
Digital electronics fall into the latter category.

Fart 18 of the FCC Rules and Regulations sets forth technical standards
and operational conditions for industrial. scientific, and medical equipment
(ISM equipment). 1SM equipment is delined as any device that uses radio
waves for industrial, scientific, medical. or any other purpose (including the
transfer of energy by radio) and that is neither used nor intended to be used
for radio communications. Included are medical diathermy equipment,
industrial heating equipment, RF welders. RF lighting devices, devices used
to produce physical changes in matter, and other related noncommuni-
cations devices.

Part 68 of the FCC Rules and Regulations provides uniform standards for
the protection of the telephone network from harm caused by the connec-
tion of terminal equipment (including PBX systems) and its wiring, and for
the compatibility of hearing aids and telephones to cnsure that persons with
hearing aids have reasonable access to the telephone network, Harm to the
telephone network includes electrical hazards to telephone company work-
ers. damage to telephone company equipment, malfunction of telephone
company billing equipment, and degradation of service to persons other
than the user of the terminal equipment, his calling or called party.

FCC Part 15, Subpart J

The FCC rule of general interest is Part 15, Subpart J because it applies to
almost all digital electronics. In September 1979 the FCC adopted regu-
lations to control the interference potential of digital electronics (called
computing devices by the FCC). These regulations, “Technical Standards
for Computing Equipment” (Docket 20780), amended Part 15 of the FCC
rules relating to testricted radiation devices. and they are now contained in
Part 15, Subpart I of Title 47 of The Code of Federal Regulations. Under
these rules, limits are placed on the maximum allowable radisted emission
in the frequency range of 30 to 1000 MIz and on the maximum allowsble
conducted emission on the ac power line in the frequency range of 0.450 o
30 MH:.



{ - INTRODUCTION

These regulations were the result of increasing complaints 1o the FCC
about interference to radio and television reception where digital clectronics
were identified as the source of the interference. In this ruling the FOC said

Computers have been reported to cause interference to almost all radio
services, particularly those services below 200 MHz, including police,
acronauiical, and broadeast services. Scveral [actors contributing o this
include: (1) digital equipment has become more prolific throughoul our society
andd are now being sold for use in the home; (2) lwechnology bas mereased the
specds of computers to the point where the computer designer is now working
with radio frequency and electromagnetic interference (EMI) problems—
somelhing he dida™t have 10 contend with 13 years ago; (3) medern production
cconomics has replaced the stecl cabinets which shicld or reduce radiated
emanation with plastic cabinets which provide little or no shizlding,

The FCC defines a computing device as

Any clectronic device or system that generales and uses timing pulses at a rate
in excess of 10,000 pulses (cycles) per second znd uses digital techniques;
inclusive of telephone cquipment that uses digital techniques or any device or
system’ that generates and utilizes radio frequency energy for the purpose of
perlorming data processing functions, such as cleclronic computations, opar-
ations, transformations, recording, filing. sorting, storage. retrieval or
transfer . . . .

This definition was intentionally made broad to include as many products as
possible. Thus, if a product uses digital circuitry and has a clock frequency
greater than 10 kHz, it is a computing device under the FCC definition. This
definition covers most digital electronics manufactured today.

Computing devices covered by this definition are divided into two classes:

Class A: A computing device that is marketed for use in a commercial,
industrial, or business enviromment.

Class B: A computing device that is marketed for use in a residential
environment, notwithstanding its use in a commercisl, indus-
triil, or business cnvironment,

Since Class B devices are more likely to be located in closer proximity o
radio and television receivers, the emission limits for these devices are about
10 dB more restrictive than those for Class A devices,

Mecting these technical standurds is the obligation of the manofacturer or
importer of a product. To guarantee compliance, the FCC requires the
manufacturer to test the product for compliance before the product can be
marketed in the United States. The FOC defines marketing as shipping,
selling, offering for sale, importing, and so on. Therefore, until a product
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complies with the rules, it cannot legally be :1d~r-c1't'i-sc_r_l since this cnu_id be
considered an offer for sale. In order to legally advertise a product prior to
compliance, the advertiscment must contain 4 statement thut fﬁe device is
subject to FCC rrifes and will comply w.!'.fh the rules pricr o defn'er_}-_

For personal computers and their peripherals (# Huhc_:ategury of (_Ilit.\'h B}_.
the manufaclurer must sobmit the test data to the FCC and obtain _f‘f‘lﬂ'.'-
fication from the FCC before it cun market the product. The l'.'.'t‘:@tplﬁsu‘:ﬂ
can. if it so desires, ask [or a sample product to test before providing the
certification.

For all other products (Class A and Class B— olher Itljzan persomnal
computers and their penipherals) the mulnuf;?m};‘rur must ufnj_}:‘ ccm};_:uluu?cs;
by testing the product before marketing it \fenllczft[un is a seli-c:_:r_tmcumm
procedure where nothing is submitted to the FCC unless ‘_‘-PECI.{:li.Z.iﬂi}' re-
quested. Compliance is by random sampling of products by the FCC .

The time required to do the complisnce tests (and rc-dfy them if the
product fails), and the timc required to obtain certiﬁcatmnt from the
Commission (if required), should be scheduled into the product’s develop-
ment timetable. _ o

Testing must be done on a sample thar is representative of production
units. This usually involves a production or preproduction model. Com-
pliance testing must therefore be one of the last items in the development
timetable. This is no time for unexpected surprises! 1f the product fails the
test, changes at this point are difficult and expensive. Therefore it isl
desirable to approach the final compliance test with # high degree uFI.
confidence that the product will pass. This can be donc if (1) proper EMC
design principles (as discussed in this book) have been used throughout the
design and (2) preliminary emission testing was done on early models and
subassemblics.

These tules aot only specify the technical standards (limits) that a product
must satisfv but also the administrative procedures thal must be followed
and the méanuring methods that must be used to determine compliance. It
should be noted that the limits and the measurement procedures are
interrelated. The derived limits were based on specified measurement
procedures. Therefore compliance measurcments must be m%da following
the procedure outlined by the FCC in FCC/OST MP-4 t'FCf_. h"i_e.thf::dx of
Measurement of Radio Noise Emissions from Computing Devices (see
Appendix F).

Tests must be made on a complete system, with all cables connected and
configured in a reasonable way that tends Lo maximize the emission.

For radiated emission the measurement procedure specifies an open_ﬁcld
{or cquivalent) measurement made over a ground p[uge.wirh ! m.nf:d_dipulj:
(or other correlatable, lincarly polarized) antenna. This is shown in Fig. 1-3.

Table 1-1 gives the radiated emission limits for » Class A product when
measurcd at a distance of 30 m, and Table 1-2 Jists the limits for a Class B
product when measured at a distance of 3m.
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Table 1-1 FCC Clase A Radiated Emlssion Limits

Measuring Field
Frequency Distunce Sirength
{MHz) [m) [ wVim)
3088 30 el
BE-216 30 =0
216-1000 30 0

Ta_ble 1-2 FCC Cilass B Radiated Emisszion Limits

Measuring Fiald
Frequency Distance Strength
(MHz) (m) { Vi m)
J—EH 3 M)
BE-216 3 Lih
216-1000 3

200}

10
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A comparison between the Class A and Class B limits must be done at the
sume measuring distance. Therefore, if the Class A limits are extrapolated
to the 3-m measuring distance (using a 1/r extrapolation), the two sets of
imits can then be compared as shown in Fig. 1-6. As can be seen, the Class
B limits are more restrictive by about a factor of 3 (10dB).

Conducted emission limits are specified in the rules because the FCC
believes that at frequencies below 30 MHz the primary cause of interference
with communications occurs by conducting of energy onto the ac power line
and subsequently radiating it from the power line.

Table 1-3 shows both the Class A and B conducted emission limits, These
voltages are measured common-mode (hot to ground, and neutral to
ground) on the ac power line using a 50 (/50 I line impedance stabili-
zation network (LISN) as specified in the measurement procedure (see
Appendix F). Figure 1-7 shows a typical FCC-conducted emission test setup.

Not only must a device be tested for compliance with the technicul
standards, but it must also be labeled as compliant, and informution must be
provided to the user on its interference potential.

In addition to the technical specifications mentioned earlier. the rules also
contain a noninterference requirement which states that if use of the product
causes harmful interference, the user can be required o cease operation of
the device. Notice the difference in responsibility between the techmical
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o0

00

CLASE A

200 +

400 = 1

FIELD STREMGTH {u¥m}

300

200

: CLASS B |

R (A SO VAN 0 S LAV A P
10 00 W 50 100 200 300 500 1000

FREQUENCY {MHz}

Figure 1-6. FOC Part 15, Subpart J radigied enission timits measwred at a divtance of 3 m.
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Table 1-3 FCC Conductsd Emission Limits

Fre [UENCY Class A Class B
(MHz) [uV) (V)
0.45-1.6 100 230

1.6 —30 3000 250

specifications and the noninterfercnce requircment. Although the technical
specification is the responsibility of the manufacturer or importer of the
product, the noninterference requirement is the responsibility of the user of
the product.

In addition to the initial certification or verification of a product, the rules
also specify that the manufacturer is responsible for the continued com-
pliance of subsequently manufactured equipment.

If 4 change is made to a compliant product, the manufacturer or importer
has the responsibility to determine whether that change has an effect on the
compliance of the product. The FCC has cautioned manufacturers (Fublic
Notice 3281, April 7, 1982) to note that

Many changes, which on their face scem insignificant, are in fact very
significant. Thus a change in the layout of 1 circuit hoard. or the addition or

BOMD METER, LISN &
GROUND PLANE TOGETHER

EMI
RECEIVERA

Figure 1-7. Test setup for FOC canducted emission measerements.
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removal or even rerouting of a wire, or even a change in the logic will slmost
surcly change the emission characteristics of the device .. .. Whether this
change in characteristics is enough to throw the product out of compliance can
best be determined by retesting.

At the time of this writing (July 1987), the FCC has temporarily
exempted five subclasses of digital devices from meeting the technical
standards of the requirements. Thesc are

1. Digital electronics built into a transportation vehicle, such as a car,
plane, or hoat.

2. Industrial control systems used in an industrial plant, factory. or public
utility.
3. Industrial, commercial, and medical test equipment.

4. Microprocessor controlled appliances, such as a dishwasher. clothes
dryer, or power tool,

5. Specialized medical devices, generally uscd at the direction or under
the supervision of a licensed health care practitioner.

Each of these devices is subject to the noninterference requirement of the
rules. Since the exemptions mentioned are temporary they can be cdited out
of any new rule-making procedure initiated by the FCC. This would take the
form of publishing & Notice of Proposed Rule-Making, which asks for
comments from industry; after the comments are reviewed, ruling is
issued. If there actually is interference from any of these gxempted prod-
ucts, a mew rule might be made. Thercfore it is prudent for the manufac-
turer to design all equipment to meet the technical requirements of the
tules.

A general overview of these regulations is contained in FCC/OST
Bulletin 62 (1984).

Since the FCC has purview over many types of electronic products,
including digital electronics, design and development organizations should
have a complete and current set of the FCC rules applicable to the types of
products they produce. These rules should be referenced during the design,
to avoid subsequent embarrassment when and if a compliance demon-
stration is required.

International Harmonization

It would be desirable to have one international standard for allowable
emission from electronic products instead of many different national stan-
dards. Then a manufacturer could design and test a product to one EMC
standard that would be acceptable worldwide.

The most likely vehicle for accomplishing this objective is the Interna-
tional Special Committee on Radio Interference (CISPR, from its title in
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French). CISPR was formed in 1934 to determine measurement methods
and limits for radio-frequency interference in order to facilitaie international
trade. CISPR has no regulatory authority, but its standards, when adopted
by governments, become national standards. In 1985 CISPR adopred a new
sct of emission standards (Publication 22) for Information Technology
Equipment (digital electronics). Many European countrics have adopted
these requirements as their national standard, and more are expected to do
s0 in the future. The United States, as a voting member of CISPR, voted in
favor of the new standard. This put considerable pressure on the FOO to
adopt the same standards, Therefore the limits of CISPR Publication 22 arc
likely to become the international EMC standard,

Figure 1-8 compares the new CISPR radiated emission standard with the
present FCC standard. The FCC limits have been extrapolated to a 10-m
measuring distance for this comparison. As can be seen, the CISPR limits
are more restrictive in the frequency range from 88 to 230 MHz. From 88 to
216 MHz the CISPR Class A limit is 3.5 dB more restrictive, and from 216
o 230 MHz the CISPR Class A limit 15 6.5 dB more restrictive than the
present FCCO requitements,

Figure 1-9 compares the new CISPR narrowband conducted emission
standard to the present FOC standard. A major diffrence is that CISPR
imposes # limit in the frequency range of 150 to 450 kHz where no FCC limit
presently exists. For Class A products the CISPR standard is 9.5 dB more
restrictive from 1.6 MHz to 30MHz. For Class B products the CISPR
standard is 2 dB more restrictive from 0.5 to S MHz.

50 [~
[ MEASURING DISTANCE=10m e |
45 2
= o
s L E CLASS A -
= ¥
g -
T
E a5 - =
i " - e
tﬂa e CLASS B ! CISPA
L e e = 1
w
i =
25
[ Y T I T (T [ I A 1 A
10 20 ao 50 100 200 300 S00 1000
FREQUEMNCY (MHz)

Figure 1-8. FCC Part 135, Subpart 1 and CISPR. Publication 22, radiated emission fimits
mcasured at @ distance af T om,
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Susceptibility

In August 1982 the U8, Congress amended the Communications Act of
1934 (House Bill #3239) to give the FCC authority to regulate the suscep-
tibility of home electronics equipment and systems. Examples of home
electronic equipment are radio and television sets, home burglar alarm and
security systems, automatic garage door openers, electronic organs, record
turntables, and stereo/high fidelity amplifier systems. Although this legislu-
tion is aimed primarily at home cquipment and systems, it is not intended to
prevent the FCC from adopting standards for dewvices that are also used
outside the home, To date, however, the FCC has not acted on this
authority. Although it published an inquiry into the Problem of Radio
Frequency Interference to Elcctronic Equipment (General Docket No.
78-369), the FCC relies on self-regulation by industry. Should industry
become lax in this respect, the FCC may move to exercise its jurisdiction.

Surveys of the electromagnetic environment (Heirman 1976; Janes 1977)
have shown that a field strength greater than 2 Vim oceurs about 19 of the
lime. Since there is no legal susceptibility requirement for commercial
equipment, a reasonable immunity level objective would be 2 W/m.

The government of Canada has released an Electromagnetic Compatibili-
ty Advisory Bulletin (EMCAB 1) in which it defines three levels or grades
of immunity for electronic equipment und states the following:
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l. Products that meet GRADE 1 (1V/m) are likely to experience
performance degradation.

Products that meet GRADE 2 (3 V/im) are unlikely to experience
degradation.

Products that meet GRADE 3 (10 Vim) should experience perform-
ance degradation only under very arduous circumstances.

13

Lad

Military Standards

Another important group of EMC specifications are those issucd by the
U.5. Department of Defense. MIL-STD-4618B specifies the limits that must
be met, and MIL-5TI2-462 specifies the test methods and procedures for
making the tests contained in MIL-STD-461B. These standards are more
stringent than the FCC regulations because they cover susceptibility as well
as emission, and the frequency range from 30 Hz to 40 GHz.

The test procedures specified in MIL-STD-462 are quite different than
those specified by the FCC, and this makes direct comparison of the
reguirermnents difficult, For radiated emission the military standard specifies
enclosed chamber (shiclded room) testing, whereas the FCC rules require
open ficld testing. For conducted emission testing the military measures
current and the FOC moeasures voltage.

The categories of tests specified by MIL-STD-461B are organized as
shown in the block diagram in Fig. 1-10. Tests are required for both radiated
and conducted emissions as well as radiated and conducted suseptibility.
Table 1-4 is a list of the emission and susceptibility requirements cstablished
by MIL-STD-461B. The Military Specification is a comprehensive docu-
ment. and can also be used by industry as a guideline for designing
interference-free nonmilitary equipment.

TYPICAL NOISE PATH

A block diagram of a typical noise path is shown in Fig. 1-11. As can be
seen, Lthree elements are necessaty to produce a noise problem. First, there
must be a noive source. Sccond, there must be a recepror circuit that is
suseptible to the noise, Third, there must be a coupling channel to transmit
the noise from the source to the recesiver.

The first step in anulyzing a noise problem is to define the problem. This 1s
done by determining what the noise source is, whal the reeeptor is, and how
the source and receptor are coupled together. It follows that there are three
ways to break the noise path: (1) the noise can be suppressed at the source,
(2) the receptlor can be made insensitive Lo the noise, or (3) the Lransmission
through the coupling channel can be minimized. In some cases, noise
suppression techniques must be applied to two or to all three parts ol the
noise path.
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REQUIREMENTS
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Table 1-4 Emission and Susceptibility Requirements of MIL-5TD-3818

Requirement Description

CEll Conducted emissions, power and interconnecting leads,
low-frequency (up to 13 kHz)

CEU3 Conducted emissions, power and interconnecting leady,
[.015 to 50 MHz

CEOG Copducted cmissions, antenna terminals [0 kHz w 26 GH:

CEOT Conducted emissions, power leads, spikes, time domain

Cs01 Conducted susceptibility, power Jeads, 30 Hz to 30 kHz

a0z Conducted susceptibility, power leads, 0,05 1o 400 MHz

503 Intermodulation, 15 kHz to 10 GHz

R4 Rejection of undesired signals, 30 Hz o 20 GHz

C505 Cross modulation, 30 He 1o 20 GHz

CR06 Conducted suscoptibility, spikes, power leads

Csi7 Conducted susceptihility, squelch circuits

C30u Conducted susceptibility, structure {common-mode)
current, G0 Hz to 100 kHz

REM Radiated emissions, magnetic field, 0,03 to 50 kHe

REN2 Radiated emissions, electric field, 14 kHz to 10 GHz

RE0Z Radiated emissions, spurious and harmonics, radiated
technigue

REi1 Radiated susceptibility, magnetic field. 0,03 to 50kHe

RS2 Radiated susceptihility, magnetic induction field, spikes
and power [regquencies

RS03 Radiated susceptibility, electric leld, 14 kHz w 20 GHz

LInI0G Radiated emissions, tactical and special purpose vehicles
and engine-driven equipment

Uit Conducted emissions and radiated emissions and suscept-

ibility. energy penerators, and associated components,
UPS and MEP cquipments

LIMns Conducted and radiated emissions, commercial clectrical
and electromechanical equipments

As an example., consider the circuit shown in Tig. 1-12. Tt shows a
shielded dc motor connected to its motor-drive circuit, Motor noise 1s
interfering with a low-level circoit in the same equipment. Commutator
noise from the motor is conducted out of the shield on the leads going to the
drive cirguit. From the leads, noise 18 radiated to the low-level circuoitry.

In this example, the noise source consists of the arcs between the brushes
and the commutator. The coupling channel has two parts: conduction on the
motor leads and radiation from the leads. The receptor is the low-level
citeuit, In this case not much can be done about the source or the receptor.
Therefore the interference must be eliminated by breaking the coupling
channel, Noise conduction out of the shield or radiation from the leads must
be stopped, or both steps may be necessary. This example is discussed more
fully in Chapter 3.
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Figure 1-12. [n this example the noise source ie the motor, amnd the recepror 15 e tow-fevel
circuit. The coupling channel copsisess of conductian on the motor supply leads and radiation
from the Teeds.

USE OF NETWORK THEORY

For the exact answer to the question of how any electric circuit behaves,
Maxwell's equations must be solved. These cquations are functions of three
space variables (x, v, z) and of ume (). Solutions for any but the simplest
problems are usually very complex. To avoid this complexity, an approx-
imate analysis technigue called Yelectric circuit analysis™ is vsed during maost
design procedures.

Circuit analysis climinates the spatial variables and provides approximate
solutions as a function of time only. Circuit analysis assumes the following:

1. All eleetric fislds are confined to the interiors of capacitors.
2. All magnetic ficlds are confined to the interiors of inductors.

3. Dimensions of the circuits are small compared to the wavelengthis)
under consideration.

What is teally imphed is that external ficlds. even though actuslly
present, can be neglected in the solution of the network. Yel these external
fields may not necessarily be neglected where their effect on other cireunits is
concerned.
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For example, a 100-W power amplifier may radiate 100 mW of power.
These 10 mW are completely negligible as far as the anulysis of the power
amplificr s concerned, However, if only a small percentage of this radiated
power 15 picked up on the input of a sensitive amplifier, it may produce a
large noise signal.

Whenever possible, noise coupling channcls are represented as cquivalent
lumped component networks. For instance, a tme-varying electric field
existing between two conductors can be represented by a capacitor connect-
ing the two conductors (see Fig, 1-13). A tume-varying magnetic field that
couples two conductors can be represented by a mutusl inductance between
the two circuits (see Tig. 1-14).

For this approach to be valid, the physical dimensions of the circuits must
be small compared Lo the wavelengths of the signals involved. This assump-
tion 15 made throughout most of this book, and it 15 normally reasonable.
For example, the wavelength of a 1-MHzg signal is approximately 300 m. For
a 3N-MHz signal, it is I m. For most electronic circuits, the dimensions ate
smaller than this.

Even when this assumption is not truly valid, the lumped component
representation is still useful for the following reasons:

1. The solution of Maxwell's equations is not practical for most “‘real
world” noise problems because of the complicated boundary condi-
tions.

1=

Lumped component tepresentation. although it does not necessarily
give the correct numerical answer, does clearly show how noise
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Figure 1-13. When two cireuits are coupled by an eleciric field, the coupling can be represensed
by o capacior.

USE OF NETWORK THEDRY 21

_CONDUGTOR 1 WITH
CURRENT ¢

CONDUCTOR 2

MAGNETIC

FIELD
PHYSICAL
BAEPRESENTATION
1 2
-
- T,
l Vin=juMqalg
L
EQUIVALENT
CIRCUIT
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depends on the system parameters. On the other hand, the solution of
Muaxwell's equations, even if possible, does not show such dependence
clearly.

In general, the numerical values of the lumped components arc extremely
difficult to caleulate with any precision, except for certain special geomat-
rics. One can conclude, however, that these components exist, and as will
be shown, the results can be very useful even when the components are only
defined in a qualitative sense,
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METHODS OF NOISE COUPLING

Conductively Coupled Noise

One of the most obvious, but often overlooked, ways to couple noisc into a
circuit is on a conductor. A wire tun Lthrough a noisy environment may pick
up noise and then conduct it to another circuit. There it causes interference.
The solution 15 to prevent the wire from picking up the noise, or to remove
the moise from it, by decoupling before it interferes with the susceptible
circuit.

The major example in this category is noise conducted into a circuit on
the power supply leads. If the designer of the circuit has no control over the
power supply, or if other cquipment is connected to the power supply, it
becomes necessary to decouple the noise from the wires before they enter
the circuit.

Coupling through Common Impedance

Common impedance coupling occurs when currents from two different
circuits flow through a common impedance. The veltage drop across the
impedance seen by each circuit is imflucnced by the other. The classic
example of this type of coupling is shown in Fig. 1-15. The ground currents |
and 2 both flow through the common ground impedance. As far as circuit 1
is concernad, its ground potential is modulated by ground current 2 flowing
in the common ground impedance. Some noise signal, therefore, is coupled
from circuit 2 to circuit 1 through the common ground impedance.
Another example of this problem is illustrated in the power distribution
circuit shown in Fig. 1-16. Any change in the supply current required by

CIRCWIT CIRCUIT
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| |

| |

| |

I |

|

[ GROUND i— GROUND [
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CIBCUIT 1 ~ CIRCUIT 2

| G}.IMMGN I

"Il’ GROUND ..:
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Figure 1-15. When mwa circuiss share o comman groand, the ground voltage of each one i
affected by the graound current of the wiher circuil,
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circuit 2 will affect the voltage at the terminals of circuit . due to the
common impedances of the power supply lines and the internal source
impedance of the power supply. Some improvement can be obtained by
connectng the leads from circuit 2 closer to the power supply output
terminals, thus decreasing the magnitude of the common line impedance.
The coupling through the power supply’s internal impedance still remains,
however.

Electric and Magnetic Fields

Radiated electric and magnetic fields provide another means of noise
coupling. All circuit elements including conductors radiate eleciromagnetic
fields whenever charge is moved. In addition to this unintentional radiation.
there is the problein of intentional radiation rom sources such as broadeast
stalions and radar transmitters. When the receiver is close to the source
(near field), electric and magnetic fields are considered separately. When
the teceiver is far from the source (far feld). the radiation is considered as
combined electric and magnetic or electromagnetic radiation.”

MISCELLANEOUS NOISE SOURCES

Galvanic Action

If dissimilar metals arc used in the signal path in low-level circuitry, a noise
voltage may appear due to the galvanic action between the two metals. The
presence of moisture or water vapor in conjunction with the two melals
produces a chemical wet cell. The voltage developed depends on the two

*See Chapter 6 for an explanation of near feld and far feld.
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metals used and is related to their positions in the galvanic series shown in
Table 1-5. The farther apart the metals are on this table, the larger the
developed voltage. If the metals are Lhe same no potential difference can
develop,

In addition to producing a noise veltage, the use of dissimilar metals can
produce a corrosion problem. Galvanic corrosion causes positive ions [rom
one metal to be transferred to the other one. This gradually causes the
anode material to be destroyed. The rate of corrosion depends on the
moisture content of the environment and how far apart the metals arc in the
galvanic series. The farther apart the metals arc in the galvinic series, the
faster the jon transfer. An undesirable, but common, combination of metals
is aluminum and copper. With this combination, the aluminum is eventually
eaten away. The reaction slows down considerably, however, if the copper is
coated with lead-tin solder since aluminum and lead-tin solder are closer in
the galvanic series.

Four elements are needed before gulvanic action can acour:

1. Anode material (higher rank in Table 1-5)

2. Electrolyte (usually present as maoisture)

1. Cathode material (lower rank in Table 1-3)

4. Conducting electrical connection between anode and cathode (usually
present as a leakage path).

Table 1-5 Galvanic Series
ANODIC END
{Most susceptible to corrosion)

Group 1 1. Magnesium 13. Nickel (active)
14. Brass
2. Zine 153, Copper
3. Galvanized steel 16, Bronze
Group 1 4. Aluminum 25 Group IV 17, Copper-nickel alloy
3. Cadmium 18. Monel
G. Aluminum 75T 19, Silver solder
200 Mickel {passive)”
T. Steel 21, Siainless steel
& Iron {passive)®
0. Stainless steel
Group 111 [active) 22, Silver
101, Lead-tin salder Group ¥ 23. Graphite
Ll lead 24, Giold
T Tin 25. Platinum

CATE{(__}DIC END

(lLeast susceptible 10 corosion)

“Passivation by immersion in a strongly oxidizing acidic solution,
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Gulvanic action can take place even if moisture docs not get between the
anode and cathode. All that is needed 15 some moisture on the surtace
where the two metals come together, as shown In Fig, 1-17.

As scen in Table 1-53, the metals of the galvanic serics are divided into
five groups. When dissimilar metals must be combined. it is desirable w use
metals from the same group.

Electrolytic Action

A sceond type of corrosion is due to electrolytic action. It is caused by a
direct current flowing between two metals with an electrolyte {which could
be slightly acidic ambient moisture) between them. This type of corrosion
does not depend on the two metals used and will occur even if both are the
same, The rate of corrosion depends on the magnitude of the current and
the conductivity of the electrolyte.

Triboelectric Effect

A charge can be produced on the dielectric material within « cable, if the
dielectric does not maintain contact with the cable conductors. This is called
the triboelectric effect. It is usually caused by mechanical bending of the
cable. The charge acts as & noise voltage source within the cable. Eliminat-
ing sharp bends and cable motion minimizes this effect. A special “low
noise” cable is available in which the cable is chemically treated to minimize
the possibility of charge buildup on the dielectric.

Conductor Motion

If & wire is moved through a magnetic field, a voltage is induced between
ends of the wire. Due to power wiring and other circuits with high current
flow, struy magnetic fields exist in most environments, If a wire with a
low-level signal is then allowed to move through this field, a noise voltage is
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induced in the wire. This problem can be especially troublesome in a
vibrational covironment. The solution is simple: prevent wiring motion with
cable clamps and other tie-down devices.

METHODS OF ELIMINATING INTERFERENCE

The following chapters present tcchniques by which interference between
electronic circuits can be climinated, or at least reduced. The primary
methods available for combatting interference are listed as follows:

Shiclding
Grounding

ol

Balancing
Filtering
[solation

L b

Separation and orientation

!

Circuit impedunce level control
Cable desizgn

= o

Cancelistion technigues (frequency or time domain).

Appendix B, prescnted in the form of a checklist, is a summury of the
more commonly used noise reduction techmigues. Even with all these
methods available, it should be remembered that noise usually cannot be
eliminated; it can only be minimized to the point where it no longer causes
interference.

In all but the simplest cases, a single unigue solution to the noise
reduction problem mav not exist, Compromises are generally required. and
which of the many alternative solutions is the best can be the subject of
cansiderable disagreement. In this book we will present the technigues
which are useful for decreasing interference. Deeisions on which techniques
should be uwsed in a specific case, however, are things that must he
determingd by the system design engineer.

SUMMARY

e Designing cyuipment that does not generate noise is as important as
designing equipment that is not susceptible to noise.

® To be cost-cffective, nose suppression should be considered carly in
the design.

s MNoise sources cun be grouped Into three categories: (1) intrinsic noise
sources, (2) man-made noise sources, and {3) noise due to natural
disturbuances.
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e Most digital electronics devices must comply with the FCC rules on
computing devices before they can be marketed in the United States.

¢ The following are temporarily exempt from the FCCT requirements:
Digital electronics in transportation vehicles
Industrial control systems
Test cquipment
Home appliances
Specialized medical devices
e Electromagnetic compatibility is the ability of an electronic system to
function properly in its intended clectromagnetic cnvitonment.
o Electromagnetic compatibility has two aspects, emission and suscep-
tibality.
o Electromagnetic compatibility should be a major design objective.
e Three items are necessary to produce 4 noise problem:
A noise source
A coupling channel
A susceptible receptor

# The three primary means of noise coupling are the following:
Conductive coupling
Common impedance coupling
Coupling by radisted electromagnetic fields
o Metals in contact with each other must be galvanically compatible.
e There wre muany techniques by which noise can be reduced in an
electronic system; a unique solution to most noise reduction problems
does not exist,
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2 CABLING

This chapter is devoted to cabling and cable shiclding, and Chapter 3 covers
grounding. Since the subjects of cable shielding and grounding are closely
related, these two chapters should be studied together. Chapter 2, for
example, shows that a cable shield used to suppress electric fields should be
grounded, but Chapter 3 explains where that ground should be made,

Cables are important because they are the longest parts of a system and
thercfore act as efficient antennas that pick up and/or radiate noise. This
chapter covers the coupling mechanisms that occur between fields and
cables, and between cables (crosstalk). Both unshielded and shielded cables
are considered.

In this chapter we assume the following:

1. Shields are made of nonmagnetic materials and have a thickness much
less than a skin depth at the frequency of interest,”

2. The receptor is not coupled so tightly to the source that it lpads down
the source.

3. Induced currents in the receptor circuit are small enough not to distort
the original ficld, (This does not apply to a shield around the receptor
ciTeuit. )

4. Cables are short compared to a wavelength.

Since cables are wssumed short compared to a wavelength, the coupling
between circuits can be represented by lumped capacitance and inductance
between the conductors. The cireuit can then be analyzed by normal
network theory, '

Three types of couplings arc considered. The first is capacitive or electric
couphing, which results from the interaction of electric [ields between
circuits. This type of coupling is commonly identified in the literature as
electrostatic coupling, an obvious misnomer since the felds are not static.

The sccond is inductive, or magnetic, coupling, which results from the
interaction between the magnetic ficlds of two circuits, This type of coupling
15 commonly described as electromagnetic, again misleading terminology
since no electric fields are involved, The third is a combination of electric
and magnetic fields and is appropriately called electromagnetic coupling or

*If the shield is thicker than a skin depth, some additional shielding is present besides that
caleylated by methods in this chapter. The effect is discussed further in Chapter 6.

29
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radiation. The techniques developed to cope with electric coupling are also
appropriate for the electromagnetic case. For analysis in the neur fisld, we
normally consider the electric and magnetic fields separately, whereas the

electromagnetic field case is considered when the problem is in the fur

field.* The circuit causing the interference is called the source, and the
circuit being affected by the interference is called the receptor,

CAPACITIVE COUPLING

A simple representation of capactive coupling between two conductors is
shown in Fig. 2-1. Capacitance C - is the stray capacitance between conduc-
tors 1 and 2. Capacitance €, is the capacitance between conductor 1 oand
ground, 15 the total capacitance between conductor 2 and ground, and R
is the resistance of circuit 2 o ground, The resistance R results from the
circuitry connected to conductor 2 and is not 4 stray component. Capaci-
tance . consists of both the stray capacitance of conductor 2 to ground
and the effect of any cireuitry connected to conductor 2.

The equivalent circuit of the coupling is #lso shown in Fig, 2-1. Consider
the voltage V) on conductor 1 as the source of interference snd conductor 2
as the affected circuit or receptor. Any capacitance connected directly across
the source, such as C; in Fig. 2-1, can be neglected sinee it has no effect an
the noise coupling. The noise voltage V, produced between conductor 2 and
ground can be expressed as follows:

_ felCiyl(Cn ¥ Coo)]

F = ———= Wi (2-1)
Yojet UR(C,+ Cp)
= CONDILCTORE 2
1 ¥ 2
A i
i ! :." ..: 1] :"""
e e -
= [ P ¥y
sl 2 : i G
Stk ]
e = =5 = ——— _1
PArmiCalL PO AL FNT
AEPRISCNTATION CIRGLLT

Figure 2-1. Cupacitive coupling between two conductors.

Tsce Chapter fi for definitions of nsar and far fizlds.

CAPAZITIVE COUPLING n

Equation 2-1 does not show clearly how the pickup vollage depends on
the various parameters, Eguation 2-1 can be simplified for the case when R
is & lower impedance than the impedance of the stray capacitance C,, plus
.. In most practical cases this will be true. Therefore, for

1
e T
g Ja( 5 + o)

Eg- 2-1 can be reduced to the following:

V= jeRC, V. (2-2)

Electric ficld (capacitive) coupling can be modeled as a curtent generator,
connected between the receptor circuit and ground. with & magnitude of
jwC,.V,. This is shown in Fig. 2-9A.

Equation 2-2 is the most important eguation describing the capacitive
coupling between two conductors, and it clearly shows how the pickup
voltage depends on the parameters. BEquation 2-2 <hows that the noise
voltage is dircctly proportional to the freguency (w=27f) of the noise
source, the resistance R of the affected circuit to ground, the capacitance O
between conductors | and 2, and the magnitude of the voltage V).

Assuming that the voltage and frequency of the noise source cannot be
changed, this leaves only two remaining parameters for reducing capacitive
coupling. The receiver circuit can be operated at o lower tesistunce level, or
capacitance ), can be decreased. Capacitance €, can be decreased by
proper orientation of the conductors, by shielding (described in the next
section), or by physically separating the conductors. 1§ the conductors are
maoved farther apart. C, decreases. thus decreasing the induced voltage on
conductor 2,7 The effect of conductor spacing on capucitive coupling 1s
shown in Fig. 2-2. As a reference, 0 dB s the coupling when the conductors
are separated by three times the conductor diameter. As can be seen in the
figure, little additional attenuation is gained by spacing the conductors a
distance greater than 40 times their diameter (1in. in the case of 22-gauge
wira],

If the resistance from conductor 2 to ground is lerge, such that

1
ol €y + Cypp)
then Eq. 2-1 reduces to
G SO ~
A i . 2-3
Va ((_'” rer (-2}

*The capacitance between two porallel condectors of dinmeter o and spaced b apart s
C,.=me feash (DY, (FYm). For IMd = 3, this reduces 1o £, = me/In{ 2004, (Fim), whers
e = B.B5 = 1 " farads per meter {Fim) for froe space.
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SEPARATION D FOR 22 GAUGE WIRE (INCHES)
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B
- ': Under this condition the noise voltage produced between conductor 2 and
5 £ ground is due to the capacitive voltage divider ¢, and €., The noise
2 o 3 voltage is independent of frequency and is of a larger magnitude than when
:i = F 15 small.
= s - . -k
[T A plot of Eq, 2-1 versus w is shown in Fig. 2-3. As can be seen, the
= £ maximum noise coupling is given by Eg. 2-3. The figure also shows that the
ol actual noise voltage is always less than or equal to the value given by Eq.
= LT 2-2. At a frequency of
3K
E = 1
i i T (2-4)
2 R(C;+ Cag)
| i E’- Z Equation 2-2 gives a value of noisc that is 1.41 times the actual value. In
= o almost all practical cases, the frequency is much less than this, and Eq. 2-2
i g applies.
o 3
=~
{ = g EFFECT OF SHIELD ON CAPACITIVE COUPLING
E =
ar. =
/ i First consider the case where the receptor (conductor 2) has infinite
= resistance to ground. If a shield is placed around conductor 2, the configu-
i ration becomes that of Fig. 2-4. An equivalent circuit of the cupacitive
o coupling between conductors is included. The voltage picked up by the
L T - shield is
| |
Al E=p/ad 40 LYHL MOT38 DNITIN0D s ot W M .
Vo=l v (2-5)
Cet e
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ipure -4 Copacieve cospling with shielild ploced arowad recepror copicior.
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Since there is no currept flow through . the voltage picked up by
conductor 2 15

Ve =V;. (2-6)

If the shield is grounded, the voltage V. =0, and the noise voltage V', on
conductor 2 is likewisc reduced to zero, This case—where the center
conductor does not extend beyond the shield—is an ideal situation and not
typical.

In practice, the center conductor normally does extend beyond the shield,
and the situation becomes that of Fig. 2-5. There C; is the capacitance
between conductor 1 and the shielded conductor 2, and ;. is the capaci-
tance between conductor 2 and ground. Both of these capacitances exist
because the ends of conductor 2 extend bevond the shield. Even if the shicld
is grounded, there is a noise voltage coupled to conductor 2. Its magnitude
is expresscd as follows:

Cis

V= E|: t G + Coy

V. (2-7)

The value of C,,. and hence V,, in Eq. 2-7 depends on the length of
conductor 2 that extends bevond the shield.

For good electric field shielding, it is therefore necessary (1) to minimize
the length of the center conductor that extends bevond the shield and (2) to
provide a good ground on the shield. A single ground connection makes a
good shield ground, provided the cable is not longer than one-twentieth of 4
wavelength. On longer cables muoltiple grounds may be necessary.

If in addition the receiving conductor has finite resistance to ground, the
arrangement is that shown in Fig. 2-6. If the shield i1s grounded, the
equivalent circuit can be simplified as shown in the figure. Any capacitance
directly across the source can be neglected since it has no effect on the noise
coupling. The simplified equivalent circuit can be recognized as the same
circult analyzed in Fig. 2-1, provided C,; is replaced by the sum of C,; and
5. Therelore, if

1
= Juo(Cp + Cop + Cag) 7

which is normally true, the noise voltage coupled to conductor 2 is
Vy =joRCV, . (2-8)
This is the same as Eq, 2-2, which is for an unshiclded cable, exeept that C,

is greatly reduced hy the presence of the shield. Capacitance €, now
consists primarily of the capacitance between conductor 1 and the un-
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FHYSICAL
BEPRCSEM1ATION

ELLIAL LT SHEPLIFIF D ECUIALENT CIRCLIT
CIAcT FUA GROUNMDED SHIELD

Figure 1-6, Capacitive coupling when recepror conducior has eesisiance 1o grotnd,

shielded portions of conductor 2, If the shield is braided, any capacitance
thit exists from conductor 1 to 2 through the holes in the shield must also be
included in C,.

INDUCTIVE COUPLING
When a current [ flows in a closed circuit, it produces a magnetic Hux &
which is proportional to the current. The constunt of proportionality is
called the inductance /.. hence we can wrile
=1L (2-9})

The inductance value depends on the geometry of the circuit and the
magnetic properties of the medium containing the field,
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When current fow in one circuit produces a flux in a second cireult, there
% a mutual inductance M, between circuits 1 and 2 dehined as

iy s

M, = I- . {2-10)
I

The symbol &, represents the flux in circuit 2 dug to the current /| in circuit
1.

The voltage V,, induced in a closed loop of area A duc to a magnetic field
of flux density B can be derived from Furaday's law (Hayt. 1974, p. 331 and
is

el =
Vi= Y= [ B-dAa (2-11)
e Ja
where B und A are vectors. If the closed loop is stationary and the flux
density is sinusoidally varying with time but constant over the wrca of the
loop, Eq. 2-11 redoces 1o

‘ V, = jwBAcost . | (2:12)

As shown in Fig, 2-7. A is the arca of the closed loop. 8 is the rms value of
the sinusoidally varying flux density of frequency w radians per sceond. and
V, is the rms value of the induced veltage.

Since BA cos # represents the total magnetic flux (é,.) coupled to the
receptor circuit, Egs, 2-10 and 2-12 can be combined to express the induced
voltage in terms of the mutual inductance M between lwo circuits, as
follows:

o d
V= joMI, =M

i
L 2.13
5 (2-13)

lI."N'| w BA COR B’

%
: e MAGMETIC FIELD
. OF DENSITY 8
f AT - CUTS AREA A AT
/ AM ANMNGLE OF #
7.

Figure 2-7. Induced roise dependys on the area enclosed by the diturbed cleeuit.

*Tguation 2-12 i correct when the MES system of units is being wsed. Flux density £ 1= in

webers per squase meter (or tesla). and area A is in square melers. IT 8 s cxprossed in gauss
and A is in square centimeters (the COS system), the right side of Eq, 2-12 must be multiplizd
by 1077
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Equations 2-12 and 2-13 are the basic equations describing inductive
coupling between two circuits. Figure 2-8 shows the inductive [magnetic)
coupling between two circuits as described by Eqg. 2-13. [, is the current in
the interfering circuit. and M is the term that accounts for the geometry and
the mugnetic properties of the medium hetween the two circuits. The
presence of @ in Egs. 2-12 and 2-13 indicates that the coupling is directly
proportional to [requency. To reduce the noise vollage, B, A, or cos 6 must
be reduced, The B term can be reduced by physical separation of the circuits
or by twisting the source wires, provided the current flows in the twisted pair
and not through the ground plane. The conditions necessary for this arc
covered in o later section. Under these conditions twisting causes the /3
felds from each of the wires to cancel. The ares of the receiver circuit can
he reduced by placing the conductor closer to the ground plane (il the return
current is through the ground plane) or by using two conductors twisted
together (il the return current is on one of the pair instead of the ground
plane). The cos § term can be reduced by proper orientation of the source
and receiver circuits.

It may be helpful to note some differences between magnetic and clectric
field coupling. For magnetic field coupling. a noisc voltage is produced in
serics with the receptor conductor (Fig, 2-9B). whereas for clectric field
coupling. @ noise current is produced hetween the receplor conductor and
sround (Fig. 2-9A). This difference can be used in the following test
distinguish between electric and magnetic coupling. Measurc the noise
voltage across the impedance at one end of the cable while decreasing the
impedance at the opposite end of the cable (Fig, 2-9). If the measurcd noise
voltuge decreases, the pickup is clectric, and if the measured noise voltage
increases, the pickup is magnetic.

&

¥R, 1, 3
‘l_’_k.r"'u-“'-.l_ W
. 7 "\_}I‘-'} j Ej,
s -I Jj >-_h.
s B
i G Ry A
— f-\lﬂ"-.-\r . o — =
(f Wy T et — EOLIVALENT
CIRCINT
>R

— EHTEICAL
REFRERENTATION

Figure 2-8. Magnetic coupling befween two circuiis.
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ELECTRIC COUPLING

W Rq % I8y =|wCizVy Rz
A

MAGHETIC COUPLING

N

p
W =feMizly
Fiy Ha

B

Figure 2-9. (A} Fguivalent circuit for electric fiold coupling: (B) equivalear circua for magneric
field coupling.

MUTUAL INDUCTANCE CALCULATIONS

To cvaluate the expression in Eg. 2-13, the mutual inductance beiween the
source and receptor citeuit must be known., Most texts do not pay much
attention to mutual inductance calculations for practical circuit geometries,
Grover (1973), however, provides an cxtensive treatment of the subject,
and Ruchli (1972) develops the usclful concept of partial mutual inductunce.
This concept of partial mutual inductance is further developed in Paul
(1986).

Before the mutual inductance can be calculated, an expression must be

determined for the magnitude of the magnetic flux density as a function of

distance from a current-carrying conductor. Using the Biol-Savart law, one
can write the magnetic flux density B at a distance r from a long current-
carrying conductor as

plI .

= 7o (2-14)

for r greater than the radius of the conductor (Hayt 1974, pp. 235-237).

Therefore the magnetic field is directly proportional to the current [ and

inversely proportional to the distance r. Using Eqgs. 2-14 and 2-10, one can

determine the mutual inductance for any arbitrary configuration of conduc-

tors by calculating the magnetic flux coupled to the pickup loep from euch

current-carrying conductor individually, and then superimposing all the
results to obtain the total flux coupling.
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FExample 2.1. Calculate the mutual inductance between the two nested
coplaner loops shown in Fig. 2-10A, assuming that the sides of the loop arc
much longer than the ends (i.e., the coupling contributed by the end
conductors can be neglected). Conductors | and 2 are carrying a current /|
which induces a voltage V, into the loop formed by conductors 3 and 4
Figure 2-10B is a cross-sectional view showing the spacing between the
conductors. The magnetic flux produced by the current in conductor 1
crossing the loop between conductors 3 and 4 is

"t wly (b
B,E—L ?_T;_ffr'=2—1;]]‘.l(—)|. (2-15)

il

Conductor 2 also contributes an egual flux due to the symmetry of the
conductors. This flux is in the same direction as the flux prodoced by the
current in conductor 1. Thercfore the total flux coupled to the loop formed
by conductors 3 and 4 is twice that given by Eq. 2-15, or

TR ;
Bha = [; I“(__E_, ]‘rl - {2-16)

B

Figure 2-10. () Nesied coplanar foops () crev-secuonad sion ol A
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Dividing Eq, 2-16 by I, and substituting 47 % 107" H/m for u, we obtain as
the mutual inductance

M=4x10" m[b]_ (2:17)

i

The voltage coupled between the two loops can be calculated by substituting
the result from Eq, 2-17 into Eq. 2-13.

EFFECT OF SHIELD ON MAGNETIC COUPLING

If an ungrounded and nonmagnetic shield is now placed around conductor 2,
the circuit becomes that of Fig. 2-11, where M|, is the mutual inductance
between conductor 1 and the shield. Since the shield has no effect on the
geometry or magnetic properties of the medium between circuits 1 and 2, it
has no effect on the voltage induced inte conductor 2. The shicld does,
however, pick up a voltage due to the current in conductor 1.

Vi=joMd, . (2-18)

A ground connection on one end of the shield docs not change the
situation. ft follows therefore that a nonmagnetic shield placed around a
conductor and grounded at one end has no effect on the magnerically induced
voltage in that conductor.

If, however, the shield is prounded at both ends, the voltage induced into
the shield due to M|, in Fig. 2-11, will cause shicld current to flow. The
shield current will induce a second noise voltage into conductor 2, and this
must be taken into account. Before this voltuge can be calculated, the
coupling that exists between a shield and its center conductor must be
determined.

For this reason it will be necessary to calculate the magnetic coupling
between a hollow conducting tube (the shield) and any conductor placed
inside the tube, before continuing the discussion of inductive coupling. This

concept is fundamental to a discussion of magnetic shiclding and will be
nceded later.

MAGNETIC COUPLING BETWEEN SHIELD AND INNER
CONDUCTOR

First consider the magnetic field produced by a tubular conductor carrying a
uniform axial current, as shown in Fig. 2-12. If the hole in the tube is
concentric with the outside of the tube, there is no magnetic field in the
cavity and the total magnetic field is external to the tube (Smythe, p. 278),

- 3
o L
= =
g o =2
-..z }""
e o ® L =
1 ] =
B
b i =0
= = =T
b /s >0
Ay £ GU
L

PHYSICAL
REPRESENTATION

Figure 2-10, Magnetic coupling when o shield i placed arcnd the recepior conducior.
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MAGMETIC
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Figure 2-12. Muagmetic fiefd produced Dy current in g fubealiar conductor.

MNow lct a conductor be placed inside the tube to form a coaxial cable, as
shown in Fig. 2-13, All of the flux ¢ due to the current [ in the shield tube
encircles the inner conductor. The inductance of the shield is equal to

L.= (2-19)

o

The mutuesl inductsnce between the shicld and the inner conductor is equal

MAGMETIC
FLUX LINES

- ———QENTER CONDUCTOR,

TUEBULAR CONDUCTOR,
77— — CURRENT | FLOWING
INTD PAGE

Figure 2-13, Coacfal cadle with shield curcest flowing.
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10

w=2, {2-20)
I;

Since all the flux produced by the shield current encircles the center
conductor, the flux ¢ in Egs. 2-19 and 2-20 is the same. The mutual
inductance between the shield and center conductor is therefore cqual Lo the
self inductance of the shield

M=L,. (2-21)

Equation 2-21 is # most important result and one that we will often have
aceasion to refer to. It was derived to show that the mutual inductance
between the shield and the center conductor is equal to the shield induciance.
Based on the reciprocity of mutual inductance (Hayt, 1974, p. 321), the
inverse must also be true. That is, the mutual inductance between the center
conductor and the shield is equal to the shicld inductance,

The wvalidity of Eg. 2-21 depends only on the fact that there 15 no
magnetic field in the cavity of the tube due to shield current. The reguire-
ments for this to be true are that the tube be cylindrical and the current
density be uniform around the circumference of the tube. Equation 2-21
applics regardless of the pasition of the conductor within the tube. In other
words, the two conductors do not huve to be coaxial.

The voltage V, induced into the center conductor due to a current /g in
the shicld can now be caleulated. Assume that the shield current is produced
by a voltage V, induced into the shield from some other circuit. Figure 2-14
shows the circuit being considered: L; and R, wre the inductance and
resistance of the shield. The voltage V. is equal to

V= juMI, . (2-22)

o d

CENTER
CONMDUCTOR

SHIELD

Fipure 2-14, Equivalsmt circuil of shiclded conductor.
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The current [, s cqual to

Vs | .
JT.':' o E (j'm | Rﬁerﬁ} ' ':\(.p'é.'.l}
Thereiore
oMV 1 '
| B & A
== )\ WTRIL) (2-24)
Since L, = M (from Lg. 2-21),
. "il-(‘rj A & ’ -
Vi = (m]‘v : (2-25)

A plot of Eq. 2-25 is shown in Fig. 2-15. The break frequency for this
curve 15 defined as the shield cutoff frequency (e ) and occurs at
R:. - K
o= == o7 =
I 2L,

(2-26)

The noise voltage induced into the center conductor is zero at de and
increases to almost Ve at g frequency of 3R /L, rad/s. Therefore, if shicld
current is allowed to flow. a voltage is induced into the center conductor
that nearly equals the shield voltage at frequencies greater than five times
the shicld cutofl frequency.

This is a very important property of 4 conductor inside a shield. Mea-
sured values of the shield cutoff frequency and five times this frequency are
tabulated in Table 2-1 for various cables. For most cables. five times the
shicld cutofl frequency is near the high end of the audio-frequency band.
The aluminum-foil-shielded cable listed has a much higher shield cutoff

<
=

7Y - ASYMPTOTE
¥

NOISE VOLTAGE, vy

LOG OF ANGULAR FREQUENCY w

R A . )
Flgure 2-15. Naive valtage in conter comducior of coacial cable due te shicld current.

MAGMETIC COUPLING BETWEEN SHIELD AND IMNNER CONDUCTOR a7

Table 21 Measured Values of Shield Cutoff Frequency (f,)

CTurofi Five Times
Impedance  Frequency  Culoll Freguency

Cable ({2 (kHz) {kHz) Remarks
Coaxial cable

[EG-6A ‘A (1.4 3 Drouble shielded

R-213 50 0.7 3.3

RG-214 50 o7 35 [3ouhie shielded

RG-024 03 1.5 T3

RG-540 73 1.6 B

RG-580 i) 20 104
Shielded 1wisted pair

T3E 125 (5 4.0 Drouble shicleed

24 Ga. — a2 1.0

22 Ga.” — 0 350 Aluminem-foil shield
Shieldcd single

24 (3a. — 4.0 20010

*Cine pair ost of an 11-pair cable (Belden 87751

frequency than any other, This is due to the increased resistance of its thin
aluminum-iodl shield.

Magnetic Coupling—Open Wire to Shielded Conductor

Figure 2-16 shows the magnetic couplings that exist when a nonmsagnetic
shield is placed around conductor 2 and the shield is grounded at buth ends,
In this figure the shield conductor is shown separated from conductor 2 to
simplify the drawing, Since the shield is grounded at both ends, the shicld
current Nows and induces a voltage into conductor 2. Therefore there are
two components of the voltage induced into conductor 2: voltage due to
direct induction from conductor 1, and voltage due to the induced shicld
current. Note that these two voltages are of opposite polarity. The total
noise voltage induced into conductor 2 is therelore

V=WV, —V_.

N < |L:'-2_.'|_:I
I we use the identity of Eq. 2-21 and note that the mutual inductance

M, . from conductor 1 to the shield is equal to the mutual inductance M,

from conductor 1 to conductor 2 (since the shicld and conductor 2 are

located in the same place in space with respect to conductor 1), Eq. 2-27

becomes

Rafl.. J

Vi = fa .-'Irf”fl [ —."{u I RJL,

(2-28)
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SOURCE
CONDUCTOR

@

SHIEELD
CONDUCTOR

g
(&)

SHIELDED
CONDUCTOR

®

Ve=juMszls

Figure 2-16. Magnetic coupling to o shielded cable with the shield grounded ar Doth cndy.

If wis small in Eq. 2-28, the term in brackets equals 1, and the noise

voltage is the same as for the unshielded cable. If w is large, Eqg. 2-28
reduces to

Vo= Ml 52). (2-29)
L

Equation 2-28 is plotted in Fig. 2-17. At low frequencies the noise pickup
in the shielded cable is the same as for an unshielded cable; however, at
frequencies above the shield cutoff frequency the pickup voltage stops
increasing and remains constant, The shielding effectivencss (shown cross-
hatched in Fig. 2-17) is therefore equal to the difference between the curve
for the unshielded cable und for the shielded cable.

Figure 2-18 shows a transformer analogy equivalent circuit for the
configuration of Fig. 2-16. As can be seen, the shield acts as a shorted turn
in the transformer to short out the voltage in winding 2.

Vi

E
UNSHIELDED CABLE SHIELDING

.. EFFECTIVENESS
. i

o,
o,

Re’
=Myl [ P8

HOISE MOLTAGE

LOG OF ANGULAR FREQUENCY w

Figure 217, Magnesic feld coupled noise volage for an unshivlded and shielded cable [adiield
prownded w both ends) versus frequency.

Wy =jubd gl —jubdgals

Az
1
—rVH
S
1 H e Mz s
- #
- ! 7]
Wy Mz g -
B i
Ty
o

Figure 2-18, Transformer analogy of magnedc field coupling 1o a shielded cable when shield i
grounded at hoth ewdy (Mo is mitch larger than M. or M, ).

49
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SHIELDING TO PREVENT MAGNETIC RADIATION

To prevent radiation, the source of the interference may be shielded. Figure
2-19 shows the electric and magnetic ficlds surrounding & current-carrying
conductor located in free space. If a shield grounded at one point is placed
around the conductor, the electric field lines will terminate on the shield,
but there will be very little effect on the magnetic field. This is shown in Fig.
2-20. 1T a shield current equal and opposite to that in the center conductor is
made to flow on the shield, it generates an equal but opposite external
magnetic field. This ficld cancels the magnetic ficld caused by the center
conductor external to the shield. This results in the condition shown in Fig,
2-21, with no fields external to the shield.

Figure 2-22 shows a circuit that is grounded at both ends and carries a
current f,. To prevent magnetic ficld radiation from this circuit, the shield
must be grounded at both ends, and the return current must flow from A to
B in the shield (f, in the figure) instead of in the ground plane (/; in the
figure). But why should the current return from point A to £ through the
shicld instead of through the zero-resistance ground plane? The equivalent
circuit can be used to analyze this configuration. By writing a mesh equation
ground the ground loop (A — R, — Lo — B — A), the shicld current [, can be
determined:

O=I(jwl,+R)—1{joM), (2.3
where M s the mutual inductance between the shield and center conductor

and as previously shown (Eq. 2-21), M = L. Making this substitution and
redrranging produces this expression for [

ol B 0 .
= vy VR e ey 2.
: "(;mfe_-,--'i._q "o+ e, s

As can be seen from the preceding equation, if the frequency is much above

__ELECTRIC
FIELD
f?
I
P MAGNETIC
£ FIELD

Fligure 2-19. Fields around @ corrent-rarrying conducior,
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l,';- = SHIELD

/= MAGNETIC
Vi FIELD
-

Figure 2-20. Fields around shielded conducior;
— shield prounded ar one potnt.

Figure 2-21. Fields around shielded conducior; shield prounded and
carrying a current cqual fo the conductor current hut in the opposite
direction.

the shield cutoff frequency w,, the shield current approaches the center
conductor current. Because of the mutual inductance between the shield and
center conductor, & coaxial cable acts & common-mode choke (see Chap-
ter 3), and the shield provides a return path with lower total circuit induc-
tance than the ground planc at high frequency. As the frequency decreases
below 3w, the cuble provides less and less magnetic shiclding as more of the
current returns via the ground plane,

To prevent radiation of a magnetic field from a conductor grounded at
both ends, the conductor should be shielded, and the shield should be
grounded at both ends. This provides good magnetic field shielding at

I
[ Tt
M
LT
T
B = I5-L-Ig L

i &
PHYSICAL AEPRESENTATION

EQUIVALENT CIACLIT

Figure 2-22, Division of current between shield and ground plume.
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Figure 2-23. Withour grownd ¢ far end, all return caerent flows through shield

frequencies considerably above the shield cutoil frequency. This reduction
in the radiated magncetic field is not because of the magnetic shielding
properties of the shield as such. Rather, the return current on the shield
generates a field that cancels the conductor’s field,

If the ground is removed from one end of the circuir, as shown in Fig.
2-23, then the shield should not be grounded at that end since the return
current must now all flow on the shield. This is true especially at frequencies
less than the shield cutoff frequency. Grounding hoth ends of the shield. in

this case, reduces the shielding since some current would return via the
ground plane.

SHIELDING A RECEPTOR AGAINST MAGNETIC FIELDS

The best way to prorect against magnetic fields at ihe recepror is to decrease
the area of the receptor {oop. The area of interest is the okl area enclosed
by current flow in the receptor cireuit. An important consideration is the
path taken by the current in returning to the source. Quite often the current
returns by a path other than the one intended by the desizner, and thercfore
the area of the loop changes, If a nommagnetic shield placed around a
conductor causes the current to return over a path that encloses & smaller
area. then somc protection against magnetic fields will have been provided
by the shield. This protection. however, is due to the reduced loop area and
not o any magnetic shiclding properties of the shield.
Figure 2-24 illustrates the effect of a shicld on the loop area of a circuit.
In Fig. 2.24A the source V. is connected to the load R, by a single
conductor, using a ground return path. The area enclosed by the current is
the rectangle between the conductor and the ground planc. In Fig. 2-24B a
shield is placed around the conductor and grounded at both cnds, If the
current returns through the shield rather than the ground plane, the arcs of
the loop is decreased, and a degree of magnetic protection is provided, The

:

f""_é)-_—_—-_"\

®

SHIELD ADDED

ONE END GROUNDED

AL

- o aEe == s ==

SHIELD ADDED
TWO ENDS GROUNDED

MO SHIELD
LARGE ENCLOSED
AREA

LARGE EMCLOSED

AEDUCED AREA

AREA

Fignre 2-24. Effece of shield on receptor loap ared,
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current returns through the shield if the frequency is preater than five times
the shield cutoff frequency as previeusly shown, A shicld placed around the
conductor and grounded at one end only, as shown in Fig. 2-24C. does not
change the loop area and therefore provides no magnetic protection.

The arrangement of Fig. 2-24B does not protect against magnetic fislds ar
frequencies below the shield cutoff frequency since then most of the current
returns through the ground plane and not through the shield. This circuir
should be avoided at low frequencies for two other reasons: (1) since the
shicld is one of the circuit conductors, any nedse current in it will produce an
fR drop in the shield and appear to the circuit as a noise voltage, and (2) if
there is a difference in ground potential between the two ends of the shicid.
this too will show up as a noise voltage in the crewit,”

Whenever a civewit is grounded at both ends, only a limited armount af
magnetic field predection is possible because of the large noise current induced
in the ground loop. Since this current Aows through the signal conductor, a
noise voltage is produced in the shield, equal to the shield current times the
shield resistance. This is shown in Fig. 2-25. The current /. is the noise
current in the shield duc to 4 ground differential or to cxternal noise
coupling. If voltages are added around the input loop. the following
gxpression is obtamed:

Vi =—JjoMI, + ju !_5}5 + R (2-32)

o
A T‘*Is

L
WOISE CURREMNT

PHYSICAL REFRESENTATICON

EQUIVALENT GIRCLIT

Figure 2-35. Effecy of noise current fowing in the shield of o conclal cable.

“See Chapter 3, for further discussion of a shiclded cable grounded ar both ends,
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Since L, = M, as was previously shown
e
i'.flw_= R_;I_.,- - I{_-_,—,};:]-

Whenever shield current flows, 4 noise voltage 15 produced in the shield due
to the I R, voltage drop.

Even if the shield is grounded at only one end, shicld noise currents may
still low due to capacitive coupling to the shield. Therefore, for maximum
noise protection at low frequencies, the shield should not be one of the signal
conductors. and one end of the circuit must be isolated from ground.

At high [requencies a coaxial cable contains threc isolated conductors:
(1) the center conductor, (2) the inner surface of the shield conductar, and
(3) the outer surface of the shicld conductor. The inner and oputer -3urfa<l:e.*s
of the shield are isolated from each other by skin effect. Therefore the nose
coupling discussed earlier does not occur; because the signal current ﬂt_‘:ws
an the inside surface of the shicld, the noise current flows on the outside,
and there 1s no common impedance.

SHIELD TRANSFER IMPEDANCE

The shielding cffectiveness of a cable can also be expressed in terms of the
shield transfer impedance. The shicld transfer impedance is a property of
the shicld that telates the open circuit voltage (per unit length) developed
between the center conductor and the shield, to the shield current. The
shield transfer impedance can be written as

1 (@) .
Z,= I ( A (2-34)
where Z. is the transfer impedance in ohms per meter, [, is the shield
current, V is the voltage induced berween the internal conductors and the
shield, and / is the length of the cable in meters. _

At low frequencies the transfer impedance is equal to the de resistance of
the shicld. This is cquivalent to the results obtained in Eq. 2_33'. Al higher
frequencies (sbove a megahertz for typical cables), the transfer impedance
decreases due to skin effect, and the shielding of the cable increases. Skin
effect causes the noise current to remain on the outside surface of the shield,
and the signui current on the inside, and therefore it eliminates the common
impedance coupling between the wo currents. _

Figure 2-26 is a plot of the magnitude of the transfer 1mpudange (normal-
ized to the value of the de resistance R ) for a solid tubular shield. If the
shield is braided, not solid, the transfer impedance will increase with
frequency above about 1 MHz, as shown in Fig. 2-32.
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Figure 1-26. Magnitude of normalized transfer impedunce for a salid shicld)

EXPERIMENTAL DATA

The magnetic field shielding properties of various cable confieurations were
measured and compared. The test setup is shown in Fig. 2-27. and the test
results are tabulated in Figs. 2-28 and 2-29. The I'rchquenc'.' (50 kHz) is
greater than five times the shicld cutoff frequency for all the cables tested
T'he cables shown in Figs. 2-28 and 2-29 represent tests cables shown 1.5 L’JI*
in Fig. 2-27 o
In CEI‘CHiF-‘i A through F (Fig. 2-28), both ends of the circuit are grounded.
They provide much less magnetic field attenuation than do Eircuibs &
Lhrm:1gh .K (Fig. 2-29). where only one end is grounded, |
Circuit A in Fig. 2-28 provides essentially no magnetic ficld shielding. The

EXPERIMENTAL DATA

0.64
50-KILOHERTZ POWER
OSCILLATOR AMFLLFI:HC ¥ -
=T
10 YOLTS PEAK TO PEAKS

L1
10 TUANS OF

20-GAUGE WIRE,

-1 DIAMETER

L2-TEST CABLE

3 TURNS CONCENTRIC

WITH L1,
7-iM. DIAMETER

Figure 2-27. Tesr serup of inductive coupling experiment.

actual noise voltage measured across the one megohm resistor in this case
was (.8 V. The pickup in configuration A is used as a reference and is called
0dB, to compare the performance of all the other circuits. In circuit B, the
shield is grounded at one end: this has no effeet on the magnetic shiclding.
Grounding the shicld at both ends as in configuration C provides some
magnetic field protection because the frequency is above the shield cutoff
frequency. The protection would be even greater If it were not [or the
ground loop formed by grounding both ends of the circuit. The magnetic
field induces a large noise current into the low-impedance ground loop
consisting of the cable shield and the two ground points. The shicld noise
current then produces a noise voltage in the shield, as was shown in the
preceding section.

Use of a twisted pair as in circuit £ should provide much greater
magnetic field noise reduction, but its effect is defeated by the ground loop
formed by circuit grounds at both ends, This can clearly be seen by
comparing the attenuation of circuit H to that of circuit D. Adding a shield
with one end grounded, to the twisted pair as in E has no effect. Grounding
the shield at both ends as in F provides additional protection, since the
low-impedance shield shunts some of the magnetically induced ground-loop
current away from the signal conductors. In general, however, nonc of the
circuit configurations in Fig. 2-28 provide good magnetic ficld protection
beeause of the ground loops. If the circuit must be grounded at both ends,
configurations ¢ or F should be used.

Cireuit (7 shows a significant improvement in magnetic field shielding.
This is due to the very small loop area formed by the coaxial cable and the
fact that there is no ground loop to defeat the shielding. The coax provides u
very small loop area since the shield can be represented by an equivalent
conductor located on its center axis. This effectively locates the shield at or
very near the axis of the center conductor.

It was expected that the twisted pair of circuit // would provide consid-
erably more shielding than the 55 dB shown. The reduced shielding is due to
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| II?JI G | |

(B} 10041 1M "

L] 100141 ) ThL a7

13

{E) 1Ma 13
(F} } 1MALE a5

FREQUENCY = B0 KILOHERTZ FOR ALL TESTS

Figure 2-28, Resulty af inductive coupling experimenr; alf cirenivy grounded ar both endy.

the fact that some electric field coupling 1s now beginning to show up. This
can be seen in circuit f, where attenuation increases Lo 70dB by placing a
shield sround the twisted pair. The fact that attenuation in cirevit G is better
thun in [ indicates that in this case the particular coaxial cable presents o
smaller loop area to the magnetic field than does the twisted pair. This,
however. is not necessatily true in general. Increasing the number of turns

EXPERIMENTAL DATA,

ATTEMUATION
dB

—G ) M 80
(G) <jgon

35

’) M0 0

._“|
(k) 10011 1hLl 77

\—i—-“l |

FREQUENMCY = 50 KILOHERTZ FOR ALL TESTS

{H)

(1

Figure 2-29. Resulls of inductive conpling experiment, all circuits grounded ar one end ahly.

per foot for either of the twisted pairs (H or [) would re::iuu:c the pickup. 11n
general, circuit [ is preferred to circuit G for low-frequency magnelic
shielding since in I the shield is not also one of the signal crmductur_ﬁ. .

Grounding both cnds of the shicld as in circuit J decreases the shielding
slightly. This is due to the high shield current in the ground loop fv::rrlmuc} bw
the shield inducing unequal voltages in the two center cnnducmrls. Circult K
provides more shiclding than [ since it combines the features of LhEI coax (7
with those of the twisted pair /. Circuit K is not normally desirable since any
noise voltages or currents that do get on the shield can flow down the si.gna!
conductor. It is almost always better to conmect the shield and :t.sg:}al
conductors together at just one point. That point should be such that nose
current from the shield does not have to flow down the signal conductor
get to ground.



60 2= CABLING

EXAMPLE OF SELECTIVE SHIELDING

The shielded loop antennu is an example where the electrie ficld 15 selac
tively shielded while the magnetic field is unallected. Such an antenna is
useful in mudio direction finders. It can also decrease the antenna noise
pickup in broadeast receivers. The latter elfcet is significant because the
majority of local noise sources generate a predominantly electric Held,
Figure 2-30A shows the basic loop antenna. From Eq. 2-12, the magnitude
of the voltage produced in the loop by the mugnetic field is

V. =2m/BAcosd, {2-33)

The angle 0 is measured between the magnetic field and s perpendicular to
the plane of the loop. The loop, however, also acts as a vertical sntenna and
picks up a voltuge due to an incident electric field. This voltage is cqual to
the £ field times the cffective height of the antenna. For a circolar
single-loop antenna. the effective height is 274/ (ITT, 1968, p. 25-6). The
induced voltage due to the electric Nicld becomes

2wAE , ;

e T Ty cos . (2-36)

The angle #' is measured between the electric field and the plane of the
loop,

To eliminate pickup from the electric field, the loop could be shielded as
shown in Fig. 2-30B. However. this configuration allows shicld current to
flow, which will cancel the magnetic field as well as the electtic field. To
preserve the magnetic sensitivity of the loop, the shicld must be broken o
prevent the flow of shicld current. This can be done as shown in Fig. 2-30C
by breaking the shield at the top. The resulting antenna responds enly 1o the
magnetic field component of an applicd wave.

BASIC LOOF LOOP WITH SHIELD
A B

LOGP WITH SPLIT SHIELD
C

Figure 2.30, Spiit shield on leop auienng selecuvely reducey eleciric field while passing magnonic
bl £
freld.

COAXIAL CABLE WERSUS SHIELDED TWISTED PAIR 61

COAXIAL CABLE VERSUS SHIELDED TWISTED PAIR

When comparing coaxial cable with 2 shiclded twisted pair, it Is important to
recognize the usefulness of both types of cable from a propagation point of
view, irrespective of their shiclding characteristics. This is shown in Fig.
2-31. Shielded twisted pairs are very useful at frequencies below 100 kHz. In
some applications the frequency may reach as high as 10MHz. Above
1 MHz the losses in the shielded twisted pair increase considerably.

On the other hand, coaxial cable has a more uniform characteristic
impedance with lower losses. It is useful, therefore, from zero frequency
(dc) up to VHF frequencies, with some applications extending up to UHE.
Above a few hundred megahertz the losses in coaxial cable become large,
and waveguide becomes more practical. A shielded twisted pair has maore
capacitance than a coaxial cable and therefore is nol as useful at high
frequencics or in high-impedance circuits.

A coaxial cable grounded at one point provides a good degrec of
protection from capacitive pickup. But if a noise current fows in the shield,
a noise voltage is produced. Its magnitude is cqual to the shield current
times the shield resistance. Since the shield is part of the signal path, this
nonise voltage appears as noise in series with the input signal. A double-
shiclded. or triaxial, cable with insulation between the two shiclds can
eliminate the noise produced by the shield resistance. The noise current
Aows in the outer shield, and the signal current flows in the inner shield, The
two currents (signal and noise) therefore do not flow through a common
impedance.

Unfortunately, triaxial cables are expensive and awkward to use. A
coaxial cable at high frequencies, however, acts as a triaxial cable due to
skin cifect. For a typical shielded cable, skin effect becomes important at

WAVE GUIDE
1
COAXIAL TABLE prn—
: W
\ o
L HEIRMAL ~ SRECIAL
Rl LiKAIT APELICATIONS
i = L B
SHIELDED TWISTED PAlR -l
{ T SPELA'
™. " - i
s APFLICATIONS
[y |
e T Wh:  MW0KH: M JOMH.  W0oMH:  1GH: 10EH :
FREQUENCY

Figure 2-31, Useful frequency range for variows trunsmission {ines.
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ahout 1 MHz. The noise current flows on the outside surface of the shield
while the signal current flows on the inside surface. For this reason 2 coaxial
cable is better for use at high frequencies.

A shielded twisted pair has characteristics similar to a triaxial cable and s
not as expensive or awkward. The signal current flows in the two inner
conductors, and any noise currents flow in the shield. Common-resistance
coupling is eliminated. In addition any shield current is coupled equally into
both inner conductors by mutual inductance, and the voltages therefore
cancel.

An unshiclded twisted pair, unless its terminations are balanced, provides
very little protection against capacitive pickup, but it is very good for
protection against magnetic pickup. The shiclded twisted pair provides the
best shielding for low-frequency signals. in which magnetic pickup 1s the

major problem. The effectivencss of twisting mercases as the number of

twists par umit length increases.

BRAIDED SHIELDS

Most cables are actually shielded with braid rather than with a solid
conductor. The advantages of braid are Hexibility, durability, strength, and
long flex life. Braids, however, typically provide only 60-98% coverage and
are less effective as shields than selid conductors. Braided shields usuvally
provide just slightly reduced electric field shielding (except at UHF fre-
quencies) but greatly reduced magnetic field shiclding. The reason is that
braid distorts the uniformity of the shield current. A braid is typically from 5
o I dB less effective than a solid shield for protecting against magnetic
fields.

At higher frequencics the effectivencss of the braid decreases further.
This is because the braid holes become larger compared to a wavelength, as
the frequency increascs. Multiple shields offer more protection, but with
higher cost and less flexibility. Cables with double or even triple shields arc
uscd in some critical applications.

Fipure 2-32 (Vance, 1978, Fig. 5-14) shows the transfer impedance for a
typical braided-shielded csble normalized to the de resistance of the shield.
The decrease in transfer impedance around 1 MHz is due to the skin effect
of the shield. The subsequent increase in transfer impedance above | MHz is
due to the holes in the braid, Curves are given for various percentages of
coverage of the braid. As can be seen, for best shiclding the braid should
provide at least 95% coverage,

Cables with very thin solid aluminum-foil shiclds are available und
provide almaost 100% coverage and more effective electric ficld shielding.
They are not as strong as braid, have a higher shield cutoff frequency duc 1o
their higher shield resistunce. and are difficult (if not impossible) to termi-
nate properly. Shields are also available that combine a foil shield with a
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Figure 2-32. Normalized transfer impedance of a braided-wire shigld, ax o funcrion of percen!
braid coverage ( from Vance, 1975, @ Wiley).

braid. and these shiclds are intended to take advantage of the best prop-
erties of cach, while minimizing the disadvantages. The braid allows proper
360° termination of the shield, and the foil covers the holes in the braid.

EFFECT OF PIGTAILS

The magnetic shielding previously discussed depends on a uniform distribu-
tion of the longitudinal shield current around the shield circumference. The
magnetic shielding effectiveness neat the ends of the cable depends on the
way the braid is terminated. A pigtail conncction, Fig. 2-33, causes the
shield current to be concentrated on one side of the shield. For maximum
protection, the shicld should be terminated uniformly around its cross
section. This can be accomplished by using a coaxial connector such as the
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BNC, UHF, or Type N connectors. Such a connector, shown in Fig, 2-34. CHASSIS QR GHIELD
provides 360° electrical contact to the shicld. A coaxial termination ulso CAIMP OR SOLDER BRAID
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of electric field shiclding,

Figure 2-35 shows one method of providing a 360° shield terminalion
without using a connector. The use of a pigtail termination that is only s
small fraction of the total shielded cable length can have a significant effect

Figure 2-35. One methed af lerminaling a cable wih 3607 conract o the sheld.

; : 101 -
on the total noise coupling to a cable, _ BOTH ENDS OF SHIELD GROUNDED I
For example, the coupling to a 3.66-m (12 ft) shielded cable with the R=504
shield grounded at both ends with 8-cm pigtail terminations is shown in Fig. E;‘f;;-hﬁ?r“{%l —
2-36 (Paul 1980, Fig, #a). The terminating impedance of the shiclded o SRR f— ==
conductor was 50 . This figure shows the individual contributions of the
magnetic coupling to the shiclded portion of the cable. the magnetic
eoupling to the unshiclded (pigtail) portion of the cable. and the clectric
coupling to the unshielded portion of the cable. The capacitive coupling te Q 03 |— —
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the shiclded portion of the cable was negligible since the shield wys
grounded and the terminating impedance was low. As can be seen in Fig.
2-36, _atmw.: 100 kHz the primary coupling to the cable is from inducﬁ':-é
coupling into the pigtail.
y If the terminating impedance of the shielded conductor is increased from
Al to ]ﬂﬂf} ﬂ the result is as shown in Fig. 2-37 (Paul 1980, Fig. 8b). He;e
the capacitive coupling to the pigtail is the predominant coupling mechanism
above 10kHz Under these conditions the coupling at 1 MHz s 40 dg
greater than what it would have been if the cable had been completel:
shielded (no pigtail). ;
The maximum benefits of a well-shielded cable will only be realized if the

5h1:::1d is properly terminated. The requirements of a proper shield termi-
nation are

1. A very low impedance ground connection
2. A 360" contact with the shicld

101 T T
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Figure 2-37. Coupling to a 3.7-m shielded cable with igrai frraati i
re 2 3 ; 1 an B-cm pigtail termination. i
ferminution eguals 1000 02 { from Poufl, 1980, @ IEEE). " i e

RIBEOM CABLES g
RIBEON CABLES

A major cost associated with the usc of cables is the expense related Lo the
termination of the cable. The advantage of ribbon cables is thut they allow
Jow-cost multiple terminations, This is the primary reason for using ribbon
cables.

Ribhon cables have a sccond advantage. They are “controlled cables™
because the position and orientation of the wires within the cable is fixed,
like the conductors on a printed wiring board. A normal wiring harness is a
srandom cable” because the position and orientation of the wires within the
cable is Tandom and varics from one harness to the next. Therefore the
noise performance of 4 “‘random cable™ can vary from one unit to the next.

The major problem associated with the use of ribbon cables relates o the
way the individual conductors are assigned with respect to signal leads and
prounds.

Figure 2-38A shows a ribbon cable where one conductor is a ground and
all the remaining conductors are signal leads. This configuration is uscd
hecause it minimizes the number of conductors required; however, it has
three problems. First, il produces large loop ureas between the signal
conductors and their ground return, which results in radiation and suscep-
tibility. The second problem is the common impedence coupling produced
when all the signal conductors use the same pround teturn. The third
problem is crosstalk between the individual conductors—both capacitive and
magnetic; therefore this configuration should seldom be used. If it is used,
the single ground should be assigned to one of the center conductors to
minimize the loop arcas.

Figure 2-38B shows a betier conliguration. In this arrangement the loop
areas are small because cach conductor has a sepurate ground return next to
it Since each conductor has a separale ground return, common impedance
coupling is eliminated. and the crosstalk between leuds is minimized. This 1s
the preferred configuration for a ribbon cable, even though it docs requirc
twice as many conductors as TFig. 2-38A. In applications where crosstalk
between cables is a problem, two grounds may be required between signal
conductors,

A configuration that is only slightly inferior to Fig. 2-38B. and onc that
uses 23%% fewer conductars is shown in Fig. 2-38C. This configuration also
has a ground conductor next Lo every signal conductor and therefore has
small loop areas. Two signil conductors shure one ground, so there is some
common impedance coupling, and the crosstalk is higher than in Fig. 2-38D
because there is mo ground between adjacent signal conductors, This
confipuration may provide adequate performance in some applications,

Ribbon cables are also available with a ground planc across the width of
the cable as shown in Fig. 2-38D. In this case the loop areas are determined
by the spacing between the signal conductor and the ground plane under it
Since this dimension is less than the lead-to-lead spacing in the cable, the
loop areas are smaller than in the alternate sround configuration of Fig.
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Figure 2-38, Ribhon cuble configurations: {A) single grouwnd: (B alternare grownd:; (L)
ground{signalsigrull ground; (1) signal over ground plane.

2.38B. If allowed to do so, the ground current will flow under the signal
conductor, for the same reason that the current returned on the shield in
Fig. 2-22. However, unless the cable is terminated with a full-width contact
to the ground plane, the return currents will be forced out from under the
signal leads, and the loop area will increase. Becausc it is difficult to
terminate this kind of cable properly, it is not often recommended.
Shielded ribbon cables are also available: however, unless the shield is
properly terminated with a 360° connection (a difficult thing to do), their
effectivencsss is considerably reduced, The cffect of shield termination on
the radiation from ribbon cables was discussed by Palmgren (1981).
Palmgren points out that the outside conductors in a shielded ribbon cable
are not as well shiclded as the conductors located closer to the center of the
cable (typically 7 dB less shielding). This effect is due to the nonuniformity
of the shield current at the outside edge of the shield. Therefore critical

signals should not be placed on the outside conductors of shiclded ribbon
cables.

ELECTRICALLY LONG CASLES
ELECTRICALLY LONG CABLES

The preceding analysis has assumed that the cables were short compared to
4 wavelength, What this really means is that all the current on the cable is in
phase. Under these circumstances the theory predicts that both the eleciric
and the magnetic field coupling increase with frequency indefinitely. In
practice, however. the coupling levels off above some frequency.

As cables approach a quarter-wavelength in length, some of the current
in the cable is out of phase. When the cable is a half-wavelength long the
out-of-phase currents will cause the external coupling 1o he Zero due_m
cancellation of effects. This does not alter the dependence of the coupling
on the various other parameters of the problem; it only changes the
numerical result. Therefore the parameters that determine the coupling
rernain the same, regardiess of the length of the cables,

Figure 2-39 shows the coupling belween Lwo cables with and without the
assu:'I'I.pI.iﬂn that the cables are short. The results are similar up 1o the point
where the phasing cffects start to occur, about one-tenth of a wmiulength.
Abaove this point the actual coupling decreases because the current 1s not all
in phase, whercas the short cable approximation predicts an mncrease 1n the

SHORT CABLE s
APPROKIMATION G
< TRANSMISSION LINE
// # MODEL

MDISE YOLTAGE COUPLING

|
I
|
I
I

LOW FREQUENCY REGION : STAMDING WAVE REGION

. ' ' | - LOG
MO ME N2 34 A

Figure 3-39. Electric field coupling berwesr cables using the short cable gpproxiematiens and e
transmizsion line model,
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coupling. If the rise in coupling predicted by the short cable approximation
is truncated at a quarter-wavelength, it provides an approximation 1o the
actual coupling. Note that the nulls and peaks produced by the phasing of
the currcnts are not taken intoe account under Lhese citcumstances. How-
ever, unless one is planning to take advantage of these nulls and peaks in
the design of equipment—a dangerous thing to do—their location is not
important.

For more information on analyzing long cables sce Paul (1979) and Smith
(1977).

SUMMARY

e Electric fields are much easier to guard against than magnetic lelds.

s The use of nonmagnetic shields around conductors provides no mag-
netic shielding.

s A shield grounded at one or more points shields against clectric fields.

s The key to magnetic shielding is to deerease the area of the loop. To
do that, use a twisted pair or a coaxial cable if the current return i
through the shicld instead of in the ground plane.

s For a coaxial cable prounded at both ends, virtually all of the return
current flows in the shield at frequencies sbhove five times the shield
culoffl frequency.

» To prevent radiation from a conductor, a shield grounded at both ends
15 useful above the shield cutoff frequency.

s Only a hmited amount of magnetic shielding is possible in a receptor
circuit that is grounded at both ends, due to the ground loop forme:d.

» Any shicld in which noise currents flow Should not be part of the signal
path. Use a shielded twisted pair or a triaxial cable at low frequencies.

e At high frequencies a coaxial cable acts as a triaxial cable due to skin
effect.

o The shielding effectiveness of twisted pair increases as the number of
twists per unit length mercasce.

e The magnetic shielding effects listed here require a cylindrical shield
with uniform distribution of shield current over the circumference of
the shield.
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3 GROUNDING

Grounding is one of the primury ways of minimizing unwanted noise and
pickup. Proper use of grounding and cabling. in combination, can solve a
large percentage of all noise problems. A good ground system must be
designed; it is wishful thinking to expect o ground system to perform well if
oo thought has been given to its design. It as difficult to believe that
expensive engineering time should be devoted to sorting oul the minute
details of circult grounding, but in the end. not having to solve mysterious
noise problems once the cquipment is boilt and tested saves both money and
fime.

One advantage of a well-designed ground system is that it ean provide
protection against unwanted interference and emission. without any addi-
tional per-unit cost to the product. The only cost is the engineering time
required to design the system. In comparison. an improperly designed
ground system may be a primary source of interference and emission and
therefore require considerable engincering time to eliminate the problem.
Hence properly designad ground systems are truly cosi-clfective.

Grounds Tall into two categories; (1) safety grounds and (2) signal
grounds. If the ground is connected to the carth through a low impedance
path, it mav be called an earth ground. Safety grounds are usually at carth
potential, whereas signal grounds may or may not be at earth potential. In
many cases a safety ground is reguired at a point that 15 unsuitabie for g
signal ground, and this may complicate the noise problem.

SAFETY GROUNDS

Safety considerations require the chassis or enclosure for electric cquipment
to be grounded. Why this is s0 can be seen in Fig. 3-1. In the left-hand
diagram Z, is the siray impedance between a point at potential V, and the

chassis. and Z, is the stray impedance between the chassis and ground. The

potential of the chassis 15 determinad by impedances 2, and Z. acting as a
voltage divider. The chassis potential is

J Z. ;
Vorwws =\ 7 3 z:_)v, . (3-1)

The chassis could be 1 relatively high potential and be a shock havard, since
its potentral s determined by the relative values of the stray impedances
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Figure 3-1. Chassis should be grounded for safery. Cithervise, it may reach o dengerous vollage
Lovel through sieay tmpedances {left) or insulation breakdowe (right).

over which there is very little control. Tf the chassis is grounded, however.
its potential is zero since Z, becomes zZero. L |

The right-hand diagram of Fig. 3-1 shows a second and far more
dangerous situation: a fused ac line entering an enclosure. If there shquid be
an insulation breakdown such that the ac line comes in contact with the
chassis, the chassis would then be capable of delivering the full current
capacity of the fused circuit. Anyone comirg in contact x?fith the chussis ?1n.[l
ground would be connected directly across the ac power line, If the chassis 18
grounded, however, such an insulation breakdown will draw a large current
from the ac line and cause the fuse to blow, thus removing the voltage from
the chassis.

[n the United States, ac power distribution and wiring standards arc
contained in the National Electrical Code. One requirement of this code
specifies that 115-V ac power distribution in homes and buildings must be &
three wire system, as shown in Fig. 3.2, Load current flows through the hot
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Fipure 3-2. Standard 115V ac power distribusion circwil has three [eads.
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Fipure 3-3. Combinaton 115:230-V ac powsr distribution cirouft has fowr leads.

wire {black), which is fused, and returns through the neutral wire (white). In
addition a safety pround wire (green) must be connected to all cquipment
enclosures and hardware. The only time the green wire carries current is
during a fault, and then only momentarily until the fuse or breaker opens
the circuit. Since no load current flows in the safety ground, it has no IR
drop, and the enclosures connected to it are always at ground potential. The
Mational Electrical Code specifies that the neutral and safety ground shall be
connected together at only one point, and this point shall be at the main
service entrance.” To do otherwise would allow some of the neutral current
to return on the ground conductor. A combination 115/230-V system is
similar, except an additional hot wire (red) is added, as shown in Fig. 3-3. If
the load requires only 230 V the neutral (white) wire shown in Fig. 3-3 15 not
required.

SIGNAL GROUNDS

A ground is normally defined as an equipotential’ point or plane that serves
as a reference potential for a circuit or system. This definition. however, is
not representative of practical ground systems because they are not
equipotentials; also it does not emphasize the importance of the actual path

*Allowable exceptions arc electric ranges, wall-mounted ovens, counter-mounted eooking
units, and electric clothes drvers. For these appliances the case may he connected 1o ground via
the neutral wire. See the National Electrical Code, paragraph 250-60, 1987

A point where the voltzge does not change, regardless of the current applied w it or drawn
fram it.
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taken by the current in returning Lo the source. It is important for the
designer to know the actuasl current path in order to determine the radiated
emission or the susceptibility of a circuit. To understand the limitations and
problems of “real world” ground systems, it would be better 0 use a
definition more representative of the actual situation. Therefore a betler
definition for a signal ground is a low-impedance path for current to refurn o
the source (Ont, 1979). This “current concept” of a ground emphasizes the
importance of current flow, It implies that since current 15 flowing through
some finite impedance, there will be a difference in potential between two
physically scparated points. The equipotential concept defines what
ground ideally should be, whereas the cusrent concepl defines what a
ground actually is.

The actual path taken by the ground current is important in determining
the magnetic coupling between circuits, The magnetic or inductive coupling
is proportional to loop area. But what is the loop area of 4 syslem
containing multiple ground paths? The area is the total area enclosed by the
actual current flow. An important consideration in determining this area is
the ground path taken by the current in returning to the source. Often this ix
not the path intended by the designer.

In designing a ground it is important to ask; How does the current flow?!
The path taken by the ground current must be determineid. Then, sinee any
conductor-carrying current will have a voltage drop. the effect of this
voltage drop on the performance of the other circuits connected to the
sround must be considered.

The proper signal ground system is determined by the type of circuitry.
the [requency of operation, the size of the system {self-contained or
distributed), and other constraints. such as safety. No one ground system is
appropriate for all applications.

Signal grounds usually fall into one of three categories: (1) single-point
orounds, (2) multipoint grounds, and (3) hybrid grounds. Single-pont and
multipoint grounds are shown in Figs. 3-4 and 3-3, respectively. A hybrid
ground is shown in Fig. 3-6. There arc two subclasses of single-puoint
grounds: those with serics connections and those with parallel comnecions.
The serics connection is alse called a common ground or daisy chain, and
the parallel connection is called a separate ground system.

1 =] [5] Al ERE

SEAIES CONMECTION PARALLEL CONMECTION

Figure 3-4. Twa types of single-paint propnding conmeciion.

SINGLE-FOINT GROUND SYSTEMS L

In general, it is desirable to distribute power in a manner that parallels
the ground structure. Usually the ground system is designed first, and then
the power is distributed in a similar manner.

In the following discussion of grounding techniques, two key points
should be kept in mind:

1. All conductors have a finite impedance, generally consisting of both
resistance and inductance. At 11kHz, a straight length of 22-gauge
wire one inch above a ground plane has more inductive reactance than
resistance.

2. Two physically separated ground points are seldom at the same
potential.

The ac power ground is of liule practical value av a sipnal ground, The
voltage measured between two points on the power ground is typically
hundreds of millivolts, and in some cases many volts. This is excessive for
low-level signal circuits. A single-point connection to the power ground is
usually required for safety, however.

SINGLE-POINT GROUND SYSTEMS

With regard to noise, the most undesirable single-point ground system is the
common ground system shown in Fig. 3-6. This is a series connection of all
the individual circuit grounds. The resistances shown represent the impe-
dance of the ground conductors, and [, Iy, and [, are the ground currents of

Figure 3-5. Mulipoinr grownding cosnections.

CIRCUIT CIRCUIT CIRCUIT
1 2 i

R L N A, L Fiy Yh
_‘_—’V\/\v N . AT -
= Iy + I:‘ * I:| I? * I'_'. !:I

Figure 3-6. Common grownd sysiem fv o geries ground conneetion and i undesirable from a
neise stondpoint but has the advantage of simple wiring.
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circuits 1, 2. and 3, respectively. Point A s not at zero potential but s al g
potential of

Vi=th + L+ LR, (3-2)
and point C s ut 4 potentisl of
Ve=U LA LR +H L+ )R, + LR, (3-3)

Although this circuit is the least desirable single-point grounding system, it
is probably the most widely used because of its simplicity. For noncriticy|
circuits it may be perfectly satisfactory. This system should not be used
between circuits operating at widely different power levels, sinee the
high-level stages produce large ground currents which in turn adversely
affeet the low-level stage. When this system 1s used. the most critical stage
should be the one nearest the primary ground point. Note that point A in
Fig. 3-6 is 1t a lower potential than point B or C.

The separate ground system (parallel connection) shown in Fig. 3-7 is the
most desirable at low frequencies, That is because there is no cross coupling
between ground currents from different cireuits. The potentials at points A
and C, for example, are as follows:

Vi=LR,, (3-4)
V-=0LR.. {3-3)
The ground potential of a circuit is now a function of the ground current and
impedance of that circuit only. This system is mechanically cumbersome,

however, since in a large system an unreasonable amount of wire is
NECessary.

CIRCUNT CIRCWT CIRCLIT
2 3
B
£
£ i ¢

Figure 3-7. Separate ground svstem is & parallel ground conneciion and provides good low-
Sreguency grownding but i mechanically combersome.
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A limitation of the single-point ground system occurs at high [reguencies,
where the inductances of the ground conductors increase the ground 1mpe-
dance. At still higher fre-:_]uenc_ies the impedance of the ground wires can be
very high if the length coincides with odd multiples of a quarter-wavelength.
Mot only will these grounds have large impedance, but they will also act as
antennas and radiate noise. Ground leads should alwavs be kept shorter
than one-twentieth of a wavelength to prevent radiation and to maintain a
low impedance, At high frequencies there is no such thing as @ single-point
ground,

MULTIPOINT GROUND SYSTEMS

The multipoint ground system is used at high frequencics and in digital
circuitry to minimize the ground impedance. In this system. shown in Fig.
3-8, vircwits arc connected to the nearest available low-impedance ground
plane, usually the chassis. The low ground impedance is due primarily to the
lower inductance of the ground plane, The conncctions between cach circuit
and the ground plane should be kept as short as possible to minimize their
impedance. In very high frequency circuits the length of these ground leads
must be kept to a small fraction of an inch, Multipoint grounds should be
avoided at low frequencies since ground currents from all cireuits flow
through a common ground impedance—the ground plane. At high fre-
quencies, the common impedance of the ground plane can be reduced by
silver plating the surface. Increasing the thickness of the ground plane has
no effect -on its high frequency impedance, since current Hows only on the
surface due to skin effect.

CIRGUIT
1

CIRCUIT

CIRCUIT
2 3

Lz

GROUND PLANE

Figure 3-8. Muliipaint ground system & g good choice ar frequencies above 10 Mz Tmpe-
dumces R, -R, omd L, -L, should be minimized.
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Normally at frequencies below onc megahertz a single-point ground
system is preferable; above 10 MHz, a multipoint ground system is best.
Between 1 and 10 MHz a single-point ground can usually be used, provided
the length of the longest ground conductor is less than one-twentieth of
wavelenpth. If it is greater than one-twenticih of a wavelength, & mullipoint
ground system should be used.

Many ground system problems occur as the result of common impedance
coupling. Common impedance coupling becomes a problem under one or
mare of the following conditions:

1. A high-impedance ground (usually tod much inductance)

2. A large ground current (often due to power frequency currents or
mugnetic ficld pickup)

3. A very sensitive (low noisc-margin) circuit connected to the ground

Single-point grounds overcome these problems by scparating ground
currents that are likely to interfere and forcing them to flow on different
conductors. This is effective at low frequencies. However, the single current
paths and long lead lengths increase the inductance which 15 detrimentul at
high frequencies. In addition at high frequencies single-point grounds are
almost impossible to achieve because parasitic capacitance closes the ground
loap.

Multipoint grounds overcome these problems by producing a very lovw
ground impedance, The ground system is interconnected by a large number
of parallel paths (a grid) or a solid metal plate (a plane). Multipoint grounds
create ground loops that may be prone o magnetic field pickup. The
obvious solution is to keep the atea of the loops small by using a grid or
plane and to aveid multipoint grounds with very low noise-margin (low
millivolt or microvolts) circuits.

Digital logic circuits must be treated as high-frequency circuits, due Lo the
high frequencies they produce. A good low inductance ground is NMEcessary
on any printed wiring board containing a large number of digital logic
circuits. The wround can be either a low-impedance ground plane or
ground grid (see Chapter 10). The ground plane provides a low inductance
vround return for the power supply and signal currents and allows for the
possibility of using constant impedance tlansmission lines for signal inter-
connections. A ground grid minimizes the ground inductance by providing
many parallel paths for ground return currents and can be almost as
gffective as a ground plane.

Although the ground on a digital logic board should be multipoint. that
does not mean that the power supplicd to the board should be multipoint
grounded. Since the high frequency digital logic currents should not Movw
through the power supply conductors feeding the board, and since the
power is low frequency (do), it can be wired as a single point ground, even
though the logic board ground is multipomt.

HYBRID GROUNDS g1

HYBRID GROUNDS

A hybrid ground is one in which the system-grounding configuration appears
differcntly at different frequencies. Figure 3-9 shows a common type hybrid
ground system that acls as a single-point ground at low frequencies and a
multipoint ground at high freguencies. A practical application of this
principle is the cable-grounding scheme shown in Fig. 3-33. At low fre-
quencies the cable shield is single-point grounded, and at high frequencies it
is multipoint grounded.

A different type of hybrid ground is shown in Fig. 3-10. This hybrid
ground, although not as common as the one just mentioned, Is used when a
number of chassis must be grounded to the power system green wire ground
for safcty reasons, but it is desirable to have a single-point signal ground for
the circuitry, The chokes provide a low-impedance safety ground at power
line frequencics and ground isolation at higher frequencies.

o
L —

Figure 3-9. A hybrid ground connection that acts oy o sidgle-peing ground at low frequencies and
a mulipaint ground at high frequencies.

a

¢
1

Figure 310, A fybrid ground conrection thar acts as 2 multipoint geound af dow fregquencics and
a single-point grownd at high frequencies.

s
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Figure 3-11, A primied wiring boord with three separate gronnd systems, ane for the digital foge.
ane for the tow-level analog arcaiis. and one for the "iois™ cirenrs.

FUNCTIONAL GROUND LAYOUT

When different types of circuits (low-level analog, digital, noisy. etc.) are
used in the same system or on the same printed wiring board, cach must be
srounded in a manner appropriate for that type of circuit. Then the ditferent
ground circuits should be tied together, usually at a single point. Figure 3-11
shows an example of this on a printed wiring board.

PRACTICAL LOW-FREQUENCY GROUNDING

Muost practical grounding systems at low frequencies are u combination of
the series and parallel single-point ground. Such a combination Is & com-
promise between the need to mect the electrical noise criteriz and the goal
of avoiding more wiring complexity than necessary. The key to balancing
these factors successfully is to group ground leads selectively, so that circuits
of widely varying power and noise levels do not share the same ground
return wire. Thus several low-level circuits may share a common ground
return, while other high-level circuits share a different ground return
conductor.

Maost systems reguire a minimium of three separate ground returns, as
shown in Fig. 3-12. The signal ground used for low-level electronic circuits
should be separated from the “noisy™ ground used for circuits such as relays

PRACTICAL LOW-FREQUENCY GROUNDING 83
MOISY
GROUMD HARDWARE
SIGMNAL (RELAYS, GROUMD™®
GROUND MOTORS, {CHASSIS,
(LOW-LEVEL HIGH-POWER RACKS,
CIRCUITES] CIRCINTS) CABINETS)

i
*4C POWER GROUND CONMECTED TD
HARDWARE GROUND WHEN REQUIRED

Figure 3-12. These three classes of grounding ronrections should be Lept separate to avold Roiss
coupling.

and motors. A third “hardware” ground should be used for mechanical
enclosures, chassis, racks, and so on. If ac power 1% distributed throughout
the system, the power ground (green wire) should be connected to the
hardware ground. The three separate ground return circuits should be
connected together at only one point. Use of this basic grounding configu-
ration in all cquipment would greatly minimize grounding problems.

An illustration of how these grounding principles might be applied to a
nine-track digital tupe recorder is shown in Fig. 3-13. There arc three signal
grounds, one noisy ground. and onc hardware ground. The most sensitive
circuits. the nine read amplifiers. are grounded by using two separate
ground rteturns, Five amplificrs are connected to one, and four are con-
nected to the other, The nine write amplifiers, which operate at a much
higher level than the read amplifiers, and the interface and control logic are
connected to a third ground return. The three de motors and their control
circuits, the telays, and the solenoids are connected to the noisy ground. Of
these elements, the capstan motor cantrol circuit is the most sensitive; it s
properly connected closest to the primary ground point. The hardware
eround provides the ground for the enclosure and housing. The signal
grounds, noisy ground, and hardware ground should be connected together
only at the source of primary power, that is, the power supply.

When designing the grounding system for a piece of equipment. a block
diagram similar to Fig. 3-13 cun be very useful in determining the proper
interconnection of the various circuil grounds.
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Figure 3-13. Typical grownding sysiem for aine-teack digioal tepe recorder.

HARDWARE GROUNDS

Elcctronic circuits for any large system are usually mounted in relay racks or
cahinets. These racks and cabinets must he grounded for safety. In some
systems such as electromechanical telephone offices; the racks serve as the
retumn conductor for relay switching cireuits. The rack ground is often very
noisy, and it may have fairly high resistance due to joints and scams in the
rack or in pull-out drawers,

Figure 3-14 shows a typical system consisling of sets ol electromics
mounted on panels which are then mounted to two relay racks. Rack
number 1, on the left, shows correct grounding. The panel is strapped to the
rack to provide a good ground, and the rucks are strapped together and tied
to ground at the primary power source. The clectronics circuit ground does
not make contact with the panel or rack. In this way noise currents on the

HARDWARE GROUNDS BS

RACK 1 RACHK 2

FAMEL BANEL

== B 1r L
GROUND GROUMD ~ INCORRECT
STRAPS STRAPS GROLND

+ I|
1 )

* z 3

FRIMARY
POWER :
GROUND !

™ ELECTRONICE GROLIND

Figure 314, Elecironic ofrcaiis monnted in sguipment recks should fave separate grownd
connections. Rack | shows correct grounding: rack 2 shows incoreect grounding.

rack cannot return o ground through the electronics ground. At high
frequencies some of the rack noise current can return on the electronics
ground due to capacitive coupling between the rack and clectronics. This
capacitance should therefore be kept as small as possible. Rack 2, on the
tight, shows an incorrect installation in which the circuit ground 1s connected
to the rack ground.* Noise currents on the rack can now return on the
electronics ground, and there is a ground loop between points 1. 2, 3, 4, and
1.

If the installation does not provide a good ground connection to the Tack
or panel, it is best to eliminate the questionable ground, and then provide a
definite ground by some other means, or be sure that there is no ground at
all. Do not depend on sliding drawers, hinges, and so on, to provide a
reliable ground connection. When the ground is of a questionable nature.
performance may vary from system Lo system or time Lo lime, depending on
whether or not the ground is made.

Hardware grounds produced by intimate contact, such as welding, braz-
ing or soldering, are better than those made by screws and bolts. When
joining dissimilar metals for grounding, care must be laken to prevent
galvanic corrosion and to ensure that galvanic voltages are not troublesome.
Improperly made ground connections may perform perfectly well on new
equipment but may be the source of mysterious trouble later.

*A circuit groond to mek ground conncction may be required for electrostotic dischargs
protection. See Chapter 12
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When electrical connections are to be made to a4 metallic surface, such as
a chussis, the metal should be protected from corrosion with 2 conductive
costing. For example, finish aluminum with a conductive alodine or chro-
mate finish instead of the nonconductive anodized finish, I chussis ure to he
used as ground planes, carcful attention must be paid o the electrical
properties of seams, joints, and openings.

SINGLE-GROUND REFERENCE FOR A CIRCUIT

Since two ground points are seldom at the sume potential, the differcnce in
ground potential will couple Into a circuit if it is grounded st more than one
point. This condition is illustrated in Fig. 3-15: a signal source is grounded at
point A and an amplifier is grounded st point B. Note that in this discussion
an amplifier is generally mentioned as the load. The amplifier is simply &
convenient example, however, and the grounding methods apply to any tvpe
of load. Voltage V; represents the difference in ground potential between
points 4 and B. In Fig. 3-15 and subsequent illustrations, two different
ground symbaols are used to emphasize that two physically separated grounds
are not usually at the same potentinl. Resistors R, and R, represent the
resistance of the conductors connecting the source to the amplifier,

In Fig. 3-15 the input voltage to the amplifier is equal o ¥V, + V.. To
climinate the noise, one of the ground comnections must be removed.
Elimination ol the ground connection at B means the amplificr must operate
from an ungrounded power supply. A differential amplifier could alsa be
used. as discussed later in this chapter. 1t is usually easier, however. to
climinate ground connection A ut the source.

Acy
AVAVAY =2
-
@) v i
Rce
W
Vo |
Py ==
A Vin=Ve Vs s

Figure 3-15. Ngise voltage Vi, will couple into the amplifier i the circuit 5 grounded at more

thean one potnd.

SINGLE-GROUND REFERENCE FOR A CIRCUIT a7y

The effect of isolating the source from ground can be determined by
considering a low-level transducer connected to an amplifier, as shown in
Fig. 3-16, Both the source and one side of the amplifier input are grounded,

For the case where R, <R, + R, + R, the noise voltage V,, at the
amplifier terminals is equal to

- R, 1[ R
MOLReF Ry +RALR R

Ve (3-6)

Example 3-1. Consider the case where the ground potential in Fig. 3-16 is
equal to 100 mY, a value equivalent o 10A of ground current fowing
through a ground resistance of DOT 0L TT R, =500, R, =R, =111 and
R, = Wk, then from Eqg. 3-6 the noise voltaac at the .iTI'IrJllﬁL]' termmah is
93 ‘mV. Thus almost all of the 100-mV ground differential voltage is coupled
into the amplifier,

The source can be isolated from ground by adding the impedance 7., as
shown in Fig. 3-17, Ideally, the impedance #.. would be infinite. but due to
leakage resistunce and capacitance it has some large finite value, For the
case where R .= R + R+ R, and Z.. % R, + R, the noise voltage
V., al the :mehher terminals is

. K. Rf-1] )
e = i 1 |5 "
K e e R‘Mz_“_... Ve - (3-7)

A \

RAga

A= 30001

1060

» F'-=,§ 50041
Vi ( ey

AL 20K ._L
;

B

W

PAYSICAL RELATIONSHIR i

EQUIVALENT CIRCUIT

Figure 3-16. With two grownd copnections, ek of the ground-poreaiiol dofeeence appears
acrass the load ay noise.
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Fipure 3-17, A farge impedance berween the sowrce and grownd keeps most of the grouwnd-
potenial difference gway from the load and reduces noe.

Mast of the noise reduction obtained by isolating the source is due o the
second term of Eq. 3-7. 11 £, 15 infinite. there is no noise voltage coupled
into the amplifier. If the impedance Z, . from source w ground is 1 M and
all other values are the same as 10 the previous example, the nolse voltage at
the amplifier terminals is, from Eq. 3-7, now only (L0953 V. This is a
reduction of 120 dB from the previous case where the source was grounded,

AMPLIFIER SHIELDS

High-gain amplifiers are often cnclosed m a metallic shield to provide
protection from electric fields. The question then arises as to where the
shield should be grounded. Figure 3-18 shows the parssitic capacitance that
exists between the amplifier and the shield. From the equivalent circuit, it
can be seen that the stray capacitances O, and O, provide a feedback path
from output to input. If this feedback 15 oot eliminated. the amplifier may
oscillute, The only shield connecrion thar will eliminate the unwanted feed-
back path is the one shown at the bodom of Fig. 3-18 where the shield is
connected o the amplifier common terminal, By connecting the shield to the
amplifier common, capacitance ., 15 short-circoited, and the feedback is
eliminated, This shield connection should be made even if the common is
not at earth ground,

GROUNDING OF CABLE SHIELDS

o I SHIELD
1z

5 Cas
|

20 3

"Lﬂzz
T

PHYSICAL RELATIONSHIR

EQUINVALENT CIRCUIT

SHIELD
Cis I SHIE

oL

20 =

J_Czs
1

ZHIELD CONMMECTER TO COMMON

Figure 3-18. Amplifier shield should be commected to the ampliffer common,

GROUNDING OF CABLE SHIELDS

Shiclds on cables used for low-frequency signals should be grounded il -:ml.}'
one point when the signal circuit has a single-pnint. ground. If the shield is
grounded at more than one point. noise current will l'_low. In the case of a
shielded twisted pair, the shicld currents may inductively couple uncqqal
voltages into the signal cable and be a source of noise. In 'L_he case of u:t:ram_ul
cable, the shield current generates a noise voltage by causing an IR Idmp in
the shield resistance, as was shown in Fig. 2-25. But if the shield is to b_u
srounded at only one point, where should that point be? '!'115 top drawing in
Fig. 3-19 shows an amplifier and the input signal lcads with an xungmunder.i
source. Generator V., represents the potential of the amp]mgr.mmmf{n
terminal above carth ground, and generator Vi, represents the differcnce in
ground potential between the two ground points. .

Since the shield has only one ground, it is the capacifance berween .the
input leads and the shield that provides the noise colupling. The input shield
may be grounded at uny one of four possible points thr_uugh Fhe dotted
connections labeled 4, B, €. and ). Conncction A 1s obviously not
desirable, since it allows shield noise current to flow in one of the signal



a0 3 - GROUNDING

——— g
Ve AP, >
T -
A
|
la
|
CONNECTIONE CONNECTIOND
[
| S I
fa Gy [ Cq o [ Sy
: i 3N
% —=Ca %Q T=Cz =N =Ca
] Ca ml‘\\ Ca @ Ca
| ] | 5 N If 2
12 — It

Vigo ()"-"51 Va1 V@

Cq

Vga+vgq) Viz=0 Vi2=go5g, Ve

G
".l'??_ Gy H:E

Figure 3-19. When amplifier iv grounded, the hest phield connecdon is O, with shivld conrectod
o umplifier commaon.

leads. This noise current flowing through the impedance of the signal lead
produces a noise voltage in serics with the signal,

The three lower drawings in Fig, 3-19 are equivalent arcuits for ground-
ing connections B, €, and ). Any extraneous voltage generated between
the amplificr input terminals (points 1 and 2) s & nose voltage, With
grounding arrangement #, a voltage is generated across the amplifier input
terminals due to the penerators V¥, and V,, and the capacitive voltage
divider formed by C, and C,. This connection, too, is unsatisfactory, For
ground connection C, there is no voltage V)., regardless of the value of
generators Vi, or V.. With ground connection £, a voltage is generated
across the amplifier input terminals due to generator V,,, and the capacitive
voltage divider C, and C,. The only connection that precludes a noise
voltage V), is connection C. Thus, for a drcuit with an ungrovunded source
and a grounded amplifier, the inpur shield should always be connected o the
amplifier common rerminal, even if this point is not at earth ground.
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The case of an ungrounded amplifier connected to a grounded source is
shown in Fig. 3-20. Generator V5, represents the potential of the sowrcs
commuon terminal above the actoal ground at its Tocation. The four possible
connectioms for the input cable shicld are again shown as the dashed lines
Iubeled A, B, €, and I}, Connection < is obviously not desirable since it
allows shicld noise currents o flow in one of the signal conductors in order
to reach ground. Eguivalent cirenits are shown at the bottom of Fig. 3-20) for
shield connections A, B, and D). As can be seen, only connection A
produces no noise voltage between the amplifier input terminals. Therefore,
for the case of a grounded source and ungrounded amplifier, the input shield
should be connected o the sowrce common termninal, even if this point iv not
at earth pround.

Preferred low-frequency shickd grounding schemes for both shielded
twisted pair and coaxial cable are shown in Fig. 3-21. Circuils A through D
arc grounded at the amplifier or the source, but not at both ends,

1
o
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Figure 320, When source i prounded, the hest shield conmnection s A with shoeld connecied 1o
the source conpman. The configuration can else be wyed with o differentiel amplijier,
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Figure 3-21. Preferred prounded sohemes for shieldea, wisted pairs and coavial cable ar fow
freguescy.

When the signal circuit is grovnded at both ends, the amount of noise
reduction possible is limited by the difference in ground potential und the
susceptibility of the ground loop to magnetic fields. The preferred shield
ground configurations for cases where the signal circuit is grounded st both
ends are shown in circoits £ and F of Fig, 3-21. In circuit F the shield of the
coaxial cable is grounded at both ends to force some ground-loop current o

GROUND LOOPS 83

flow through the lower-impedance shield, rather than the center conductor.
In the case of circuil £ the shielded twisted pair is also grounded al both
ends to shunt some of the ground-loop current from the signal conductors. 1f
additional noise immunity is required, the ground loop must be broken, This
can be done by using trunsformers, optical couplers, or a differential
amplifier.

An indication of the type of performance to be expected from the
configurations shown in Fig. 3-21 can be obtained by referring to the results
of the magnetic coupling experiment presented in Figs, 2-18 and 2-29.

GROUND LOOPS

Ground loops at times can be a source of noise. This 15 especially true when
the multiple ground points are separated by a large distance and uare
connected o the ac power ground, or when low-level analog circuils are
uscd. In these cases it is necessary o provide some form of discrimination or
isolation against the ground-path noise.

Figure 3-22 shows a system grounded at two different points with a
potential difference between the grounds. As shown in the figure, this can
cause an unwanted noise voltage in the circuit. The magnitude of the noise
voltage compared to the signal level in the circuit is important: if the
signal-to-noise ratio is such that circuit operation is affected, steps must be
taken to remedy the situation. Two things can be done, as shown in Fig.
3-22. First, the ground loop can be avoided by removing one of the grounds,
thus converting the system to & single-point ground, Second, the effect of
the multiple ground can be eliminated or at least minimized by isolating the
two circuits. Isolation can be achicved by (1) transformers, (2} common-
mode chokes, (3) optical couplers. (4) balanced circuitry, or (3) frequency
selective grounding (hybrid grounds),

Figure 3-23 shows two circuits isolated with « transformer. The ground
noise voltage now appears between the transformer windings and not at the
input to the circuit. The noise coupling is primarily & function of the
parasitic capacitance between the transformer windings, as discussed in the

!7 CIRCLUIT "-?N CIRCUIT
1 * 2

~ S —
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Figure 3-22, A pround faop henween fwi coroly.
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sectinn on transformers in Chapter 5, and can be reduced by placing a shield
between the windings, Although transformers can give excellent results,
they do have disadvantages. They arc large. have limited frequency re-
sponse, provide no de continuity, and are costly. In addition. if multiple
signals are connected between the circuits, multiple transformers arc re-
guired,

In Fig, 3-24 the two circuits are isolated with a transformer connected as
a common-mode choke that will transmit de and differential-mode signals
while rejecting common-mode ac signals. The common-mode noise veltage
now appears across the windings of the choke and not at the input to the
circuil. Since the common-mode choke has no effect on the differential
signals being transmitted, multiple signal leads can be wound on the same
core without crosstalk. The operation of the common-mode choke is
deseribed in the next scotion.

Optical coupling (optical isolaters or fiber optics), as shown in Fig. 3-23,
is a very clfective method of eliminating common-mode noise since it
completely breaks the metallic path between the two grounds. It is most
useful when there are very large differences in voltage between the two
grounds, even thousands of volts. The undesired common-mode noise
voltage appears across the optical coupler and not across the input to the
CITeull.

M—,
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Figure 3-24. A pround foop between ve circuits can e broken by Inserting o common-mode
rhoke,
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Figure 3-25. An oprical conpler can be used to break the ground loop berween heg circudls.

Optical couplers are especially useful in digital circuits. They are less
suitable for analog circuits because linearity through the coupler is not
always satisfactory. Analog circuits have been designed. however. using
optical feedback technigues to compensate for the inherent nonlinearity of
the coupler (Wauben, 1975},

Balanced circuits, as shown in Fig. 3-26, provide another way to discrimi-
nate against common-made ground noise voltages. In this case the common-
mode voltages induce equal currents in both halves of the balanced circuit.
and the balunced receiver responds only to the difference between the two
inputs. The better the balance, the larger is the amount of common-mode
rejection. As frequency increases, it becomes more and more difficult to
achicve a high degree of balance. Balancing is discussed futher m Chapter 4.

When the common-mode noise voltages are at a frequency different from
the desired signal. frequency-selective (hybrid) grounding can be used.
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Figure 3-26, A balanced circuit can be uzed o carcel oot the effect af u graund loop benveeh fwo
CIrCHis
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LOW-FREQUENCY ANALYSIS OF COMMON-MODE CHOKE

A transformer can be used as a common-mode choke (also called z
longitudinal choke. neutralizing transformer, or balun} when connected, us
_shcnwn in Fig. 3-27. A transformer connected in this manner presents a [1}1,:.
impedance to the signal current and allows de coupling. To any comman.
mode noise current, however, the transformer is a high im]'H_'LL'{i'JCE.

T.h“ signal current shown in Fig. 3-27 flows equally in the two conductors
but in opposite directions. This is the desired current, and it is also known a\
the differential circuit current or metallic clreult current, The noise curru:nt.s
flow in the same direction along both concuctors and are called common-
mode currents,

Circuit performance for the common-mode choke of Fig. 3-27 may be
analyzed by referring to the equivalent circuit, Voltage generator ¥, n.:pre-

_ COMMON-MODE
- ™ CURRENT

I 1
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1 ﬂ CURREMNT @
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Figure 3-27. When dr of low-frequency continuity is required, o common-mode choke can be
used o break a ground loop.

LOW-FBEQUENGCY ANALYSIS OF COMMON-MODE CHOKE

sents a signal voltage that is connected to the load R, by conductors with
resistance R, and R-.- The common-moade choke is represented by the two
inductors £, and L, and the mutual inductance M. If both windings are
sdentical and closely coupled on the same core, then L, [... and M are
equal. Voltage generator V,. represents @ common-mode voltage duc either
to magnetic coupling in the ground loop or to & ground differential voltage.
Since the conductor resistance R, Is in series with A, and of much smaller
magnitude, it can be neglected.

The first step is to determine the response of the circuit v the signal
voltage V,. neglecting the cifect of V.. The circuit of Fig. 3-27 cun be
redrawn. as shown in Fig. 3-28, This figure is similar to the cireuit of Fig.
227 There it was shown that at frequencies greater than w=5R, /L,
virtually all the current [, returned to the source through the second
conductor and not through the ground plane. If L, is chosen such that the
lowest signal frequency is greater than SR/ L, rad/s, then [, = 0. Under
these conditions the voltages around the top loop of Fig. 3-28 can be
summed as follows:

V.= jul L, + Lo}, — 2jeMI + (R, = R, . (3-8)
Remembering that L, = 1., = M and solving for /, gives
¥, V
I e s (3-9)

J_EEL-'_R:'E R.‘. I

provided R, is much greater than R. Equation 3-9 is the same that would
have been obitained if the choke had not been present. It therefors has no
cffect on the signal transmission so long as the choke inductance is large
enough that the signul frequency w is greater than SH /L.,

Ly
g

[—.Is |

|
"n."s ™ r'-ln"l ;RL

|
I
2 Rge

Figure 3-24. Eguivalent ciecuit for Fig, 3-27 for anulysis af responye 0 sigeial veage V.
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The responsc of the circuit of Fig. 3-27 to the common-mode voltage V.
can be determincd by considering the equivalent circuit shown in Firr.D_‘a-’H;;"
If the choke were not present, the complele noise voltage V,, wmu]dii ;- -
across R, . G PR

When the choke is present. the noise voltage developed across R, can be
determined by writing cguations around the two loops shn::wrlr in the
illustration. Summing voltages around the outside loop gives

V= jwL0,+ joML+ IR, . (3-10)

The sum of the voltages around the lower loop is

Vo =fwlod, + joMI + R, (3-11)
Equation 3-11 can be solved for I,, giving the following result:
_ VfF. ffl]ﬂ"ff-l
T (3-12)

& jwl,+ R,

Rememtrering that L, = L, = M = L, and sustituting Eq. 3-12 into Eq. 3-10,
and solving for 1. gives

_]T = V{'IHf'l

' joL(R.,+ R, )+R.R,

{3-13)

'I' - T v . =E v B - 3
he nose vollage V\ 15 equal to [ R, and smee R8s normally much less
than R, . we can write

- -

L_.l.‘.'L!.I___!
| ]
I'T'l § Vau=L1RL
La I Rz ‘J
e By
A%,

[_ izﬂ—]
oy
L1 N

Vg

Fipure 329, Eouiv e il AT R ;e
5.*3 guivalent coreutt for Fig. 3-27 for analysis of response to common-mode vollage
- J
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=
ANGULAR FREQUENCY, w
Figure 3-30. Noiss voltage may e significant if R .. s large.
VRl L
V-'\-' = _L’L ; [3_]4)
N Jwt Rl L

A plot of V,,/V,; is shown in Tig. 3.30. To minimize this noise voltage, K,
should be kept as small as possible, and the choke inductance [. should be

such that
R..
L —= (3-15)

L

where w is the frequency of the noisc. The choke also must he large cnough
that any unbalanced de currents flowing in the circuil dogs not causc
saturation.

The common-mode choke shown in Fig. 3-27 can be easily made; simply
wind the conductors connecting the two circuits around & magnelic core, as
shown in Fig, 3-31. The signal conductors from more lhan one circuil may
be wound around the same core without the signal circuits interfering
(crosstalking). In this way one core can he used to provide a common-mode
choke for many circuits.

L-—MAGMETIC CORE

CIRCUIT
1

Figure 3-31. An easy way 1o place @ common-mode choke in the circuit is ro wind both

conductors around a toroidal magnetic core, A coaxind cable may alyo e wsed in place of the
conductors shown.
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HIGH-FREQUENCY ANALYSIS OF COMMON-MODE CHOKE

I'he p_receding analysis of the common-mode choke was a low-frequenc
analysis and ﬂ‘?glﬁﬂed the clffect of parasitic L‘EilJauitzince_. 1f the chl:u'l-:lc e
be wsed at high frequencies (10 to 100 MHz), for example lc:\ lelh lr
mmmlon-nmdc currents on cables as discussed in Chapter 11 riu.:‘n the g
capacilance across the windings must be considered. Figure 1.'%-“:2 -;hnwﬂr:}
equivalent circuit of a two-conductor transmission line L‘:cm:r'ljni hat :
cumm‘cm—lmodc choke (L, and L.). R, and R . represent the reai:mnn-c: 1‘
the w_lmimgs of the choke plus the cable conductors, and ¢ i§ .th(c L:: i}-
capaciiance across the windings of the choke. Z, is the u::nrmmrm- ' w‘
mmpedance of the cable and Vi, is the common-mode voltage driuinmﬂf‘f_
gatalc. In th[; analysis Z; is not the ditferential-mode impedance hu% ::-]lL
Jj:;]g?;’lan{:c of the cable acting as an antenra and may vary from H.h:_}ll[ Sl L;

'he insertion loss of the choke can be defined as the ratio of the
c:gmn;m;{-rnm;]e current without the choke to the common-mode current wit]'-L}
:hi E;gk:c;::rhf:;;rfg_a; Rand L, = I, =L, the insertion loss (IL) of

-z, ‘\."I : 2R(1-’LC)] + RY(wC,)
[R*+2R(Z, - w’LC,Z,)]" +[2Rwl, + wCR?Z, |
(3-16)

Figures 3-33 and 3-34 are plots of Eq 3-16 for the case where & —
R =50, and 7, =2000. Figure 3-33 shows the insertion loss for a 10-u 11
thkc_ for various values of shunt capacitance, and Fig. 3-34 st;nws IILth
IFIIHL_:TTIGH loss for a choke with 3 pF of shunt capacitance a;m'l ;:1ricus vaiu:‘
of inductance. As can be seen from these two figures, the insertion Im:

i

Fipur 332, E e, i ] | o !
i !.l?&!l-ﬁll"l?‘!f cirendf of @ coxnmon-mode choke wirh ﬂ&.’ﬂ!!!!‘!. skl L‘fﬂpﬂt‘]‘]lﬁlﬂ%-&‘ C
e 3 } Ed i
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INDUCTANCE=10pH

35

20

INSERTION LOSS (dB}

L

10

C=10gF

| I A L. —— : =l
10 a0 g 40 i) EQ Ta =) an 100
FREQUENCY [MHz)

Figure 3-33. fagertion fosy of a 10-pH commant-mode choke with various valwes of shuni
capacitance.

above TOMHz does not vary much with the inductance of the choke,
however, it varies considerably as a function of the shunt capacitance. The
most important parameter in determining the performance of the choke is the
shunt capacitance and not the value of inductance. Actually most chokes used
in these applications are bheyond self-resonunce. The presence of the
parasitic capacitance severcly limits the maximum insertion loss possible at
high frequencies. It is difficult to obtain more than 6 to 12 dB inscrtion loss
at frequencies above 30 MHz by this technique.

At these frequencies the choke can be thought of as an open circuit to the
common-mode noise currents. The total common-mode noise current on the
cuble is thereforé determined by the parasitic capacitance. not the induct-
ance of the choke.
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T T T T | —_— : :
CAPACITANCE =5,F

a5 -

25 -

INSERTION LOSS (di)
na
=3
I

o

W2 0 a0 0 80 10 B o
FRECQUENCY (MHz)

Figure 33, fnscericon fosy af variaus inducance caimon-tiods chokes with 5 oF af shune
Copucitance,

DIFFERENTIAL AMPLIFIERS

A differential (or balunced-put) amplifier miy be used to decrease the
elfect of & common-mode noisc voltage. This is shown in the upper drawing
of Fig. 3-35, where V.. is the common-mode ground noise voltage. The
differential amplificr has two input voltages V, and V., and the output
voltage is cqual to the amplifier gain (A) times the difference in the two
mput voltages, V, = A(V, — Vil

The lower drawing of Fig. 3-35 shows how a single-ended (or unbalanced)
amplificr can be used to simulate the performance of & true balanced
amplifier. The transformer primary hus a grounded center tap. and the
voltages across the two halves are V, and V,. The sceondary voltage
(assuming a 1:1 turns ratio) js cqual to V), — V.. Amplifier output again is
equal to the gain times this voltage difference, duplicating the balanced
amplifier output.
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DIFFEREMTIAL AMPLIFIERS

AN *
Roy
¥q AL
+ "
Va Ayz
Wy | Res l
Ry
Vi o
i =

Vo= ALY, =Val

|
As .
Ve 7o
.__Q__w;,ﬁ\,—-
777 * —

— i i ormer—ocian he wsed
335, A differsnsial amplifier—or a single-ended amplifier with frangformer—can e w
Figure H iffe i

: -miode noise voltage
to raduce the effects of @ common-m

in Fi 3 i an be
The response of either circuit in Fig. 3-35 1o r]?:e nmig v;::ragri;;&nce
determined from the equivalent circuit shown in Fig. 3-36. o d.ue e
R.. much larger than R, the input voltage to the amp
L2 =

common-mode noise voltage V,; 1s as follows:

R, = Ry )V I (3-17)
1{,\,=V5—V33(R“+R{__1+Rs Rt Rey .

in Fi = V, R.=0.010, R =5000,.

; 22, If i Flg. 336, V=10mY, K; - '.

Emﬂipi? 3=11 {1, and RTE,' = R,,=10kQ, then from Eq. 3-17, Vy _32 mz

iai'mh;.vai-'iar Hh \ and R L were 100 k€0 instead ul’_ 10 ki, Phen. 1;::1—3 5 mv.
fois reprcm;nt; ;m almost 20 dB decrease in the input noise voltage.

i i i i R
From Example 3-2 it is obvious that increasing the input Lmﬂcdanfgu{p ; ;]
" 5 ks v kl T 7 ﬂga &l
i i lifier decreases the noise vo .
of the differential amp : e
ElﬂLd thez :Idmpiiﬁer due to V. From Eq. 3-17 it can be seen tha; i&;:ﬂ thE
o : iy e ;
:r;e source resistance R, also decreases the noise voltage couple
¢ 5
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Vg Rs
HC2§

Ry
HG ‘_—? f
ALz va W Ry

:

EQUIVALENT CIRCUIT

Fi - a5 _—
tgure 3-36. Eguivalent circuit for analysis af differential-amplifier circu

R
R Ris
Vs [ i s
Aps ALz
v R
7r Ve .

Figure 3-37, [ ‘ 1 i
nserteon of resistgnce R into ground lead decreqses the wolve volia

e,
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amplifier. Figure 3-37 shows a way 10 modify the circuits ol Iig, 3-35 w

increase the input impedance of the amplifier to the common-mode vollags
V.. without increasing the input impedance to the signal voltage V.. This is
done by adding resistor R into the ground lead as shown. When using a
high-impedance differential amplifier, both the input cable shield and the
SOUrCEe COmmon should be gmunded at the source as was shown in Fig,
3-21B.

SHIELD GROUNDING AT HIGH FREQUENCIES

At frequencies less than 1 MHz, shields should normally be grounded at one
end only, Otherwise, as previously explained, large power-fregquency cur-
gents can flow in the shield and introduce noise into the signal circuit. The
single-point ground also eliminates the shield ground loup and its associated
magnetic pickup.

At frequencies above 1 MHz or where cable length exceeds one-twenticth
of a wavelength, it is often necessary to ground a shield at more Lthian one
point to guarantee that it remains at ground potential. Another problem
develops at high frequencies; stray capacitive coupling tends to complete the
ground loop. as shown in Fig. 3-38. This makes it difficult or impossible to
maintain isolation at the ungrounded end of the shicld.

1t is therefore common practice at high frequencies. and with digital
circuits, to ground cable shields at both ends. The noisc voltage due 1o a
difference in ground potential that couples into the circuit (primarily at
power frequencics and its harmonics) can usually be filtered out. because
there is a large frequency difference between the noise and the signal
frequency. At frequencies above 1 MIz the skin effect reduces the coupling
due to signal and noise curent flowing on the shield. This skin elfect causes
the noise current to flow on the outside surface of the shield and the signal
current to flow on the inside surface of the shicld. The multiple ground also
provides a degree of magnetic shielding at higher frequencies when couxial
cable is used.

Vg AMBLIFIER

e

f
::r.“': -——— STRAY

{ CAPACITANCE

Figure 338, Ar high frequencies stray capactiance tends fe complete the grownsd loop.
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The characteristics of the circuit shown in Fig. 3-38 can be put
udval_ltagu by replacing the stray capacitance with an actual capacitor, thus
forming a combination or hybrid ground. At low frequencies a single-poing
ground cxists since the impedance of the capacitor is large. However, g
high frequencies the capacitor becomes a low impedance, thus cu::m-'erti]m.
the circuit to one having a multiple pround. Such = ground configuration i
often useful for circuits that must operate over a very wide frequency runue._

GUARD SHIELDS

Noise reduction greater than that obtainable with a differential amplifier can
be obtained by using an amplifier with a guard shicld. A guard shield s
placed around the amplifier and held at a potential which prevents current
flow in the unbalanced source impedance. The effeet of a guard shield can
best be explained by considering an exampie in which a guard shicld is used
to cancel the effects of a difference in ground potential.

Figure 3-39 shows an amplifier connected by a shielded twisted Pair to s
grounded source. V; is a common-mode voltage due to a difference in
grqund potentials. V, and R, are the differential signal voltage and source
resistance, respectively, R, is the input impedance to the amplifier. Cypoand
., arc stray capacitances between the amplifier input terminals and
ground, including the cable capacitance. There are two undesirahle currents
flowing as a result of voltage V. Current I, flows through resistors £, and
R, and capacitance €. Current I, lows through resistor K. and C.;g. [
each current docs not flow through the same total impedunce, there will be a
differential input voltage to the amplifier. If, however, a guard shicld s

X "'1"":IG
SHIELOED I o
TWISTEDR PAIR ™. I

Figure 3-39. Amplifier and u grounded source are connecied by a shielded wisied prair.

|

GUARD SHIELDS ek

GLaRD SHIELD

.
R

AMPLIFIER
COMBMOMN

- SHIELD HELD AT
POTENTIAL OF FOINT A

Figure 330, Guard shield at potential of point A eliminales nolse currenls.

placed around the amplifier, as shown in Fig. 3-40), and the shield is held at
the same potential as point A, currents [, and f, both become zero because
both ends of the path are at the same potential. Capacitances O, and €, now
appear hetween the input terminals and the shield. - e

The shield accomplishes the objective of eliminating the dlrfc_rennz:i input
noise voltage. Unmentioned, however, has been the pmbl_en} of how to h?lnt
the shicld at the potential of point A. One way to do this is shown in Fig.
3-41. where the guard shicld is held at the potential of point A by connccting
it to the cahle shield. The other end of the cable shield is then grounded at
point A. This discussion assumes that the source common {lower) terminal is
at the same potential as point A, That is, there is no m.“is'c mlragel g_c_ncratr_:d
between point A and the source common. If there 18 any Pt_‘r!-i.‘ilb]l[t}" of a
noise voltage being generated between the common terminal of V, and
ground point 4, the guard shield should be connected to the source common
as illustrated, instead of directly to point A.

GLARD SHIFLD
[ o

=
P | | .
N 0 . W o O
7 Y T, e AMPLIFIER
l L e COMBON

I
L e
s

Figure 331, Guard shield i connecred te point A through the cable shivid.
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Mofice thut the amplifier and shicld connectinns of Fig. 3-41 do no
violate any of the previously described tules. The cable shield is grounded i
only one point (point A). The input cable shield is connected 1o thy
amplifier common. The shield around the amplifier is also connected o the
amplifier common terminal.

In the guarded amplificr of Fig. 3-41. any ground point at potential 5
inside the amplifier guard shield increases the capacitance from the inpur
leads to ground (unguarded capacitance). Therefore, for the scheme 1o
work, it means the amplificr must be powered by self-contsined batteries, o
else power must be brought in through an electrostatically shielded trans.
former. No point of the guard shield can come in contact with ground 5
without nullifying its effectiveness. A practical circuit thercfore has a second
shield placed around the guard shield to guarantee the suard’s Integrity, us
shown in Fig. 3-42. This second or external shield is grounded o the loeg)
ground, point B, and satislies the safety TequITements.

A guard shield is usually only required when extremely low-level signals
are being measured, or when very lurge common-made voltages arc prescnt
and all other noise reduction technigues have also been applied to reduce
the noisc pickup to an absolute minimum. A puard shield may be used
around a single-cnded amplifier as well as a differential amplifier.

Example 3-3, Consider 4 numerical example, as illustrated in Tig, 3-43,
where R\ =R, =0, R, =2.6k0, C,;=C,,=100pF, and V,. = 100 mV
60 Hz. The reactance of 100pF is 26 MO at 60 Hz. The differential input
nuise voltage across the amphificr input terminals without a guard shield can
be written as

.\ R.+R, a5
E 1

—_— - —_— * s
R+ R +Z,, R.tZ, )I'-f.ﬁ (3-8

V, =

where 7, and Z,, are the impedance of capacitance Cp und C,

it

GUARD_SHIFLD

e —
e —————m—rm————, HH 1y
S 2
‘NHH.
R

AMPLIFIER
COMMON

AN

L ]
i _,f} + EXTERMAL SHIELN J
W [ Of CasE -
& § —— KO FLECTRICAL
# P COMNECTION

BETWEEN SHIELDS

Figure 3-42. Prociical circuit often fas g8 second sheeld arvaund the greard shivld

L

GUARD SHIELDS

s Fq =00
- ———--ur‘.‘.lnun———-——_--——— T

|
£ Koo iy
Nl ] == Cu R
= e

Figure 3-43, Numerical exarmple 1o illstrare need for guard shield.

respectively. Substituting numerical values into Eg. 3-18, the input noise

yoltage without the guard shield is 10 uV. If the use of Lll‘lE EU&T 41]1“:11{]
reduces each line's capacitance to ground to 2 p_F_, as shown in f]g. A t, t ;le
differeatial input noise voltage across the zampllhmj l[l'[?ll-t }grmmals 1}.»11_1 t e.t
guard shicld in place can still be written as shown in Eqg. 3-18. but ';"[11& 12pu‘r_
noise voltage is now reduced to 0.2 uV. a 34dB 1mpm1:fmue:nt. E&—pt
capacitance to ground is due to the fact thnt_the guard shield s n:::uttpc EF-;,;;:
If it were perfect, there would be no capacitance o :_;,ru_:uund a;lan the rmlLl:j
valtage would be zero. It should be noted that the noise v?ltfi_g_e ?uup ed
increases as the frequency of the noise source IS INCCEAse,

into the amplifier : Is Increase
2 as the [requency is increased.

since the impedance of C,; and €y decrease

Al
I
I —
|
= #E“; = IpF |
I
R
& ‘;\\x |
"'\-\.__H.
.
Rl
.-/
N\h
= ;L— G = BF
£ Vs
g L I _____ =
100mY =
P o =
A

Figure 34, Cuard shield reduces (e copaciiance to ground anid therefare noise volage.
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GUARDED METERS

Even for those who do not intend to design cquipment using a guard shield
there is still a good reason to understand the operating principles. Many new
measuring instruments are being manufactured with a guard shield (see Fig,
3-43). It is up to the user to connect the guard shield to the proper place iy
the circuit being measured, When a user does not understand the purpose of
a guard shield. he or she is likely to leave it apen or conneet it to the meter
ground; ncither of these connections produces optimum results. To take
maximum advantage of the guard shield, the following rule should ke
followed: The guard shield should always be connected such that np
common-mode current can flow through any of the input resistances, This

normally means connecting the guard to the low-impedance terminal of the
solrce,

Example 3-4. Refer to Fig. 3-45. The problem is to measure the voltage
across resistor R, neither end of which is grounded, with a guarded digital
voltmeter. What is the best connection for the guard shield? Five possible
ways to connect the guard shield are shown in Figs. 3-46 through 3-5().
Voltage V7, is the ground differential voltage. and V) is the battery noise

GUARDED METER

— e ey

TO Bey
ADDITIONAL |t
CIRCUITRY A

S

Acz

=

ke

A

SOURCE
GROUND

Figure 345, When o gusrded meter is used, o common prablem iy where o connegr b

Te LrLard
rermingl,

GUARDED METERS

GUARD ED_ ‘:' ETER
STURCE —

GUARD|

WK

7 £, - y
Figure 3-36. When measuring voltage across R, best connecion jor the guard v lo the
low-impedance side of R, noise currens does not affect armplifier,

voltaee. Fizure 3-46 shows the best connection, with th_.e guur{?, E:unnccted_Fu
the lzw-Im_pedanu:: terminal of the source. Under this condition no noise
current flows through the input circuit of the meter.

I in Fi T is cted to the
The connection shown in Fig, 3-47, where [he_ guard is conne ol
ground at the source is not as good as the previous connection. HLTL,I o
: i > ise current from

noisc current from the generator V,; is no problem, but noise

GUARDERNMETER

PROTECTION AGAIMST VG ONLY.

Figure 3-47. CGuard connected to source ground gives no profection against V.
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Figure 3-48. (Fuard connected 1o fow side of meter allaws noive crivee

al o flow in fine resisiance

GUARDED METER

SO MEIER

Rz
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A
A
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Fipure 3-49, Guwd connecied 1o Tocal

Roaoaed 7,
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grownd ix ingffective; noise carrent flowy tarough R
i

SUMMARY R

GUARDED METEHR

O () é
[/

GUARD MOT CONNECTED

Figure 3-50. Guard not cannerted ; naise currenis due o Vo and V, flow drongh B R Ey
amd £,

V,, flows through impedances R, R, and Z, und causes a noise voltage Lo
hv.- coupled into the amplifier. The mnnuhnnq of Figs. 3-48, 3-4Y9, und 3-30
all allow npoise current to flow through the meter input circuit and are
therefore undesirable.

SUMMARY

e At low frequencies a single-point ground system should be used.
e At high frequencies and in digital circuitry a multipoint ground system
should be used.
e A low-frequency system should have a minimum of three separate
ground returns, These should be:
Signal ground
MNotsy ground
Hardware ground
o The basic objectives of a good ground system are to minimize the noise
voltage from two ground currents fowing through a common impe-
dance.
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e For the case of a grounded amplifier with an ungrounded source, 1he
input cable shield should be connected to the amplifier commaon
terminal.

e For the case of a grounded source with an ungrounded amplificr, the
input cable shield should be connected to the source common terming),
e A shield around a high-gain amplifier should be connected to the
amplificr common.
e When a signal circuit is grounded at both ends, the ground loop formed
is susceptible to noise from;:
Magnetic fields
Differential ground voltages
e Methods of breaking ground loops are:
Isolation transformer
Common-mode choke
Optical couplers
[Miferential amplificrs
Guarded amplifiers
o At high frequencies, shiclds around signal cables are usually groundod
at more than one point.
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4 BALANCING AND FILTERING

BALANCING

A hulaneed cireuit is @ two-conductor circuit in which both conductors any
all ecircuits connected to them have the same impedance with respect 1o
ground and to all other conductors. The purpose of balancing is to muke 1he
noise pickup equal in both conductors, in which case it will be a comman-
mode signual which can be made to cancel out in the load. Baluncing is an
often overlooked—though in muny cuses cost-effective—nnise reducting
technique, which may be wsed in conjunction with shiclding when noise
miust be reduced below the level obtainable with shielding alone, In addition
it is wsed. in some applications, in place of shielding as the primary noise
reduction technique.

The use of a differential amplifier. as previously shown in Fig. 3-35, was
the first step toward a balanced svstem. The amplifier provided a balanced
lovad, but the source was still unbalanced due to the resistance R, Balancing
the source with respect Lo ground completely balances the svstem, as shown
in Fig. 4-1. In the general case two common-mode noise voltages V,, and
V.. are shown i series with the conductors. These noise voltages produce
noise currents [, and f,.. The sources V and V,, together produce the
signal current /. The total voltage V, developed across the load is equal
the following:

Vi = 1Ry,

— LR+ 1R,

; ETEY R (4-1)
The first two Lermy represent noise voltages, and the third term represents
the desired signal voltage. 1T 7, s cqual to [, and R is equal 1o R, 5, the
noise voltage across the load is equal 1o zero. Equation 4-1 then reduces 1o

Vi=1(R; T R,). (4-2)

which represents a voltage due only o the sipnal current 7,

In the balanced cirenit shown in Fig. 4-2. ¥, and V) represent inductive
pickup voltages. and current generators. I, and [, represent noise that i
capacitively coupled into the cireuit through C,, and C,,. The difference in
ground potential between source and load is represented by V., The noise
voltage produced between load terminals 1 and 2, due to capacitive cou-
pling, can be determined by referring to Fig. 4-3. Impedances R, and R-
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Figure 4-1. For balanced condition: B, = R., B,, =R, V= Ve oand I, =1
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Figure 8-2. A4 halanced circuit showing indective wnd copaciiive noise voltnges and a difference
in prownd potential hetween source und lowd.
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BALANCED
FAIR

MOISE SOURCE

Vi Vi1
Figure 4-3. Capuciive piekup i1 bolgreed conductons.

represent the total resistance to ground from conductors 1 and 2, respec-
tively.

For capacitive coupling the noise voltage induced into conductor 1 due tw
the voltuge V, is (Eq. 2-2)

Vi =joR, Vs, (4-3)
The noise voltage induced into conductor 2 due to voltage V, is
Vip S jeR, GV, . (4-4)

If the circuit is balunced, resistance R, and R, are equal. If conductors 1 and
2 are a twisted pair, capacitance €, should nearly equal C,,. Under these
conditions V,,, approximately equals V. and the capacitively coupled noisc
voltages cancel at the load. A twisted pair can therefore provide protection
against capacitive coupling if the circuit is balanced. Since a twisted pair can
also protect against magnetic fields, a balanced circuit using a twisted pair
can protect against both magnetic and electric fields without a shicld over
the conductors. Shields are still desirablz, however, since it is difficult to
obtain perfect balance, and hence additional protection may be required.

Twisted pairs or shielded twisted pairs are usually used as the conductors
in & balanced circuit, since a twisted pair is inherently a balanced configu-
ration. A coaxial cable, on the other hand, is inherently an unbalanced
configuration. If coaxial cable is to be used in a balanced system, two cables
should be used, as shown in Fig, 4-4.
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Figure 4-4. Live of couvid cofles in o bafaneed circuir.

It should be noticed in Fig. 4-2 that the difference in ground potential
(V) between source and load produces equal voltages at terminals 1 and 2
of the load. These voltages cancel, producing no new noise voltage across
the load,

The degree of balance. or common-mode rejection ratio (CMRR). is
defined as the ratio of the common-mode (or longitudinal) noise voltage to
the differential (or metallic) noise voltage produced by it It is usually
expressed In decibels (dB).® This conversion from common-mode to dif-
terential voltage results from the unbalances present in the system, Refer-
ring to Fig. 4-5. the balance (or CMRR) of the circuit (in dB) is

1(_!
Balance =21 Eng( J dB. (4-5)

N
:
Wy

If the source resistances R, are small compared to the load R, then the
common-mode voltage Ve equals ¥y, and V. can be used in Eqg. 4-6 in place
of V,,. Then,

=

Balance = 20 Eog( CJ dB . (4-6)

%,

=

&=

If the source and load in Fig. 4-5 are physically separated by an appreciable
distance. the balance defined in Eq. 4-6 15 normally wsed because both
measuremsnts can be made at the same end of the circuit.

The better the balance, the greater s the nose reduction oblainable. If
the balance could be made perfect, no noise could enter the system,

*Sec Appendin A far discussion of the decibel.
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Figure 4-5, Megsuring circud balince

BALANGED
LAl

Typically 60-80dB of balunce is reasonable to expect from a well-designed
circuit. Balance better than this range is possible. but special cables are
usually required and individual circuit trimming may be necessary.

System balance is dependent on source balance, signal lead balance. and
lnad balance, as well as the balance of eny stray or parasitic impedances,
Both resistive and reactive balances must be obtained between the two inpul
conductors. Therefore the resistances and reactances of cach conductor 1o
ground must be equal. The magnitude of any noise coupled into o bulanced
circuit is # function of the degree of unbalance and is directly proportional
1o the common-mode noise voltage. Balance is mever perfect. and some
noise voltage couples into the circuit whenever common-maode noisc vol-
tages wre present. The common-mode noise voltage can be decreased by
proper shielding and grounding. as discussed in the previous chapters, and
by eliminating the ground at one end of the circuit.

Fxample 4-1. A circuit is built with 60 dB of balance. The cables are not
shielded. and each cable picks up a common-mode voltage of approximately
300 mV due to clectric field coupling. The noise coupled into the load is
60 dB below this or 300 xV. If a grounded shield is now placed around the
conductors, the common-mode pick up voltage is reduced to 13 mW. The
noise coupled into the amplifier is 60 dB below that, or 13 pV. This exampls
shows that the effects of shiclding and balancing are additive. The shielding
can be used to reduce the amount of common-mode voltage coupled inlo
the conductors and balancing reduces that portion of the common-mod:
viltage which is coupled into the load.

Circuit balunce also depends on the operating frequency. Normally, the
higher the frequency, the harder it is to obtain good balance, because strad
cupacitance has more effect on circuit balance at high frequency.
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Knowing the balance provided by the individual components™ that make
up @ system does not allow prediction of overall system balance when the
components are combined, For example, the unbalances in two of the
components may complement each other such that the combined balance is
greater than that of cither of the individual components, On the other hand.
the components may be such that the combined balance is less than that of
either of the individual components,

Che way to guarantee good overall system balance is to specify the
balance for each component conswlerably higher than the desired system
balunce. This method, however, may not produce the most cconomical
desizgn.

In #n otherwise unbalanced svstem, the transmission line portion of the
cireuit can be balanced by using two transtormers, as shown in Fig, 4-0.

UNBALANCED SYSTEM

HS
J:‘L
Vg e

=

BALANCED THAMSMISSION LINE

Figure d-6. Transmission line partion of @ crewit can be balunced by uying (wio Teansformers.

*For messuring the halance of individual circuits or components, the procedures of 1IEEE
Standard 435-1976 should be used.
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Since the conductors are usually the most susceptible to noisc pickup, this
system can be very useful in reducing nuise. The transformers also break
any ground loops and therefore eliminate the noise due to a difference in
ground potential between the load and scurce.

POWER-SUPPLY DECOUPLING

In most eleetronic systems the de power-supply and distribution systems are
common to many other circuits. It is very important therefore to design the
dc power system o that it is not a channel for noise coupling between the
circuits connected to it. The object of a power distribution system is to
supply a nearly constant de voltage to all loads under conditions of varying
load currents. In addition any ac signals generated by the load should not
generate an ac voltage across the de power bus.

Ideally a power supply is a zero impedance source of voliage. Unfortu-
nately, practical supplies do not have zero impedance, so they represent a
source of coupling between the circuits using them. Not only do the supplics
have finite impedance, but the conductors used to connect them to the
circuit add to this impedance. Figure 4-7 shows a typical power distribution
system as it might appear on a schematic. The de source—a batlery, power
supply, or converter—is fused and connected Lo the variable load R, by a
pair of conductors, A local bypass capacitor € may also be connected seross
the lpad.

For detuiled analysis the simplified cirzuit of Fig. 4-7 must be expanded
into the circuit of Fig. 4-8. Here, R, represents the source resistance of the
power supply and is a function of the power-supply regulation. Resistor R,
represents the resistance of the fuse. Components Ry, Ly, and C, represenl
the distributed resistance. inductance, and capacitance, respectively, of the
transmission line used to connect the power source to the load. Generator
V, is a lumped noise voltage representing noise coupling into the wiTing
from other circuits, The bypass capacitor C has resistance R, and inductance
L, associated with it. Resistor R, represznts the load.

The noise pickup V, can be minimized by the techniques previously
covered in Chapters 2 and 3. The effect of the filter capacitor is discussed in
4 later section. When the filter capacitor and V, are eliminated from Fig
4-8, the circuit of Fig. 4-9 remains. This circuit is used to determine the

de— c

W |
1

Figure 4-7. A dr pawer disiribution systen, a5 shown on a schematic.
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Fipure 48, Acmal circuts for a de power distribufion sysiem.

performance of the power distribution system. The problem can be sim-
plified further by dividing the analysis of Fig. 4-9 into two parts. First,
determine the static or de performance of the system, and second, de-
termine the transient or noise performance of the system.

The static voltage drop is determined by the maximum load current and
the resistances R,, R, and R,. The source resistance K, can be decreased
by improving the regulation of the power supply. The resistance R of the
power distribution line is a function of the cross-sectional area A and length
[ of the conductors and the resistivity (p) of the conductor material,

Ry=p (4-7)

&
=

! |
; |
SGUHCE| FLISE I DISTRIBUTION SYSTEM | LOAD
| Rg | Ly Ay |[
1 3 F i i i
—'\AN— AVAVAY -
| { os |
R | ] I ]
] | | | |
I I I AL =
udcr lI | |
T | ! | 3
. : . I
|
| i I
| 1 |

Figure 4-9. Circuit of Fig. 4-8, less the decoupling capacitor and pickup veltage.
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The resistivity p equals 1.724 % 10 ° 0-cm for copper. The minimum de load — —
PARALLFL WIAES

voltage is i %
o= — cush' (-_}
v v, Ly i (B + Rt RS e )
ning = Ficimen) — fiim TRy rdmax 4-8) ® 1 .
Liming delmin) max) X [ max |: J I.. _-T EfR mig = 1, Zo'—_z.'—.l?.- i III—D]
: . - : o ‘|I| €, L
Transient noise voltages on the power distribution circuit are produced by - —_ - =
sudden chanees in the current demand of the load. If the current change is R oo 8O m]
EE5 : y : g i LTy e
assumed to be instantancous, the magnitude of the resulting voltage change d —L. Ve =
is a function of the characteristic impedance (Z,) of the transmission line: i in FOR 2hid =3 7 < B9 i (an)
qk&i}i.-psﬁiaémgﬁ‘ﬁgg =S Ly -"T;'_._ In I.. %)
|IL_T
Z,= \I' LT . [ 4-5) PAHALLEL FLAT CONDUCTORS
T i
= - f
i . h FOA w == h ang h =o= 1, Za=—F [ 2]
The instantaneous voltage change AV, across the load will then be 1—L_ -+ e
=
AV, = Al Z,. (4-100 -
: : FLAT CONDUCTOR OVER GROUND PLANE
The assumption of an instantancous change in current is realistic for digital FOR wosn z, - 310 (o J
X | ; . . . : ot =70
circuits. but not necessarily so for analog circuits, Even in the case of analug yeo x
circuits, however, the characteristic impedance of the de power distribution
transmission line can be used as a figure of merit for comparing the noise
performance of various power distribution systems. For best noise perform- [Ty
w o = g = il
ance, a power transmission line with as low a characteristic impedance as st B FOR W Sy 70— 190 i, {uh ; w.}
possible is desired—typically a few ohms or less. Equation 4-9 shows that f o of e e

the line should therefore have high capacitance and low inductance.

The inductance can be reduced by using a rcectangular cross-sectional
conductor instead of a round conductor and hy having two conductors as
close together as possible. Both of these ¢iforts also inercase the capacitance
of the line, as does insulating the conduciors with a material having a high Fabite 4 Holstie Dlskine
dielectric constant. Figure 4-10 gives the characteristic impedance for vari- it ¢ Constants of Various

Figure 4-1). Characteristic impedances for various condicior configurarions,

ous conductor configurations. These equations can be used even il the e
incyualities listed in the figure arc not satisfied. Under these conditions. el £
however, the eguations give higher values ol Z, than the actual value since Air L0
they neglect fringing. Values of the relative dielectric constant (e ] for Polyethylene foam 1.6
various materals are listed in Table 4-1. The optimum power distribution Cellular polyethylene 1.3
line would be one with parallel flat conductors, as wide as possible, placed F':Eﬁ“” 2.1
one on top of the other, and as close together as possible. LD:}"?"_WI"‘“’?" 2.3
To demonstrate the difficulty involved in providing power distribution N(;Iibnl}“m i?'

systems with very low impedance, it is helpful to work some numerical

B i ; 2 ; Silicon rubher 1.1

examples. First consider two round parallel wires spaced 1.5 times their Polyvinylchloride (PVC) 13"1
diameter apart with Teflon dielectric. The characteristic impedance is as Epoxy resin 16
follows, Delrin 3‘5'
120 Epoxy glass 4.7

7, = ——— cosh ' (1.5) =800, Mylar 5.0

(2.1) Polyurethane 20
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If the diclectric had been air, the impedance would be 115 0. The actual
impedance is between these two values since part of the field is in Teflon
and part in air. A value of 1000} is reasonable in this casc.

As a second example, lake two flat conductors 0.0027-in. thick by 0.05-in,
wide placed side by side on a printed wiring board made of an epoxy resin.
If they are spaced 0.05-in. apart, the characteristic impedance is

120 0.l

Zv= o) " 0.0527

=11311.

For an air dielectric the impedance would be 131 £1. The actual impedance is
somewhere between these two values, since on a printed winng board, part
of the field is in air and part is in epoxy.

Both of the preceding examples are common configurations, and neither
one produced a very low impedance transmission line. If, however, two flal
conductors .23-in. wide are placed one on top of the other and separated
by a thin (0.0051in.) sheet of Mylar, the characteristic impedance is

Z-:} . (5}1“ \ﬁ) =340

377 (ﬂ.{'}{'}i

Such a configuration makes a pood low-impedance de power distribution
line. Commercial bus bars of this type are available for use with integrated
circuits on printed circuit boards, as shown in Fig, 4-11.

The difficulty of obtaining a transmission line with sufficiently low
impedance usually makes it necessary to place a decoupling capacitor across
the power bus at the load to provide a low impedance. Although this s a
good practice, a capacitor will not maintain a low impedance at all fre-
quencies because of its series inductance. If the transmission line is designed
properly, however, it maintains a low impedance even at high frequencics.
For more information on decoupling digital logic circuits, see Chapter 10.

DECOUPLING FILTERS

Since the power supply and its distribution system are not an ideal voltage
source, it is a good practice to provide some decoupling at each circuil or
group of circuits to minimize noise coupling through the supply system. This
is especially important when the power supply and its distribution system are
not under the control of the designer of the power-consuming circuit.
Resistor-capacitor and inductor-capacitor decoupling networks can be
used to isolate circuits from the power supply, to eliminate coupling
between circuits, and to keep power-supply noise from entering the circuit.
Meglecting the dashed capacitor, Fig. 4-12 shows two such arrangements,
When the R=C filter of Fig. 4-12A is used, the voltage drop in the resistor

INSULATION

4—‘

0.040 TYP

E 7

CONDUCTORS

INTEGRATED CIRCUIT

DUAL IN-LINE
PACKAGE (DIP)

DIF BUS

N\
\
\
\

v

CIRCUIT BEOARD

Cormmmercial pewer distriburion bres bars featiering Towe dmprediance.

Figure 4-11.
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Figure 4-12. Circuit decoupling with { A} resistance-cupacitunce and (£ inacianCe-capaciianee
decoupling nerworks,

causes a decrease in power-supply voltage. This drop usually limits the
amount of filtering possible with this configuration.

The L-(C filter of Fig. 4-12B provides more filtering—especially at high
frequencies—for the same loss in powsr-supply voltage. The L-C filter,
however, has a reasonance frequency,

|

= 4-11
fr 2#-\‘. I_,C {. ]I

at which the signal transmitted through the filter may be greater than if no
filter was used. Care must be exercised to see that this resonant frequency is
well below the passband of the circuit connected to the filter. The amount of
gain in an L-C filter at resonance is inversely proportional to the damping
fuctor

C
VT (4-12)

ey
I
b |
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Figure 4-13. Effect of damping foctor en e response.

where R is the resistance of the inductor. The response of an L—C filter near
resonance is shown in Fig, 4-13. In order to limit the gain at resonance to
less thun 2dB, the damping factor must be greater than 0.5 Additional
resistance can be added in series with the inductor, if required, to increase
the damping. The inductor used must also be able to pass the direct current
required by the cireuit withoul saturating. A second capacitor such as those
shown dashed in Fig. 4-12, can be added to sach section to increase filtering
to noise being fed back to the power supply from the circuit. This turns the
filter into  pi-network.

When considering noise, a dissipative filter such as the R—C circuit shown
in Fig. 4-12A is preferred to a reactive filter, such as the L.-C cireait of Fig,
4-12H, In the dissipative filter the undesirable noise voltage is converted to
heat and eliminated as a noise source. In the reactive filter, however, the
noise voltage is just moved around. Instead of appearing across the lead. the
noise voltage now appears across the inductor, where it may be radiated and
become a problem in some other part of the cirewit. [t might then be
necessury to shield the inductor to eliminate the radiation.

AMPLIFIER DECOUPLING

Even if only a single amplifier is connected to a power supply, consideration
of the impedance of the power supply is usually required. Figure 4-14 shows
a sehematic of a typical two-stage transistor amplifier. When this circuit 15
analyzed, it is assumed that the ac impedance between the power supply
lead and ground is zero. This is hard to guarantes (because the power
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Figure 4-14, Power supply decoupling for two-siage Iransistor amplifier,

supply and its wiring has inductance and resistance) unless a decoupling
capacitor is placed between the power supply and ground at the amplifier,
This capacitor should serve as a short circuit through the frequency range
aver which the amplifier is capable of producing gain. This frequency rangs
may be much wider than that of the signal being amplified. If this short
cireuit is not provided across the power-supply terminals of the amplifier,
the circuit can produce an ac voltage gain to the power-supply lead. This
signal voltage on the power-supply lead can then be fed back o the
amplifier input through resistor R,; and possibly cause oscillation.

DRIVING CAPACITIVE LOADS

An emitter follower, feeding a capacitive load such as a transmission ling, 1s
especially susceptible to high-frequency oscillation due to inadequate power-
supply decoupling.” Figure 4-15 shows such a circuit. The collector impe-
dance Z_. consisting of the parasitic inductance of the power supply leads
increases with frequency, and the emitter impedance Z, decreases with
frequency due to the cable capacitance. AL high freguency the transistor
therefore has a large voltage gain to its collector,

Z,
Voltage gain= EI 3 (4-13)

(3

"Even with a zera impedance power supply, an cmitter follower with a capacitive load can
oscillute i improperly desipned. See Joyoe and Clarke (1961, ppo 264-26%) and article by
Chessman and Sokol (1976},
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Figure 4-15. Emitter follower driving a capactive load.

This provides ac fesdback around the transistor through the base resistance
R, . thus allowing the possibility of oscillation. If previous stages of the same
amplifier are conmected to the same power line, the feedback can come
through the preceding stages and the possibility of oscillation is greater. The
oscillation is often a function of the presence or ahsence of the output cable,
since the cable affects the emitter capacitance and hence the high-frequency
gain and phasc shift through the transistor.

To climinate the effect of the parasitic lead inductance, a good high-
frequency ground must be placed at the power terminal of the amplifier.

. :T[c B0,
e

2 %

.
il
LY

il

I|-=-

Flgure 4-16. Emitter follower decoupled from powsr supply.
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This can be accomplished by connecting a capacitor between the power lead
and a good high-frequency ground at the amplifier. as shown in Fig. 4-16.
The value of this capacitor should be considerably greater than the max-
imum value of the emitter capacitance C,. This guarantees that the high-
frequency gain to the collector of the transistor is always less than one.

Even placing a capacitor across the amplifier power-supply terminals
cannot guarantee zero impedance. Therefore some signal will always be fed
back to the input circuit over the power supply lead. In amplifiers with gains
less than 60 dB, this feedback is usually not enough to cause oscillation. In
higher gain amplifiers this fcedback from output to input through the power
supply can often cause oscillation. The feedback can be eliminated with an
R—C filter in the power supply to the first stage, as shown in Fig. 4-17. The
de voltage drop across the resistor is not detrimental since the first stage
operates at a low signal level and therefore does not require as much de
supply voltage.

A similar effect occurs when operational amplificrs are driving capacitive
lIouds. This is the result of the pole produced and the amplifiers’ output
impedance. For further discussion, see Graeme (1971, pp. 219-222).

HIGH-FREQUENCY FILTERING

Metallic enclosures are often used as shields to prevent noisy. or high-
frequency, circuits from radiating noise. For these shiclds to be effective. all
leads entering or leaving the shielded enclosure should be filtered to prevent
them from conducting noise out of the shield. At audio frequencies, normal
decoupling filters such as those previously described for power supplies are
satisfactory. However, at high frequencics, special care must be taken to
guarantee the effectiveness of the filier. Feed-through capacitors® should be
used where the conductor passes through the shicld, and a mica or ceramic
capacitor, with short leads, should be connected between the conductor and
ground at the circuit end. This connection, plus three other ways to filter a
power-supply lead to a high-frequency circuit, are shown in Fig. 4-15.
Shielding the conductor inside the enclosure decreases the amount of noise
picked up by the conductor. Additional filtering can be obtained by using a
C—L—C pi-filter with two capacitors and an inductor (rf choke). This pi-filter
can be further improved by enclosing the choke in a separate shield. inside
the primary shield, to prevent it from picking up noise. In all the filters the
lead lengths on the capacitors and shield grounds must be kept as short as
possible.

*See Chapter 5 [or a discussion of foed-through capacitors,
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SYSTEM BANDWIDTH

One simple, but often overlooked, methed of minimizing noise in & system
is to limit the system bandwidth to that required by the signal. Use of a
circuit bandwidth greater than that required by the signal allows additional
noise frequencies to enter the cireuit. The seme principle applies in the case
of digital logic circuits. High-speed logic is much more likely to generate and
be susceptible to, high-frequency interference than its lower-speed counter-
part {sec Chapter 11).

MODULATION AND CODING

The susceptibility of a system to interference is a function not only of the
shielding, grounding, and so om, but also of the coding or modulating
scheme used for the signal. Modulation systems such as amplitude, fre-
quency, and phase have inherent noise immunity. For example, frequency
modulation is very insenmsitive to amplitude noisc disturbances. Digital
technigues such as pulse amplitude, pulse width, and pulse repetition
frequency coding may be used to increzse noise immunity. The noise
advantages of various coding and modulation schemes are adeguately

5
1
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covered in the literature (Panter, 1965; Schwartz, 1970k and Schwartz et al.
1966) and are not repeated here.

SUMMARY

e In # balanced system both resistive and reactive balance must be
maintained.

s The greater the degree of balance, the less noise that will couple inta
the system.

e Baluncing can be used with shielding to provide additional noise
reduction.

s The lower the characteristic impedance of a dc power distribution
circuit, the less the noise coupling over it

e Since most de power buses do not provide s low impedance, a
decoupling capacitor should be used at each load.

« From a noise point of view, a dissipative filter is preferred to a reactive
filter.

e The bandwidth of a system should be limited to that required to
transmit the signal in order to minimize noise.
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B PASSIVE COMPONENTS

Since actual components are not “ideal,” their characteristics deviate from
those of the theoretical components.” Understanding these deviations 15
jmporiant in determining the proper application of vanous components.
This chapter is devoted to those characteristics of passive electronic compo-
nents that affect their noise performance or their use in noise reduction
circuitry.

CAPACITORS

Capacitors are most frequently categorized by the dicleetric material from
which they are made. Different types of capacitors have characteristics that
make them suitable lor certain applications but not for others, An actual
capacitor is not a pure capacitance, but it also hus both resistance and
inductance, as shown in the equivalent circuit in Fig. 5-1. The inductance L
is due to leads as well as the capacitor stucture. Resistance R, is the parallcl
leakage and a function of the volume resistivity of the diclectric material. R,
is the effective series resistance of the capacitor and a function of the
dissipation factor of the capacitor.

Operating  frequency is one of the most important considerations in
choosing a capacitor tvpe. The maximum cffective frequency for a capacitor
i usually himited by the inductance of the capacitor and its leads. At some
frequency the capacitor becomes self-resonant with its inductance. At
frequencies above sclf-resonance, the capacitor has inductive reactance and
an impedance increasing with frequency. Figure 5-2 shows how the impe-
dance of a 0.1 uF paper capacitor changes with frequency. As can be seen,
this capacitor is self-resonant at about 2.5 MHz.

Figure 3-3 shows the approximate ussble frequency ranges for varlous
types of capacitors. The high-frequency limit is due to self-resonance or an
increase in the dissipation factor at high frequencics. The low-frequency
limit is determined by the largest practical capacitance value available.

The primary advantage of an electrolytic capacitor is the large capaci-
tince value that can be put in a small case. The capacitance-to-volume ratio
is larger for an electrolytic than for any other capacitor type. An aluminum
clectrolytic capacitor, however, may have as much as 11} series resistance,

*See Whalen and Paludi {1977).
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Figure & 1. Fguwivalen: circuit for a capaciror.

Typical values are about (1.1 £}, The serics resistance increases with increas.
ing frequency—due to dielectric losses—and with decreasing temperature,
At —4PC the series resistance may be 10-100 times the value at 25°C, Due
ta their large size aluminum electrolytics also have a large inductance. They
are therefore low-frequency capacitors and should normally not be used at
frequencies above 25kHz. They are most often used for low-frequency
filtering, bypassing, and coupling. For use at higher frequencies, they should
be bypassed by a low value, low inductance, capacitor,

One disadvantage of electrolytic capacitors is the fact that they are
polarized, und a de voltage of the proper polarity must be maintained across
them, For maximum life aluminum clectrolytic capacitors should be op-
crated at no greater than 80% of their rated voltage. Operating at less than
80% of their rated voltage docs not provide any additional reliability. A
nonpolarized capacitor can be made by comnecting two equal value elec-
trolytics in series, but poled in opposite directions. The resulting capacitance
is one-half that of the individual capacitors, and the voltage rating is equal
to that of one of the individual capacitors.

When electrolytics are used in ac or pulsating de circuits, the ripple
voltage should not exceed the maximum rated ripple voltage; otherwise,
excessive internal heating occurs. Normally, the maximum ripple voltage is
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spectficd at 120 He. typical of operation as a [ler capacitor in a full-wave
rectifier cireuil. Temperature is the primary cause of aging. and electrolvtics
should never be operated outside their recommended temperature ratings.

solid tantalum electrolytic capacitors have less series resistance and
higher capacitance-to-volume ratio than aluminum clectrolvtics, Some solid
tantalum capacitors have low inductance @nd can be used at higher fre-
guencies than aluminum electrolytics. In general, they are more stable than
aluminum with respect to time, wmperature, and shock. Unlike aluminum
clectrolytics, the reliability of solid tantalum capacitors is improved by
voltapge derating, ?

Paper und mylar capacitors have series resistances considerably less thun
that of electrolytics but still have moderately high inductance. Their capaci-
tance-to-volume ratio is less than that of electrolytics. und they are usually
avallable in values up to a few microfarads. They are medium r'rﬁ:qu-enc-_v
capacitors uselul up o a few megahertz. Paper and mylar capacitors are
typically used for filtering. bypassing, coupling, timing. and noise sup-
pression.

Tubular capacitors such a5 paper or mylar usually have a band around
one end, as shown in Tig. 5-4. The lead connecied to the banded end i
comnected to the outside foil of the capacitor. The banded end should be
connected to ground, or o a common reference potential whenever puos-
sible, Tn this way the outside foil of the capacitor can aet as a shield o
minimize electric feld coupling from the capacitor,

Mica and ceramic capacitors have very low series resistance and induct-
ance. They are high-frequency capacitors and usclul up to about 300 MHz—
provided the leads are kepl short, These capacitors are normally used for
high-frequency filtering, bypassing, coupling, timing and frequency discrimi-
nation. They are normally very stable with respect to ume, temperature.
and voltage,

High K cerumic capacitors however, are only medium-frequency
capacitors. They are relatively unstable with respect to time, temperature,
and lrequency, Their primary advantage 1s a higher capacitance-to-volume
ratio, compared to that of standard ceramic capacitors. They are normally
used for bypassing. coupling. and blocking. One disadvantage is that they
may be damaged by voltage transients. It is therelore not recommended that
they b used as bypass capacitors directly across a low-impedance power
supply.

Figure 5-4. Hond on tubadar capacivor indicates the end that is con-
mected to the owrside foil, This end showld be connvccred 1o sround.
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Table 51 Typleal Capacitor Fallure Modes

Capacitor Type Mormal Lse  OwverVoltage

Aduminum electrolytic Open Short
Ceramic Open Short
Mica Short Short
Mylar Short Short
Metalized mylar Leakage Mgy

Solid tantalum Short Short

Polystyrene capacitors have extremely low serics resistance and have very
stable capacitance-frequency characteristics. They are the closest to the ideal
capacitor of all the types listed. Typical applications include fltering,
bypassing. coupling, timing, and nolse supression.

Table 5-1 shows the typical lsilure modes for various capacitor types
under normal use and when an over-voliage is applied.

The effect of lewd length and capacitance value on the self-resonant
frequency of & small ceramic capacitor can be seen from Table 5-2. 1t is clear
that at high frequencies, the smallest vilue capacitor that will do the job is
preferable because ol its higher self-resonant frequency.

It should be noted that at self-resonance the impedance of a capacitor is
actually lower (Fig, 5-2) than that of an ideal capacitor {one without
inductance). This fucl can be an advantage in some situations (scc the
discussion on decoupling capacitors in Chapter 1), Above series resonance,
however, the lead inductance is detrimental.

The self-resonant frequency can be increased by using a feed-through
capacitor designed to mount through, or on. a metal chassis. Figure 3-3
shows such a capacitor mounted in a chassis or shield, along with its
schematic representation. The capacitance is between the leads and the casc
of the capacitor. Feed-through capacitors have very low inductance ground

Table 5-2 Self-Besonant Frequencies of Ceramle

Capacitors
Sell-Resonant Freguency
(MI1z)
Capacitunce L. ldin.
Value (pf) Liacls L.eads
10,000 12
1000 33 32
00 70 63
11060 120 20
St 220 200
Ly 3000 350
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Flpure 5-5, Typical feed-rhraugh capacitor.

connections, since there is no lead present. The lead inductance that does
exist is in series with the signal and improves the capacitor's effectivencss,
because it transforms the feed-through capacitor into g low pass T-filter.
This can be seen in Fig. 5-6. which shows the equivalent circuits, including
lead inductunce, fur both s standard and a fecd-throvgh capacitor. As o
result feed-through capacitors have very good high-frequencey performance,
Figure 3-7 shows the lower impedance obtained by using a feed-throuygh
capacitor s compared 1o g standard capacitor,

Paralleling Capacitors

Ma one capacitor will provide satistactory performance over the entire range
from low to high lrequencics. In order to provide filtering over this range of
frequencies, two different capacitor types are often used in parallel. For
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Figure 3-f. Lead fndictoce i staedard and feed-theongh caparitors.

——

INDUCTORS 143

T
[0.05 uF CAPACITOR

WITH -l LEADS
v A
\ \/

100.0 |

=]

=
b

b

IMPEDANCE [OHMS)
o
..r!"”
-
L
S
.
4
Fd

IDEAL  _| .-'}‘\ \

0.1 GAPACITOR N P,
0.05 1tFa
FEED-THRCLIGH
CAPACITOR N
B'mm i 10 100 1000

FRAEQUENGCY MEGAHERTZ)

Figure 5-7. Impedance of (L3 p F capacitors, showing fmproved performance of feed-throwgh
CApIEioT

example, an electrolytic could be wsed to provide the large capacitance
necessary for low-frequency filtering. paralleled with u small low inductance
mici Or ceramic capacitor o provide a low impedance at high frequencies.

When capucitors are paralleled, however, resonance problems may occur
as a result of the parallel and series resonances produced by the capacitors
and the inductance of the leads that interconnect them (Danker, 1985). This
can result in lurge impedance peaks al certain frequencies: these are most
severe when the paralleled capacitors have widely different values, ot when
there are long intereonnections between them.

INDUCTORS

Inductors may be categorized by the type of core on which they are wound.
The two most general categories arc air core (any nonmagnetic material fits
into this group) and magnetic core. Magnetic core inductors can be further
subdivided depending on whether the core is open or closed. An id:_;a]
inductor would have only inductance, but an actual inductor also has series
resistance, in the wire used to wind it, and distributed capacitance between
the windings. This is shown in the equivalent circuit in Fig. 5-8. The
capacitance is represented us a lumped shunt capacitor, so there is parallel
resonanece at some lreguency,

Another important charaseteristic of inductors is their susceptibility Lo,
and generation of, stray magnetic ficlds. Air core or open magnetic core
induciors are most likely to cause interference, since their fux extends a
considerable distance from the inductor. as shown in Fig. 5-9A. Inductors
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Flgure 53-8, Equivalenr cirouit for an fnducir

wound on 4 closed magnetic core have much reduced external magnetic
fields, since nearly all the flux remains inside the magnetic core, as shown in
Fig. 5-9B.

As fur as susceptibility to magnetic fields is concerncd the magnelic core
is more susceptible than the air core inductor, An open magnetic corc
inductor is the most susceptible, since the core—a low reluctance path—
concentrates the external magnetic field and causes more of the Mux to Aow
through the coil. A closed magnetic core is less susceptible than an open
core bul more susceptible than an air corc.

I 15 often necessary to shield inductors to confine their magnetic and
electric fields within a limited space. Shields mude of low resistance material
such as copper or aluminum confine the electric ficlds, At high frequencies
these shiclds also prevent magnetic flux passage. because of the cddy
currents set up within the shicld. At low frequencies, however, high.
permeability magnetic material must be used to confine the magnetic field.*

tlgure 59, Magnetc fields from (A) air core and (B closed rhagnetic cove induciors.

"Eee Chapter 6 for a detailed analysis of magnetic-field shiclding,
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TRANSFORMERS

Two inductors intentionally coupled together, usually an a magnetic core.
form a transformer. Transformers are often used o provide isolation
between two circuits. An example 15 the solation transformer used to break
a ground loop, as shown in Fig. 3-23. In these cases the only desirable
coupling is that which results from the magnetic field. Actual transformers,
not being ideal, have capacitance between the primary and secondary
windings, #s shown in Fig. 5-10: this allows noise coupling through the
transformer.

This coupling can be climinated by providing an electrostatic, or Faraday,
shicld (a grounded conductor between the two windings). as shown in Fig.
3-11. If properly designed, this shield does not affect the magnetic coupling,
but it chminates the capacitive coupling provided the shield is grounded.
The shield must be grounded at point B in Fig. 5-17. 11 1t is grounded to
point A, the shield is at a potential of V. and still couples noise through the
capacitor C, to the load, Therefore the transformer should be located near
the load in order 1o simplily the conmection between the shichl and point £,

Electrostatic shielding may also be obtained with two unshielded trans-
formers, as shown in Fig, 53-12, The primary circuit of 7, must be grounded,
preferably with a center tap. The sceondary of 7, it it has & center tap, may
also be grounded to hold one end of C, near ground potential. As indicated
in Fig, 5-12, if the trunsformers do not have center taps. ong of the
conductors between the transformers can be grounded. This conliguration is
less effective than a transformer with a properly designed electrostatic
shicld, The configuration of Fig. 5-12 is, however, useful in the laboratory to
determine whether an electrostatically shiclded transformer can effectively
decrease the noise coupling in a circuit.
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Figure 510, An acrual transforer has capaciive as well ar magnetic coupling between prienary
and serondary windings,
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RESISTORS

Fixed resistors can be grouped into three basic classes: (1) wirewound, (2)
film type. and (3) composition. The exact equivalent circuit for a resistor
Lir.:‘.pv:i‘:ndﬁ on the type of resistor and the manufacturing processes. The circuit
of hg. 3-13, however, is satisfactory in most cases. In a typicitl composition
resistor, the shunt capacitance is in the order of 0.1-0.5 pF. The inductance
is primarily lead inductance, except in the case of wirewound resistors.
where the resistor body is the largest contributor. Film resistors. due to their
spiral or meandering-line construction, have more inductance than carbon
resistors. Except [or wirewound resistors, or very low value resistors of
other types. the inductance can normally be neglected during circuit
m_-m!j.fsin. The inductance of a resistor does, however, make it susceptible o
pickup from external magnetic fields. Inductance of the external lead can [l
approximated by using the data in Table 5-4.
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Figure 5-13. Fguivalent circull for a resistor.

Table 5-3 Impedance of a 1-M1L, 1-W Carbon Hesistor
Measured at Varlous Frequencies

Impedance

Frequency Magnitude Fhase Angle
(kHz) (k1) {degrees)

1 1o 0

9 1000 =3

10 9o —3

N 420 —11

100 B0 —16
200 =0 =2
300 67l —-24
41 all =32

=00 360 —34

The shunt capacitance can be important when high value tesistors are
used. For example, consider a 22-MI} resistor with 0.5 pF of shunt capaci-
tunce. At 145 kHz the capacitive reactance will be 10% of the resistance. If
this resistor is wsed above this frequency, the capacitance may affeet the
circuit performance,

Table 5-3 shows measured impedance, magnitude and phase angle, for a
:-W carbon resistor al various (requendes. The nominal resistance value is
1 M. Note that at 300 kHz the impedance has dropped to 360 ki1, and the
phase angle has become —34°, Capacitive reactance has thus become
significant.

MOISE IN RESISTORS

All resistors, regardless of their construction, generate a noiss voltage. This
voltage results from thermal noise and other noise sources, such as shot and
contact noise. Thermul noise can never be avoided, but the other sources
can be minimized or eliminated. The total noise voltage therefore is equal to
or greater than the thermal noise voltage. This is explained further in
Chapter 8.

Of the three basic resistor types, wirewound resistors are the quietest.
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The noise in & sood quality wirewound resistor should be no greater thag
that due to thermal noise. At the other extreme is the composition resistor,
which has the most neise. In addition to thermal noise, composition resistors
also have contact noise. since they are made of many individual particles
molded together, When no current lows in composition resistors, the noise
approaches that of thermal noise. When current Hows, additional noise is
generated proportional to the current. Figure 3-14 shows the noise wen-
erated by a 10-kfl composition resistor at two current levels. At low
frequencies the noise is predominantly contact noise, which has an inverse
frequency characteristic. The frequency at which the noise levels off, at o
value ecqual to the thermal noise. varies widely between different type
resistors and is also dependent on current level.

The noise produced by film-type resistors 15 much less than that produced
by composition resistors, but is more than that produced by wirewound
resistors. The additional noise Is again contact nolse, but because the
material is more homogeneous, the amount of notse 15 considerably less than
for composition Tesistors.

Another important factor affecting the noise In g Tesistor is its power
rating, If two tesistors of the same value and type both dissipale cgual
power, the resistor with the higher powes rating normally has the lower
noise. Campbell and Chipman (1949) present data showing approximately o
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factor of 3 between the tms noise voltage of a 1-W composition resistor
versus a 2-W composition resistor operating under the same conditions. This
difference is due to the factor K in Eg. 8-19 (Chapter 8). a variable that
depends on the geometry of the resistors,

Variable resistors generate all the inherent noises of fixed resistors, but in
addition generate noise from wiper contact. This additional noise s directly
proportional to current through the resistor and the vilue of its resistance.
To reduce the noise, the current through the resistor and the resistance itself
should both be minimized.

CONDUCTORS

Although conductors are not normally considered components, they do have
characteristics that are very important to the noise and transient perform-
ance of clectronic circuits. Inductance 15 one of the most important of these
characteristics. Even at low frequencies a conductor may have more indue-
tive reactance than resistance.

The external inductance of a straight, round conductor of diameter d.
whose center is located a distance i above a ground plane s

L=£mn

4h
Eﬁ({

: J Him. (3-1%
i

This assumes that A = 1.5 4. The permesbility of free space | ) 15 cqual Lo
47 % 107" Him. Equation 5-1 therefore can be rewritten

5 dh' -
L=2% 10" In(?} Him. (5-23

Changing units to microhenrics per inch gives

_. (4n
L=00051af °F) wHin. (

IT“
Lad

The preceding cquations represent the external inductance since they do
not include the effects of the magnetic ficld within the conductor itsclf. The
total inductance is actually the sum of the internal plus external inductances.
The internal inductance of a straight wire of circular cross section carrying «
wniform low-frequeney current is 1.27 % 1077 pH/in., independent of wire
size. The internal inductance is negligible compared o the external induct-
ance cxcept for very close conductor spacings. The internal inductance is
further reduced when higher-frequency currents arc considered since, due to
skin effect. the current is concentrated near the surface of the conductor,
The external inductance therefore is normally the only Inductance of
significance.
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Tuble 5-4 lists values of external inductance and resistance for VETIOwUs
gauge conductors. The table shows that moving the conductor closer to the
ground plane decreases its inductance: this assumes the ground plane is the
return circuil. Raising the conductor higher ahove the ground planc in-
creases the inductance. Beyond a height of a few inches, however, 1he
inductance approaches its free-space value, and increasing the spucing has
very little effect on the inductance. This is because almost all the flux
produced by current in the conductor is already contained within the loop,

Table 5-4 also indicates that the larger the conductor, the lower is the
inductance. The inductance and the conductor diameter are logarithmically
related. For this reason low values of inductance are not easily obtained by
increasing the conductor diameter. The spacing between conductors affect=
the external inductance, whereas the cross section affects only the internal
inductance, The internal inductance can be reduced by using & Mat, rec-
tangular conductor instead of a round one. A hollow round tube also has
less inductance than the same sive solid conductor,

For two parallel conductors carrying uniform current in opposite direc-
tions, the self-inductance, neglecting flux in the wires themselves, is

2D
1L.=0.01 1;;{_7‘{_} wH/in. (5.4

In Eq. 54, D is the center to center spacing and d is the conductar
diameter.

Resistance is a second very important characteristic of a conductor.
Selection of conductor size is generally determined by the maximum allow-
able voltage drop in the conductor. The voltage drop is a function of the
conductor resistance and the maximum current. Table 5-4 lists the value of
de resistance for various size conductors,

AL higher frequencies. resistance of a conductor increases, due to skin
etfect. Skin effect describes a condition where, due to the magnetic Helds
produced by current in the conductor, there is a concentration of current
near the conductor surface. As the frequency increases. the current is
comcentrated closer to the surface. This effcctively decreases the cross
section through which the current flows and therefore increases the effective
resistance.

For solid, round copper conductars the ac and de resistances are approx-
imately related by the following expression (ITT 1965

R = 10.09dV +026)R, . i

L]

-3

where d is the conductor diameter in inches and fis the frequency in hertz.
For dVF greater than ten. Eq. 5-5 is securate within a few pereent, For dvT
less than ten, the actual ac resistance is grealer than that given by Eqg. 5-3, If
the conductor material is other than copper. the lirst term of Eq. 5-5 must

Inductance and Resistance of Round Conductors

Table 5-4

Inductance { eH pering)

I 1n.

Abhove Ground

.5in,
Above Giround

(L251m,
Above Ground

Wire

Fesistance

Diamueter

Siee
(AWG)

Plane

IManc Plane

(miiin.}

{in.)
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26
1124
123
(21
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(0,04
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be multiplied by the factar

lf-’r-r
Vo,
where p, is the relative permeability of the conductor material and p, is the
relative resistivity of the material compared to copper. Due to skin effect a
hollow tube at high frequency has the same ac rosistance as a solid
comductor,

The ac resistance of a conductor can be decreased by changing the shape
of the cross section. A rectangular conductor has inherently lower ac
resistance than a round conductor because of its greater surface per unit
cross-scctional arca.

Since & rectangular conductor has less ¢ resistance and less inductance
than a tound conductor with the same cross-sectional area, it is a better
high-frequency conductor. Flat straps or braid arc therefore commonly uscd
as ground conductors even in relatively low-fregquency circuits.

Cquation 5-3 can also be used to determine the approximate ac resistance
for any shape conductor by letting

y Perimeter of cross section .
= e (5-A)
w

FERRITE BEADS

Ferrite is & peneric term for a class of nonconductive ceramics consisting ul
combinations of oxides of iron, cobalt. nickel, zine, magnesium, and some
rare earths, The variety of ferrites available is large because cach manufae-
turer his developed their own oxide compaosition. No two manufacturers use
precisely the sume combination: therefore multiple sourcing of forrites s
difficult. Ferrites have one major advantage over ferromagnetic maternials:
high electrical resistivity, which results in low eddy-current losses up into the
gigaherty frequency range. In ferromagnetic materials eddy-current losses
increase with the square of the [lrequency. Becausc af this, in many
high-frequency applications, ferrites are the material of choice.

Ferrite beads provide an inexpensive way of adding high-frequency loss in
a circuit without introducing power loss at de or low frequencies. The beads
are small and can be installed simply by slipping them over a component
lead or conductor. The beads are most effzctive in providing attenuation of
unwanted signals above 1MHz, When properly used. these beads can
provide high-frequency decoupling. parasitic suppression, and shiclding.

Figure 3-15A shows a small eylindrical lerrite bead installed on a conduc-
tar, and Fig. 3-15B shows the high-frequency equivalent circuit—an inductor
in series with u resistor, The values of both the resistor and the inductor are
dependent on frequency. The resistance is due two the high-frequency
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TYRICAL DIMENSIONS
DIAMETEH- 08" TD 03"
LEMGTH-D.1" TO DB

A & "

Figure 3-15. (A) Fervite beud on conducrar: () high-frequency equivalens civenir; and (C)
ey pical scheratic symbeol.

hystercsis loss in the ferrite material. Figure 5-15C shows the schematic
symhbol used for ferrite beads. Most bead manufucturers characterize their
components by specifying the magnitude of the impedance versus frequency,
The magnitude of the impedance is given by

Z|=VR + (2mfLY . (5-7)

where R is the equiwiunt resistance of the bead and L is the equlvalent
inductance. Figure 5-16 shows data on two ferrite beads. Bead number 1 is
primarily resistive in the frequency range of 10 to 100 MHz, whereas bead
number 2 Is primarily inductive in this frequency range.
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Figure 5-16. Duta for o primarily resisave (head 1) ferrite bead and primarily inductive (bead 2]
ferrite bead



154 5 - PASSIVE COMPONENTS

Ferrite beads are especially cffective when used 1o damp out high-
frequency oscillations generated by switching transients or parasitic reso-
nances within a circuit. They are also useful in preventing high-frequency
noise from being conducted out of or into & circuit, )

The attenuation provided by a bead depends on the load and the source
impedance of the circuit containing the bead. To be effective, the bead mus
add a significant amount of impedance 1o the circuit at the frequency of
interest. For applications where the load impedance is high, the effec-
tiveness of the bead can be increased by lowering the load impedance by the
addition of a low inductance bypass capacitor.

Since the impedance of a single bead is limited to about 100 (), beads are
most effective in low-impedance circuits such as power supplics, class €
power amplifiers, resonant circuits, and SCR switching circuits. If = single
bead does not provide sufficient attenuation, multiple turns® can be placed
on a single bead, or multiple beads can be used.

Figures 5-17 through 3-20 show some typical applications of ferrite beads,
In Fig. 3-17 the inductive charactetistic of the beads is used to form an L—¢
filter to keep signals from the high-frequency oscillator out of the load. A
bead with resistive characteristics could also have been used to form
high-frequency K-C filter without reducing the de voltage to the load. In
Fig. 5-18 a resistive bead is uscd to damp out the ringing generated by a long
interconnection between two fast logic gates.

Figure 3-19 shows a Class C power amplifier which has an unwanted

INOUCTIVE
_ ———-~FERRITE BEADS
4 rid

7
POWER u u _L

SUPFLY T LOAD

HIGH-
FREQUENCY
OSCILLATOR

fiﬂr& 517, Ferrite bead wsed to form an 1.— filier w0 keep high freguencies away from the
5 ¥

A H - - sl =
Multiple turns increase the parasitic capacitance acros the bead, »

nd at high-fi : r
make the bead less effective. igh-frequency may

FERRITE BEADS 155

. RESISTIVE
&~ FERRITE BEAD
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WITH BEAD

Figure 5-18. Resistive fervite tead wed fo damp out ringing on long ling berween fuss fugic gales

putput signal on a high harmonic frequency due to the parasitic resonant
circuit of capacitor € and inductor L. In this case the inductance of the bead
is used to force the harmonic current to flow through the 50-0) resistor and
be dissipated as heat. At the desired operating frequency the impedance of
the bead is low and provides a shunt around the resistor.

Figure 5-20 shows two ferrite beads mounted on 4 printed circuit board.
The circuil is part of the horizontal output for a color television set, and the
beads are used to supress parasitic oscillations.

Yet another application for ferrite beads is shown in Fig. 5-21. Figure
5.21A shows a dec servo motor connected to a motor control circuit,
High-frequency commutation noise [rom the motor is being conducted out
of the motor shield on the motor leads, and then radiated from the leads to
interfere with other low-level circuits. Because of acceleration requirements
on the motor, resistance cannot be inserted in the motor leads. The solution
in this case was to add two ferite beads and two feed-through capacitors, as
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Figure 519 Ferrite bead and resistor uved to damp out parasitic escillation in Class C-power
CUIpRT STUgE.
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Figure 5-22, Ferrite heads and feed-through capaciiors used fo reduce mator commulanion noise
coupling 1o power leads.

shown in Fig. 5-21B. A photograph of the motor with ferrite beads and
feed-through capacitors is also shown in Fig. 53-22.

When using lerrite beads in circuits with de current, care must be Laken
to guarantee that the current does not cause saturation of the ferrite
material.

Since ferrite beads are inductive, they should not be used indiscrimi-
nately. In some locations they may do more harm than pood; they can
themselves produce unwanted resonances in a circuit when misapplicd.
However, when applied properly they can be a very simple, effective. and
inexpensive means to reduce noise and parasitic oscillation.

SUMMARY
e Electrolytics are low-frequency capacitors.

& All capacitors become sclf-resonant at some frequency which lirmits
their high-frequency use.
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Mica and ceramic are good high-frequency capacitars.

8 Air core inductors generate more nose fieclds than do closed magnetic
material core inductors.

e Magnelic core inductors are more susceptible to interfering magnetic
fields than the air core inductors.

o An clectrostatic shiclded transformer is used to reduce capacitive
coupling between the windings.

o All resistor types have the same amount of thermal noise,

o Variable resistors in low-level circuits should be placed so that no de

flows through them.

o Even at low frequencies a conductor normally has more inductive
reactance than resistance.

e A flat rectungular conductor will have less ac resistance and induct-
ance, than a round cross section.

e Fermte beads can be used to add high-frequency loss to a circuit
without introducing a de loss,
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6 SHIELDING

A shield is » metallic partition placed between two regions of space. It is
used to control the propagation of electric and magnetic fields from one of
the regions to the other. Shields may be used to contain electromagnetic
fields, if the shield surounds the noisc source as shown in Fig. 6-1. This
configuration provides protection for all susceptible equipment 1c:catc_d
outside the shicld. A shigld may also be used to keep electromagnetic
radiation out of a region, as shown in Fig. A-2. This provides protection only
for the specific equipment contained within the shicld. Trom am overall
systems point of view, shiclding the noise source is more cfficient than
shiclding the receptor. However, Lhere are cases where the source musl be
allowed Lo radiate {i.e.. broadeast stations) and the shiclding of individual
receplors may be necessary. _

It is of little value to make a shield, no matter how well designed, and
then allow electromagnetic energy Lo enter (or cxit) the enclosure by an
alternative path such as cable penetrations, Cables will pick up noise on one
side of the shield and conduet it 1o the other side. where it will be
re-radiated, In order to maintain the integrity of the shield enclosure. noise
voltages should be filtered rom all cables that penetrate the shield. This
appliEs Lo power cables as well as signal cables. Cuable shields that penetrate
a shielded enclosure must be bonded o that enclosure in order to prevent
noise coupling across the boundary.

NEAR FIELDS AND FAR FIELDS

The characteristics of a field are determined by the source. the media
surrounding the source, und the distance between the source and the point
of observation, Al a point ¢losc o the source, the field properties are
determined primarily by the source characteristics. Far from the source. the
propertics of the field depend mainly on the medium through which the field
is propagating. Therefore the space surrounding 4 source ol radiation can b
broken into two regions, as shown in Fig. 6-3, Closc 1o the source is the
near. or induction. field, At a distance greater than the wavelength {A)
divided by 27 (approximately one-sixth of a wavclength) Is the far. or
rudiation. field. The region around A/ 2+ is the transition region between the
near and Tur felds,

The ratio of the electric ficld (£ o the magnetic field (/1) 15 the wave

159
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SHIELD

MO EXTERMAL
FIELD

Figure 6-1. Shicld application where @ notse source I contained, preventing interference with
aquipment ouiside the shield.

impedance. In the far field this ratio E/H equals the characteristic impe-
dance of the medium (c.g.. E/H = Z, =377} fur wir or free space). In the
near field the ratio is determinad by the charcteristics of the source and the
distance from the source to where the field is observed. If the source has
high current and low voltage (E/H < 377), the near ficld is predominantly
magnetic. Conversely, if the source has low current and high veltage
(£ H =377), the near field is predominantly electric,

For a rod or straight wire antenna, the source impedance is high. The
wave impedance near the antenna—predominantly an electric field—is also

i il

SHIELD

NOISE MO
SOURCE INTERMAL
,,,,/”/ FIELD

Figure 6-2. Shield application where interference Is prevenred by placing o shicld gronnd a
recepior fe prevent noise infilivation,
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Figure 6-3, Field characier depends oft the disiance from the source, The transition fram ihe near
fo far field occurs at A{2m
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Figure 6-4. Wave impedance depends an the distance from the source and on whctier the field is
elecrric oromagnetic,
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high. As distunce is increased. the clectric field loses some of its intensity as
it gencrates @ complementary magnetic field. In the near field the clectric
ficld attenuates at a rate of (1/r) ", whereas the magnetic field attenuates at o
rate of (1/r). Thus the wave impedance from u straight wire antenna
decreases with distance and asymptotically approaches the impedance of
frec space in the far field, as shown in Fig. 6-4.

For a predominantly magnetic field—such as produced by u loop
antenna—the wave impedance near the antenna is low. As the distance [rom
the source increases, the magnetic field attenuates at a rate of (1/#)" and the
electric ficld attenuates at a rate of (1/r)". The wave impedance therefore
increases with distance and approaches that of free space at a distance of
A2, In the far field both the electric and magnetic fields aticnuate at a rate
of T/r.

In the ncar ficld the electric and magnetc ficlds must be considered
separately, since the rutio of the two is not constanl. In the far field,
however, they combine to form a plane wave having an impedance of 377 (1.
Therefore, when plane waves are discussed, they are assumed to be in the
far ficld. When individual electric and magnetic ficlds are discussed they are
assumed to be in the near feld.

CHARACTERISTIC AND WAVE IMPEDANCES

The following characteristic constants of 1 medium are used in this chapter:

Permeubility, widm = ID'THI—L"m for free space) .
Dielectric constant,  €(8.85 x 10 "~ F/m for free space)

Conductivity, o(5.82 % 10 mhos/m for copper) .

For any electromagnetic wave, the wave impedance is delined as

Lo=—, 5
T g (6-1)

The characteristic impedance of 4 medium is defined (Hayt, 1974) by the
tollowing expression:

z”=‘||'|—" TR (6-2)

In the case of a plane wave in the far ficld, Z, is also equal to the wave
impedance £,. For insulators (o <= jwe) the characteristic impedance is
independent of frequency and becomes

Z,=+

m =]

(6-3)
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For frec space Z, equals 377 (L In the casc of conductors (o ¥ jwe). the
characteristic impedance is called the shicld impedance Z, and becomes

i)
(2] 5
z,=EE =\ (1+h). (6-4a)
_ fen f-4b)
|zil "'l,' T l:"

For copper at 1kHz, |Z.| equals 1.16x 1077 4}, Substituting numerical
values for the constants of Eq. 6-4b gives the following results:
For copper,

|Z,|=3.68x10 VF. (6-5a)
For aluminum,
|Z,| =471 % 10 V. (6-5h)
For steel,

|Z,|=3.68 % 107 VT . {6-5¢)
Tabla 6-1 Relative Conductivity and Permeability of Various
Materials
o Relative Eealative

conductivity permeability

Material o, i,
Silver L.05 1
Copper—annealed 1.00 1
Cinld 0.7 1
Chromium [.664 I
Aluminum {solt) .6l 1
Aluminum (tempered) 0.4 L
Zinc 0.32 1
Beryllium .28 1
Brass 0.26 1
Cadmium 0.23 1
Mickel 0,20 10
Rronze .18 1
Flatinum 013 1
Tin .15 1
Steel (SAE 10435) (.10 10K
Lead .08 1
Monel 004 1
Conetic {1 kHz) 0,03 Eﬁ 0o
Mumetal (1 kHz) 0.03 ,1].L:l('H]
Stainless steel (4307 0,02 A0
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l'or any conductor, in general,

|Z|=368%10 ' [P g .
7] =368 10 & 7 (6-54)

'R-. Agrpa HEInE s e - N 1k
LFTL.ELI]'IF.:[T!‘.-» }dluu:lui the relative permeability (4 ) and the relatve
conductivity () are listed in Table 6-1. , o

SHIELDING EFFECTIVENESS

The f L‘.lllU\’.’i[‘Eg_Sl:‘:CT.:il':er discuss shielding cffectiveness in both the near and
far ﬁcld.r:. blhlelding effectiveness can be determined by analvzing ‘Ih"
pmblen? in either of two ways. One method is to use circuit theory '11'1:';} it 1
f\-ccum! 15 10 use ficld theory, In the circuit theory approach the n::\‘ic..e ﬁ:;]tL-
mduu:.: currents in the shiclds, and these currents in turn generile 'ad-n;fitinnr:li
he_ld; that tendd to cancel the originul fields in certain r::gifjns_ An L"(‘{Hmplﬁ q:l
this is sho'f-fn in Fig. 6-5. For most of this chapter. however, we ';»'jll adop
the1mnn: tundamental ficld theory approach. I AR
i-.hl_eld.mg van he specified in terms of the reduction in magnetic and/o
e]gulnc field strength caused by the shicli. It is convenicnt to ex r( |'|r
shielding cffectiveness in units of decibels (dB).* Use of dB then peri'r;.:{:atlhlj

/
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shielding produced by various effects 10 be sdded to obtain the total
shielding. Shiclding effectiveness (8§) is defined for alectric fields as

i _
§=2lg— dB, (0-6)
E,
and for magnetic fields as
§=201 Iy dB 6-79
= DE‘ Hl ' :. o

In the preceding equations, E,(H,) 1s the incident field strength, and E (H))
is the field strength of the transmitted wave as it emerges from the shicld.

In the design of a shielded enclosure, there are two prime considerations:
(1) the shielding effectivenass of the shield material itself, ancd (27 the
shielding effectiveness due to discontinuities and holes in the shicld. These
two items are considered separately in this chapter,

First, the shiclding effectiveness of a solid shield with no seams or holes is
determined. and then the effect of discontinuitics and holes is considered, It
i« the shiclding effcctiveness of the apertures that usually determines the
overall shielding effectiveness of a shield, not the intrinsic shielding effec-
tivencss of the shield material.

Shielding effectiveness varies with frequency. geometry of shield. position
within the shield where the field is measured, type of field being attenuated,
direction of incidence, and polarization. This section will consider the
shiclding provided by a plane shect of conducting material. This simple
geometry serves Lo introduce general shiclding concepts and shows which
material properties determine shielding effectiveness, but docs not include
those effccts due to the peometry of the shield. The resulls of the plane
sheet calculations are useful for estimating the relative shielding ability of
virious malerials.

Two types of loss are encountered by an electromagnetic wave striking a
metallic surface. The wave is partially reflected from the surface, and the
transmitted (nonreflected) portion is attenuated as it passes through the
medium. This latter effect, called absorption or penetration loss, i5 the same
in cither the near or the far field and for electric or magnetic felds.
Reflection loss, however, is dependent on the type of ficld. and Lthe wave
impedance.

The total shielding effectiveness of a material is cqual to the sum of the
absorption loss (A) plus the reflection loss (R) plus a correction factor (B)
to account for multiple reflections in thin shields, Total shielding effec-
tiveness therefore can be written as

S=A+R+ R dB. {6-8)

All the terms in Eq. 6-8 must be expressed in dB. The multiple reflection
factor B can be neglected if the absorption loss A is greater than 9 dB. From
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a practical point of view, # can also be neglecied for electric fields and plane
Waves.

ABSORPTION LOSS

When an electromagnetic wave passes tirough a medium its amplitude
decreases exponentially (Hayt, 1974) as shown in Fig. 6-6. This deeay oceurs
bf“_,cztusa currents induced in the medium produce ohmic losses and heatine
of the material. Therefore we can write )

Ei=Ewe ", (h-9)
and

_ — i
H=Hpe ™, (6-10
where K,(H|} is the wave intensity at a distance r within the media. as
shown in Fig. 6-6. The distance required for the wave to be attenuated 1o
Ve or 37% of its original value is defined as the skin depth, which is cqual
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Teble 6-2 Skin Depths of Varlous Materlals

C_.upper Aluminum Steel Mumetal
Frequency (in.} (in.) fin.} {in.)
&) Mz 0.335 0.429 0.034 14
100 Hz (1,260 0.333 0.026 0.011
1 kHz 0.082 0.105 0.008 0,003
10 kHz 0.026 0.033 0.003 —
100 kHz 0.008 .1 0, (K8 —
1 MHz 0003 0.003 (0. 0003 -
10 MHz 0. 0008 0.001 0.0001 —
100 Mz (00024 10,0003 RN —
1000 MHz 0.00008 0, 0001 0.00004 -
100 10 T [
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Figure 6-7. Absorpiion loss &5 proporional to the thickness and inversely proporional o e
ckin depth of te medium. This plot can e e for eleciric fields, magnetic fivlds, or plange
WaFLY.
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’_L'D gct1 an i_dual of typical skin depths for real materials, Eq. 6-11a can be
rc*lf-rseci. Substituting numerical values for g and o, and changing units so the
skin depth is in inches gives

5=m in. (6-11h)

Some representative skin depths for copper, aluminum,
mumetal are listed in Table 6-2,

The absorption loss through & shield can now be written as

steel, and

£

A= 2ﬂ(5_)l log(2) dB, {6-12a)
s

A =E.t§5‘( EJ dB . (6-12h)

As can be secn from the preceding equation, the absorption loss in a shield
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one skin-depth thick is approximately 9 dB. Doubling the thickness of the
shield doubles the loss in dB.
Figure 6-7 is a plot of absorption loss in dB versus the ratio /4. This
curve is applicable to plane waves, electric fields, or magnetic fields.
Substituting Eq. 6-11b into Eq. 6-12b gives the following expression for
the absorption loss:

| A-3.340/fua, dB. (6-13)

In this equation, ¢ is equal to the thickness of the shield in inches. Equation
A-13 shows that the absorption loss (in dB) is proportional to the square root
of the product of the permeability times the conductivity of the shield
material. Table 6-1 lists the relative conductivity and permeability of various
shield materials.

Absorption loss versus frequency is plotted in Fig. 6-8 for two thicknesses
of copper amd steel. As can be seen, a thin (0.02in.) sheet of copper
provides significant absorption loss (66 dB) at 1 MHz buot virtually no loss at
frequencies below LN Hz. Figure 6-8 clearly shows the advantage of steel
over copper in providing absorption loss. Even when steel is used, however,
a thick sheet must be wsed to provide appreciable absorption loss below
1000 Hz.

REFLECTION LOSS

The reflection loss at the interface between two media is related w0 the
difference in characteristic impedances between the media as shown in Fig.
6-9. The intensity of the transmitted wave from a medium with impedance
Z, to a medium with impedance £, (Hayt, 1974} is

) 27 )
E = 77 E, . (6-14)
and
H =LH (6-13)
' Zy 4 Fy T )

Ey(H,) s the intensity of the incident wave, and £,(H,) is the intensity of
the transmitted wave,

When a wave passcs through s shield, it encounters two boundarics, as
shown in Fig. 6-10. The second boundary is between a medium with
impedance Z, and a medium with impedance Z,. The transmitted wive
E (H,) through this boundary is given by

27,
5 1

.=m55- (H-16)



170 & - SHIELDING

MEDIUR 1 MEDILIM 2
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and

__ 22 _
H = 7z, (6-17})
If the shield is thick® compared to the skin depth, the total transmitted wave
intensity is found by substituting Eqgs. 6-12 and 6-15 into Egs. 6-16 and 6-17.
respectively. This neglects the absorption loss, which has been accounted for
previously. Therefore, for thick shields the total transmitted wave is

e B (6-18)
S Zz}z i
IMPEDANGE Z 4 IMPEDANGE Z; IMPEDANCE Z}
22z
E = e
ELECTRIC . Ziti; gl =
FIELD " = =T gy o
Epsye—— Er:l.i.__
N
MAGMNETIC  Ho 27 Z;
- R —— -~ . 4 S
Hp=—— Hp y-——

- SHIELD ————™

Figure 6-10. Parnal reflection and Iransmission occur of both faces of shicld.

"1t the shield iz not thick, multiple reflections ocear belwesn the wo boundaries sinee the
absarption loss in the shield is small. (Sce the scetion “Multiple Reflections in Thin Shields’ ).
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and

AZ,Z,
H=—"23H,, (6-19)
(Z,+ Z;)

Note that even though the electric and magnetic fields are reflected differ-
ently at each boundary, the net effect across both boundaries is the same for
both fields. If the shield is metallic and the surrounding arca an insulator,
then #, = Z,. Under these conditions the largest reflection (smallest trans-
mitted wave) oceurs when the wave enters the shield (first boundary) for the
case of electric fields, and when the wave leaves the shield (sccond boun-
dary) for the case of magnetic fields. Since the primary reflection occurs at
the first surface in the case of electric fields, even very thin materials provide
good refiection loss. In the case of magnetic fields, however, the primary
reflection oecurs at the second surfuce, and as will be shown later, multiple
reflections within the shield reduce the shielding effectiveness. When Z, =
Z,, Egs. 6-18 and 6-19 reduce to

47,
-E| i Z]_ EU % {6'2”}
and
H= 1% H 6-21
t -Zl_ I [ - l:l

Substituting the wave impedance Z, for Z,, and the shicld impedance 2,
for Z, the reflection loss, neglecting multiple reflections, for either the - or
H field can be written as

z
R=20log I|;|z—|| dB . (6-22)

where

7 = impedance of wave prior to entering the shicld (Eq. f-11,
7. =impedance of the shield (Eq. 6-5d).

These reflection loss equations are for a plane wave approaching the
interface at normal incidence. If the wave approaches at other than normal
incidence, the reflection loss increases with the angle of incidence. The
results also apply to other than plane waves, since any arbitrary ficld can be
constructed from the superposition of plane waves. The results also apply to
a curved interface, provided the radius of curvature is much greater than the
skin depth.
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Reflection Loss to Plane Waves

In the case of a plane wave (far ficld), the wave impedance #, equals the
characteristic impedance of free space £, (37701). Therefore Eq. 6-22
becomes

94,25

R=2log —/—— i =233}
Ug i,z-l dH [{J-z.‘lu.

There_fnre. the lower the shield impedance, the greater is the reflection loss,
Substituting Eq. 6-5d for | Z,| and rearranging Eq. 6-23a gives

R=168 + 1lloglm /e, f[1dB . {6-23h)

Fi_gure 6-11 is a plot of the reflection loss for three materials: copper.
aluminum, and stecl. Comparing this with Fig. 6-8 shaws that although steg
has more absorption loss than copper, it has less reflection loss,

Reflection Loss In the Near Field

In the near field the ratio of the electric ficld to the magnetic field s no
longer determined by the characteristic impedance of the medium. Instead,
the ratio of the electric field to the magnetic ficld depends more on the
characteristics of the source (antenna). If the source has high voltage and
low current, the wave impedance is greater than 377 £1. and the field will be
a high-impedance, or clectric, field. If tae source has low voltage and high
current, the wave impedance will be less than 377 0. and the ficld will be =
low-impedance, or magnetic, field,

Since the reflection loss (Eq. 6-22) is a function of the ratio between the
wave impedance and the shicld impedance, the reflection loss varics with the
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Figure .Eu-.ll, feflection loss for plane waves fy greatest ar low freguencies and for high
conductivity material.
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wave impedance. A high-impedance (electric) field thereforc has higher
reflection loss than a plane wave. Similarly, a low-impedance (magnetic)
ficld has lower reflection loss than a plane wave. This is shown in Fig. 6-12
for a copper shield separated from the source by distunces of 1 and 30 m.
Also shown for comparison is the plane wave reflection loss.

For any specified distance between source and shicld, the three curves
(electric field, magnetic field, and plane wave) of Fig. 6-12 merge at the
frequency that makes the separation between source and shicld equal o
Al2 . When the spacing is 30 m, the electric and magnetic field curves come
together at a frequency 1.6 MHe,

The curves shown in Fig. 6-12 are for point sources producing only an
clectric field or only a magnetic field. Most practical sources, however, are a
combination of both ¢lectric and magnetic ficlds. The reflection loss for a
practical source therefore lics somewhere between the electric field lines and
the magnetic field lines shown in the figure.

Figure 6-12 shows that the reflection loss of an electric ficld decreases
with frequency until the separation distance becomes A/2w Beyond that,
the reflection loss is the same as for a plance wave. The reflection loss of a
magnetic field increases with frequency, again until the separation distance
becomes A/ 2s. Then the loss begins to decrease at the same rate as that of a
plane wave.

200

r=DISTANMCE FROM SOURCE
TO SHIELD (METERS)

250

ELECTRIC FIELD
r=1

ELECTHIC FIELD
r=30

150

PLANE WAVE

REFLECTION LOSS5 [dE)

100 \MAGNETIC FIELD

I
r=30 | |
I 10E |
&0 MAGNETIC FIELD e |
| 2T !
r=1 | _‘__/ '\\ |
A.—"
[ ]
0 | | | [ ] | |
D.1kHz 1.0 kHz 10 kHz 100 kH: 1.0 MHz 10 MH z 100 MHz
FREQUENCY

Figure 6-12. Reflection foss in o copper shivld varies with freguency, distance from the souroe.
and type of wave.
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Electric Field Reflection Loss

The wave impedance due to a point source of electric field can be Approx-
imated by the following equation when r< A/2#:

L
|2, = — (6-24)

Lafer’
where r is the distance rom the souree to the shicld in meters and € is the
dielectric constant, The reflection loss can be determined by substituting Eq.
6-24 into Eq. 6-22, giving

i
=2Wlog ——— -
Re % Bwfer|Z | e (523)
or substituting the tree space value of €
4.5 % 10"
=20log —— =26
R, 0y FZ)] dB , [ 6-26)

where 7 is in melers. Substituting Eq. 6-5d for |Z,| and rearranging terms,
Eg. 6-26a becomes

M,

R, =322+ 10 log ?‘rl daj (6-26b)

In Fig. 6-12 the lines lubeled “electric field” are plots of Eq. 6-26 for u
copper shield with r equal to 1 and 30m. The equation and the plat
represent the reflection loss at a specified distance from a point source
producing only an electric ficld. An actual clectric field source, however, hus
some small magnetic field component in addition to the eleetric field. Tt
therefore hus a reflection loss somewhere between the electric field line and
the plane wave line of Fig. 6-12. Since, in general, we do not know where
between these two lines the actual source may fall, the plane. wave calcu-
lations (Eq. 6-23) are normally used in determining the reflection loss for an
electric field. The actual reflection loss is then cqual to or greater than that
citlculated in Eq, 6-23.

Magnetic Field Reflection Loss

The wave impedance due to a point source of magnetic licld can be
approximated by the following equation. sssuming r< A /2+;

| |, =2mjur. (6-27)

where » is the distance from the source to the shicld and @ 15 the
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permeability. The reflection loss can be determined by substituting Eq, 6-27
into Eg. 6-22, giving

2arfr ] ;
=20 log ——— %)
R, og 4z dB (6-28)
or substituting the free space value of p
97 x 107"
poapp D e —

|1Z,]

where r is in meters. Substituting Eq. 6-3d for |Z | and rcarranging Eqg.
0-29a gives

1

R =14.6+10 It‘:g(ﬁ-#& | dB,

T

(6-29b)

with r in meters.

In Fig. 6-12 the curves labeled “magnetic field™ are plots of Eq. 6-29 for a
copper shicld with r equal to 1 and 30 m. Equation 6-29 and the plot in Fig.
6-12 represent the reflection loss at the specified distance from a point
source producing only a magnetic ficld. Most real magnetic field sources
have a small cleetric field component in addition to the magnetic field. and
the reflection loss lics somewhere between the magnetic ficld line and the
plane wave line of Fig. 6-12. Since we do not generally know where between
these two lines the actual source may fall, Eq. 629 should be used to
determine the reflection loss for a magnetic field. The actual rellection loss
will then be equal to or greater than that calculated in Eq. 6-29.

Where the distance to the source is not known, the near field magnetic
reflection loss can usually be assumed to be zero at low frequencies.

General Equation for Reflection Loss

Neglecting multiple reflections a generalized equation for reflection loss can
be written as

R=C+10 lug(ﬂ)@_%m) ._ (6-30)

ey

*IF a megative value is obtained in the solution for B, use £ =0 instead and nezleet the multiple
reflectivn factor £ 1f a salution for £ is positive and near zero, Eg. 629 i slightly in error. The
errer oveurs becawse the assumption # %= 2. made during the derivation of the eguation, is
not satisfied in this case. The error is 8 dE when R equals zero. and it decrsases as 8 gots
larger. From a practical point of view, however, this error can be neglected,
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Table 6-2 Coenstants to Be Used in Eg. 5-30

Type of Fiekl (. I m
Electric feld 322 3 2
Flane wave 168 1 0
Magnelic ficld 14.6 =1 —2

where the constants O, n, and moare listed in Table 6-3 for plane waves,
electric fields, and magnetic fields.

Equation 6-30 is equivalent to Eq. 6-23b for plane waves, Eq. 6-26h for
electric fields, and Eq. 6-29b for magnetic fields. Equation 6-30 shows that
the reflection loss is 1 function of the shield material’s conductivity divided
by its permeability.

Multiple Reflections in Thin Shields

It the shield is thin, the reflected wave from the seceond boundary i«
re-reflected  off the first boundary. and then it returns to the sccond
boundary to be reflected again, as shown in Fig. 6-13, This can be neglected
in the case of a thick shield, since the absorption loss is high. By the time
the wave reaches the second boundary for the second time, it is of negligible
amplitude. since by then it has passed through the thickness of the shicld
three times,

For electric liclds most of the incident wave is reflected at the first
boundary, and only a small pecentage enters the shield. This can be seen
from Eg. 6-14 and the fact that Z,< Z,. Therefore multiple reflections
within the shield can be neglected for electric fields.

IMPEDAMNCE Z IMPEDAMNCE Zo | IMPEDANCE Z
Hy Hiq
—_— —_— ——eHya
Hy ye=—— Hez "
-~
-
Hyg=— pa
-""'l-.._ﬂfﬁ
s
T —=Hjas
Mg
_._._.r""
His=—— 2
~Hrs
2 ™ Hyg
‘.-‘"
Hrg

Figure 6-13. Multiple reflecions accur in g thin shieli part of the wave is mansmiittied Hirough o
vach reflection.
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For magnetic helds most of the incident wave passes into the shield at the
first boundary, as shown in Eq. 6-15 when Z, < Z,. The magnitude of the
transmitted wave 15 actually double that of the incident wave. With &
magnetic field of such large magnitude within the shield, the effect of
multiple reflections inside the shield must be considered.

The correction factor for the multiple reflection of magnetic fields in a
shield of thickness ¢ and skin depth & is

B=20log(1— ¢ *"%) dB. (6-31)

Figure 6-14 is a plot of the correction factor # as a function of /8, Notwe
that the correction factor is a negative number, indicating that less shiclding
(than predicted by Eq. £-30) is obtained from a thin shield due to reflection.

CORRECTION FACTOR |dB)
|
=
|
I

fo=r -\\ﬁ p—
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b |
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BATIO OF SHIELD THICKMESS TO SKIN DEPTH, 1/6

Figure 6-14. Muliple reflection foss correction facor (B) for thin shiclds, with magnedic fields

*See Appendiy C for this caleulation.
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COMPOSITE ABSORPTION AND REFLECTION LOSS

Plane Waves

The total loss for plane waves in the fer field is a combination of the
absorption and reflection losses, as indicated in Eq. 6-8. The multiple
reflection correction term B is normally nealected for plane waves, since the
reflection loss is so high and the correction term is small. If the absorplion
loss is greater than 1dB. the correction term is less than 11dB; if the
absorption loss is greater than 4 dB, the correction is less than 2dB.

Figure 6-15 shows the overall attenuation or shielding effectiveness of a
0.020-in. thick solid copper shield. As tan be seen, the reflection logs
decreases with increasing frequency; this is because the shield impedance Z
increases with frequency. The ehbsorption loss, however, increases with
frequency, due to the decreasing skin depth. The minimum shiclding
effectiveness oceurs at some intermediate requency, in this case at 10 kH»
From Fig. 6-15 it is apparent that for low-frequency plane waves, reflection
loss accounts for most of the attenuation, whereas most of the atlenuation at
high frequencies comes from absorption loss.

300
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200
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Figure 6-15. Shelding effectivencsy of o O02-in. thick copper shield in the far field.
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Electric Fields

The total loss for an electric field is obtained by combining the absorplion
(Eg. 6-13) and reflection losses (Eq. 6-20), as indicated in Eq. 6-8. The
multiple reflection correction factor 8 is normally neglected in the case of an
clectric field, since the reflection loss is so great and the correction term is
small, At low frequency, reflection loss is the primary shielding mechanism
for electric fields. At high frequency, absorption loss is the primary shielding
mechanism.

Magnetic Fields

The total loss for a magnetic field is obtained by combining the absorption
loss (Eg. 6-13) and the refiection loss (Eq. 6-29), as indicated in Bg. 6-8. If
the shicld is thick (absorption loss =9dB). the multiple reflection correction
factor B can be neglected. If the shield is thin, the correction factor from
Eq. 6-31 or Fig. 6-14 must be included.

In the near field the reficetion loss to a low-frequency magnetic field is
small. Due to multiple reflections this effect s even more pronounced in a
thin shield, The primary loss for magnetic fields (s absorption loss. Since both
the absorption and reflection loss are small at low [requencies the total
shielding effectiveness is low. It is therefore dilficult to shield low-frequency
magnetic fields, Additional protection against low-frequency magnetic fields
can be achicved only by providing a low-reluctance magnetic shunt path to

SHIELD OF MAGNETIC

AAGMETIC
MATERIAL—— — AGNE

SHIELDED
REGICM

Figure 6-16. Magneric material wsed as a shield hy providing o fow-reliciance paih for fthe
magnetic fisld, diverting @t around the shielded region.
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divert the field around the circuit being protected. This is shown in Fig. =
f-16. E = E:
=
W =o 5
< - E
L
SUMMARY OF SHIELDING EQUATIONS = Mo =
@ 5 5
: ; — ; ; ; _ & = =z
Figure 6-17 shows the composite shielding effectiveness of w 0.02-in. thick r ) M o =
- . - g - s o = -
solid aluminum shield for an electric field, plane wave, and a magnetic ficld. e | Ea = =
As can be scen in the figure. there is considerable shielding in all cases exept we vl E‘E = [z z i
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for low-frequency magnetic fields. = | £2 5
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Figure 6-17. Elecirtc ficld, plane wave, and magretic field shielding effecrivenesy of a 0.02-in,
thick solid alumingm shicld.
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SHIELDING WITH MAGNETIC MATERIALS

If a magnetic matcrial is used as a shield in place of a good conductor, there
is an increase in the permeability p and a decrease in the conductivity o
This has the following effects:

1. Tt increases the absorption loss, since the permeability increases more
than the conductivity decreases for most magnetic materials, (Sce Eg.
6-13.)

2. It decreases the reflection loss. (See Eq. 6-30.)

The total loss through a shield is the sum of that duc to absorption and
that due to reflection. fn the case of low-frequency magnetic fields there is
very litle reflection loss, and absorption loss is the primary shielding tmech-
anism. Under these conditions it is advantageous to use a magnetic marerial to
increase the absorprion loss. Tn the case of low-frequency electric hiclds or
plane waves, the primary shielding mechanism is reflection. Thus, using
magnetic material would decrease the shielding.

When magnelic materials are used as @ shicld, three often overlooked
propertics must be taken into account. These are:

1. Permeability decreases with frequency.

2. Permeability depends on field strength.

3. Machining or working high permeability magnetic materials, such as
mumetal, may change their magnetic propertics.

Most permeubility values given for magnetic materials are static, or de,
permeahilitics. As frequency increases, the permeability decreases. Usually
the larger the de permeability, the greater will be the decrease with
frequency. Figure 6-19 plots permeability against frequency for a varicty of
magnetic materials. As can be seen. mumetal is no better than cold rolled
steel at 100 kHz, even though the de permeability is 13 times that of cold
rolled steel. High-permeability materials are most useful as magnetic field
shields at frequencics below 10 kHez.

Above 100 kHz. steel pradually starts to lose its permeability, Table 8-+
lists representative values for the permeability of steel versus frequency.

The usefulness of magnetic materials as a shicld varies with the field
strength, IT. A typical magnetization curve is shown in Fig. 6-20. The static
permeability is the ratio of B to H. As can be seen, maximum permeability.
and therefore shielding, oceurs at a medium level of field strength. At both
higher and lower field strengths the permeability. and hence the shiclding. 15
lower. The effect at high field strengths is due (o saturation, which varies.
depending on the type of material and its thickness. At field strengths well
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Fipure 6-19. Relarion hetween permeabidity and frequency for various mugnetic muaterials.

above saturation, the permeability falls off rapidly. In general, the higher
the permeahility, the lower is the field strength that causes suturation. Most
magnetic material specifications give the best permeability. namely that at
optimum frequency und field strength. Such specifications can be very
misleading.

To overcome the saturation phenomenon, multilayer magnetic shiclds

Table 6-4 Relative Permeability of Steel versus

Frequency
Relative
Fraquency permeability,
(MHz) .

10001 1000
00010 1000
a0 1000
{0, 100K LK)
1,006 7
10,000 300
100 G000 106
1, 000000 50
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Figure 620, Typical magneizaiion curve, Permesbility is equal to the slope of e curve

can be used. An example is shown in Fig. 6-21. There, the first shicld (s
low-permeability matenial) saturates at a high level, and the second shield (a
high-permeability material) saturates at a low level. The first shield reduces
the magnitude of the magnetic ficld 1o a point that does not saturate the
second; the second shicld then provides the majority of the magnetic field
shielding. These shields can also be consiructed using a conductor, such s
copper, for the first shield, and a magnetic material for the second. The
low-permeability, high-saturation material is always placed on the side ol
the shield closest to the source of the magnetic field. In some difficult cases
additional shield layers may be required to obtain the desired field attenua-

L~ LOW-SATURATION,
HIGH-PEAMEABILITY
LAYEHR

HIGH-SATURATION, =
LOW-PERMEAEILITY
LAYER

Figure 6-21. Multiaver mogreiic shields can be wsed to overcome the saturalion phemomengn
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tion. Another advantage of multilaver shields is that there is increased
reflection loss due to the additional reflecting surfaces.

Machining or working of some high-permeability materials, such us
mumetal or permalloy, may degrade their magnetic properties. This can also
happen if the material is dropped or subjected to shock. The material must
then be properly annealed, in order to restore its magnetic properties.

EXPERIMENTAL DATA

Results of tests performed to measure the magnetic ficld shiclding effee-
tiveness of various tyvpes of metallic sheets are shown in Fig. 6-22 and 6-23.
The messurements were made in the near ficld with the source and recepilor
0.1 in. apart. The shields were from 3 to 60 mils (in. % 107°) thick, and the
test frequency ranged from 1 to 10 kHz, Figure 6-22 clearly shows the
superiority of steel over copper for shiclding magnetic fields at 1 kIHz. But at
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Figure -2, Expecimental duta on magnetic atenuation by metallic sheets in the near fTefd.
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Figure 6-23. Experimental tesulls of tests to determine magnetic field attenuation of conducing
sheets i the wear fivld.

100kHz. steel is only slightly better than copper. Somewhere between
100kHz and 1 MHz, however, a point is reached where copper becomes 4
better shicld than steel,

Figure 6-22 also demonstrates the effect of frequency on mumetal as =
magnetic shield. At 1kHz. mumetal is more effective than steel, but ar
10 kHz, steel is more effective than mumetal. At 100 kHz, steel. copper, and
aluminum are all better than mumetal.

In Fig. 6-23 some of the data from Fig. 6-22 are replotted to show the
attenuation provided by thin copper and aluminum shields at various
frequencics,

In summary, a magnetic material such as steel or mumetal makes a better
magnetic field shield at low frequencies than does a good conductor such as
aluminum or copper. At high frequencies, however, the pood conductors
provide the better magnetic shielding.

The magnetic shielding effectiveness of solid, nonmagnctic shields in-
creases with frequency, Therefore measurements of shielding effcctiveness
should be made at the lowest frequeney of interest, The s.?:ielding elfee-
tiveness of magnetic materials may decreasc with increasing frequency due
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to the decreasing permeability. The clfectiveness of nonsolid shiclds may
also decrease with frequency due to the increased leakage through the holes,

APERTURES

The previous calculations of shielding effectiveness have assumed a solid
shield with no apertures. It has been shown that with the exception of
low-frgquency magnetic fields, it 1s quite easy to obtain more than MW dB of
shiclding effectiveness. In practice, however, most shields are not solid.
There must be aceess covers, doors, holes for conductors, ventilation.
switches, meters, and mechanical Joints and seams. All of these muy
considerably reduce the effectiveness of the shield, As a praciical marrer, the
intrinsic: shielding effectiveness of the muterial iv of lesy concern than the
leakage through seams. foints, and loles.

Shield discontinuities usually have more effect on magnetic field leakase
than on electric field leakage. Accordingly, greater emphasis is given to
methods of minimizing the magnetic field leakage. In almost all cases thesc
same methods are more than adequate for minimizing the electric fizld
leakage.

The amount of leakage from a shield discontinuity depends mainly on
three items:

1. The maximuwm lincar dimension (nor area) of the opening.
2. The wave impedance.
3. The frequency of the source.

The fact thal maximum dimension, not area, determines the amount of
leakage can best be visualized by considering the circuit theory aproach to
shielding. 1o that approach the noise fields induce currents in the shield, and
these currents then generate additional Gelds. The new Felds cancel the
original field in some regions of space. For this cancellation to occur, these
shield currents must be allowed to flow undisturbed in the manner in which
they were induced by the incident field. If a shield discontinuity forces the
induced currents to flow in a different path, the shielding effectiveness is
teduced. The further the current is forced to detour, the greater will be the
decrease in shielding effectiveness.

Figure 6-24 shows how discontinuities affect the induced shield currents.
Figure 6-24A shows a section of shield containing no discontinuity. Also
shown are the induced shield currents. Figure 6-24B shows how a rectangu-
lar sl detours the induced shicld currents and hence produces leakage,
Figure 6-24C shows a much narrower slot of the same length. This narrower
slot has almost the same effect on the current as the wider slot of Fig. 6-24B
and therefore produces the same amount of leakage, Figure 6-24D shows
that a group of small holes has much less detouring effect on the current
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Figure 6-24, Effocr of shield dicondnuity on magneically induced shield currem.

than the slot of Fig. 6-248, and therefore produces less leakage even il the
total arca is the same as the slot. From this it should be obvious that a farge
number of small holey produce less leakage than a large hole of the same tom!
EreLd.

A rectangular slot as shown in Fig. 6-24B and C forms a slot antenna.
Such #n antenna, even if very narrow, can cause considerable leakage if it is
longer thun 1/100 wavelength. Seams and joints often form very efficient
slot antennas. Maximum radiation occurs [rom a slot antenna when the
length is cqual to a half-wavelength.

For slots with a dimension equal to or less than a half-wavelength, the
shiclding effectiveness in decibels is cqual to

A
s=2010g| 3. (6-32)

where A is the wavelength, and [ is the maximum dimension of the slot,
Equation 6-32 shows that the shielding effectiveness is (0 dB when the slot is
a half-wavelength tong and increases 20 dB per decade us the length [ is
decreased. Reducing the slot length by one-halfl increases the shiclding by
6dB. Figure 6-25 shows the shielding effectiveness versus frequency for
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virious slot lengths. Both Eq. 6-32 and Fig. 6-25 represent the shislding
effectiveness of one slot.

In controlling slot lengths for commercial products, it is best to avoid
openings greater than 1/20 of a wavelength (this provides a shielding
effectiveness of 20 dB). Table 6-3 gives the maximum slot lengths cquivalent
to L/20 wavelength at various frequencies.

Multiple Apertures

More than one aperture reduces the shielding effectivencss. The amount of
reduction depends on (1) the spacing between the apertures, (2) the
frequency, and (3) the number of apertures.

When aperatures of cqual size are placed close together (less than a
half-wavelength), the reduction in shielding effectiveness is approximately
proportional 1o the square root of the number of apertures (n). Therefore the
shielding cffectiveness in dB due to multiple apertures is
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Table §-5 Maximum Slot Length versus Frequency for
20-dB Shielding Effectiveness

Frequency Max. St Length
(MHz) {in.}
30 18 )
100 0
300 2
300 1.2
1000 .6
§=—-20logvn, (H-33a)
or
§=—101ogin} . (H-33h)

Aperatures located on different surfaces do not decrease the shielding
cflectiveness, since they radiate in different directions. Therefore it is
advantageous to distribute apertures around the surfaces of the product to
minimize the radiation in any one direction.

Seams

A seam is a long, narrow slot that may make electrical contact at various
points along its length. Seams can be considered to be an array of slots,

The impedance aeross @ scam consists of 4 resistive and a capacitive
component, in parallel. as shown in Fig. 6-264A. Due to the capacitive
component the impedance of the joint decreases with frequency; hence the
shielding effectiveness often increases with freguency. The impedance of a
seam depends on many factors: the material at the interface, contacl
pressure. and the surface arca. An overlzp of | to Din. can be helpful in
reducing seam impedance {Fig. 6-26B).

The material on both sides of a scum (gither with or without 4 conductive
gasket} should be conductive. Most metals require a conductive finish. Some
acceplable conductive finishes are listed in Table 6-6. Most other finishes,
such as anodizing and black chromate, are nonconductive and should not be
used. For stainless stecl, passivation is adequate.

Along the length of a seam there should be firm clectrical contact at
intervals small encugh to provide the desired shielding effectiveness. Con-
tact can be obtained by using (1) multiple fasteners, (2) contact buttons, (3)
contact fingers, or {4) conductive gaskets. Continuous electrical contact
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along the seam. although desirable. is not required except when very large
amounts of shielding are required.

In present-day digital systems significant harmonics exist up to 300 Lo
500 MHz. Since contact should exist at least at every 1/20 ol & wavclength,
the spacing between contact-producing points should not exceed 1 to 2in.
Shorter gaps are required o allow for multiple apertures,

Table 6-6 Conductive Finishes for Metals

For Aluminum For Curbon Stew]
Clear chromate {irndite) Zino chromate
Yellow chromate Zinc plate

Tin plate Cadmium plate
Micke] plate Tin plate
Alodine Mickel plae

Conductive paints Conductive paints
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WAVEGUIDE BELOW CUTOFF

Additional attenuation can be obtained from a hole if it is shaped o form »
waveguide, as shown in Fig. 6-27. A waveguide has a cutoff frequency below
which it becomes an attenuator. The attenuation is a function of the length ¢
of the waveguide. For a round waveguide the cutofll frequency is

6.9 % 1(” .
j.= T Hz | i6-34
where d is the diameter in inches. For a rectangular waveguide the cutoff
frequency is

5.9 % 10"
B R Iz . (6-35)

where [ 15 the largest dimension of the waveguide cross section in inches,

As long as the operating frequency is much less than the cutoff fro.
quency, the magnetic field shielding cffectiveness of a round wavepuids
{ Quine 1937) i

§=32- 4B, (6-36]

L e

where d is the diameter and 1 is the length of the waveguide, as shown in
Fig. 6-27. For a rectangular waveguide (Quine 1957)

§=272- dB, (6-37)

e |

where [is the largest linear dimension ol the waveguide cross section and 7 is
the length. A waveguide having a length three times its diameter provides
greater than 100 dB of shielding.

If a hole in a shield has a diameter less than the shield thickness, a

4 SHIELD
‘e
Z b
AR,
d
e T
%
I,._t_.. Fi_gun: 6-27. Cross secrion of o hole formed o o wavegnide with
didmeter o and fength o
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waveguide iy formed. In this case the length of the waveguide is equal to the
thickness of the shield.

COMDUCTIVE GASKETS

The ideal shicld is a continuous conductive enclosure with no apertures.
Joints made with continuous welding or brazing provide the maximum
shielding. Rivets und screws make less desirable joints. If screws are used.
they should be as close together us practical. Every attempt should be made
to maintain electrical continuity across the joint to avoid forming a slot
antenna. It may be desirable to use EMI gaskets on joints. These are
conductive gaskets that, when properly compressed, provide clectrical con-
tinuity across a joint. They are capable of controlling leakage at frequencies
from the low kilohertz up to tens of gigahertz.

One of the most common types of EMI gaskets is made of a knitted wire
mesh, The gaskets are available in strips, with rectangular or round cross
sections, or in preformed shapes as well as in various materials, including
steel-copper alloy, silver-plated brass, aluminum. and monel. The gasket
material selected should be galvanically compatible with the mating surface
to minimize corrosion, For this reason monel and silver-plated brass should
not normally be used with an aluminum enclosure,

Figure 6-28 shows the correct and incorreet way to install an EMI gasker
between an enclosure and its cover. The gasket should be in o slot and on
the inside of the screw to protect against leakage around the screw hole: For
electrical continuity across the joint or seam, the metal should be free of
paints, oxides, and insulating films. The metal should be protected from
corrosion with a conductive finish. Do not anodize aluminum; rather, use an
alodine or chromate finish, both of which are conductive.

If both EMI protection and eovironmental protection are reguired. two
scparate gaskets or a combination EMI and envirommental gasket may be
used. The combination gasket usually has a knitted wire mesh mated 1w
silicone rubber. If both environmental and EMI gaskets are installed either

COVER VER
Y /60
[ o [ !
g-—msx ET casker—=¢4 [
ENCLOSURE bﬁj
CORRECT INCORRECT

Figure 6-28. EMT gaskers. correct and incorvecs ingraliarion
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Figure 6-29, Suirable wavs ro fnsrall EMI gaskers in sheet metal enclovures.

as a combination unit or as two separate paskets, the EMI gasket should be
om the inside of the covironmental gasket.

With a sheet metal enclosure the EMI gasket muy be mounted by one of
the methods shown in Fig. 6-29.

Perforated sheet stock or screening can be used to cover ventilation
openings. The material must have electrical continuity between the strands
where they cross. The entire perimeter of the screening must be in electrical
contact with the chassis,

Conductive gaskets can be used around switches and controls mounted in
the shicld, These should be mounted as saown in Fig. 6-30. Large holes cut
i panels for meters can completely destory the effectiveness of a shield, If
meters dre used in a shield panel. they should be mounted as shown in Fig.
6-31 in order to provide shiclding of the meter hole. Wires entering the
shicld should be filtered as explained in Chapter 4. Shield enclosures should
be electrically grounded.

For optimum shielding the enclosure skould be thought of as “electrically
watertight,” with EMI gaskets used in place of normal environmental
gaskets,

— GASKET
A

LOCKWAEHER _|'.

3
.,
Figure 6-30. Switch mounted in a panel wsing an EMY
I guzsket.
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CONDUCTIVE WINDOWS

Apertures used for visual displays, such as cathoede ray tubes (CRT) and
alphanumeric displays, are the most difficult to shield because they require a
high degree of optical transparency. As a result special conductive windows
are made for these applications. There are two primary types of conduc-
tive windows: (1) transparent conductive coatings and (2) wire mesh
SCTEENS,

Transparent Conductive Coatings

Extremely thin, transparent conductive coatings can be vacuum deposited
onte various optical substrates (plastic or glass). This approach results in
good shielding properties with moderate optical transparency. Since the
deposited film thickness 15 in micro-inches, there is very little absorption loss,
and the primary shielding comes from reflection loss. Hence very good
conductors are used, Since the shielding effectiveness is a function of the
resistivity of the coating (which depends on the thickness). and the optical
transparcney depends on the thinness of the coating, trade-offs must be
made. Typical surface resistivities range from 10 to 20 0 per square, with
optical transmission of 70 to 85%. respectively.

Typically gold is used as the deposited material, due to its high stabihity
and good conductivity, The cost of the gold is low since a very thin layer is
used.
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Wire Mesh Screens

A conductive wire mesh screen can be laminated between two clear plastic
or plass sheets to form a shielding window. Another approach is to cast the
wire mesh screen within a clear plastic. The primary advantags of thess
windows over coated windows is optical transparency. The wire muesh
sereens have transparencies of 65 to 98%. as opposed to 60 to 809 fur
conductive coatings,

Knitted wire mesh screens are typicelly made with 10 to 30 conductars
per inch. These screens provide the highast optical transparency, typically 80
to 98%. More recently, woven wire mesh screens have become available
with 80 to 150 conductors per inch. These screens provide the highest
shielding effectivencss, with a somewhat reduced optical transparency, In ul]
wirc mesh screens, bonding of wires at the crossover is required for good
shielding cffectiveness.

Under most conditions the wire mesh screens provide better shielding
than conductive coated windows, Their primary disadvantage is that they
can inhibit viewing due to diffraction.

Mounting of Windows

The method used for mounting a shielding window is as important as the
material of the window itself in determining the overall peformance of the
window. Improper mounting may severcly reduce the shiclding effectiveness
of a high-performance window. The mounting of a conductive window must
be such that there is electrical contact between the wire mesh screen (or
tonductive coating) of the window and the conductive surfuce of the
mounting enclosure, along the entire perimeter of the window.

CONDUCTIVE COATINGS

Plastics are popular for packaging electronic products. To provide shielding.
these plastics must be made conductive, and there are two basic ways to do
this: (1) coating the plastic with a conductive materal, or (2) using a
conductive filler molded into the plastic. When conductive plastics are used.
the important considerations are the shielding effectiveness, the cost, and
the aesthetic appeal of the final product.

shielding effectiveness depends not only on the material used but also on
the control of the leakage through seams and holes, Everything previously
said about controlling apertures in metal shields is applicable to conductive
plastic shiclds. Often the most expensive part of using conductive plastics is
the controlling of the leakages through the apertures.

To be effective as electromagnetic shields. conductive plastics must have
surface resistivities of a few ohms per square or less, To provide protection
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against clectrostatic discharge (ESD), however, considerably higher resistivi-
ties mayv be used. up to a few hundred ohms per square, Therelore curbon or
graphite materials, although vseful against ESD, do nol provide much
protection to EML

Some of the more common methods of producing a conductive plastic
enclosure are

Conductive paints

Flame/arc spray
WVacuum metalizing

B

Electroless plating
Metal foil linings
Metallic fillers molded into the plastic

= Ly

Currently, conductive paints and Hame/arc sprays are the least expensive
methods, and they account for the majority of conductively coated cnclo-
sures used commercially. Eleetroless plating and filled plastics show promise
for the future.

Conductive Paints

The majority of electronic products used today are coated with conductive
paints. The coating consists of a binder (usually urcthane or acrylic) and a
conductive pigment (silver, copper, nickel, or graphite). A typical mixture
can contain as much as 80% metal and only 20% organic binder. Conductive
paints provide good conductivity. They can easily be applied with standaid
spray equipment and are inexpensive (except for silver). Nickel is the most
commin material used,

Flame/Arc Spray

In the flame/arc spray method a metal wire or powder, usually #ine, is
melted in a special spray gun and deposited onto the plastic material. This
method produces a hard, dense coating of metal with excellent conductivity.
Its disadvantage is that the application process requires special equipment
and skill. Therefore this method is more expensive than spray painting, but
it is the second most common method in use today.

Vacuum Metalizing

In the vacuum-metalizing method a pure metal, usually aluminum, is boiled
in @ vacuum chamber and deposited onto the surface of the plastic parts in
the chamber. This produces excellent adhesion and conductivity, so it can be
applicd to complex designs. The disadvantage of this method is that very
expensive special equipment is required.
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Electroless Plating

Electroless plating—or chemical deposition which is 8 more accorute
name—ceonsists of depositing a metallic coating (usually nickel) by a con-
trolled chemical reaction that is catalyzed by the metal being deposited. It
produces a uniform film-thickness with very good conductivity and can be
applicd to simple or complex parts with no waste. It is economically
competitive with the previous two methods,

Metal Foil Linings

A pressure-sensitive metallic foil {usually copper or aluminum). with an
adhesive bucking, 15 applicd to the interior of the plastic part. The metal foil
lining provides very good conductivity, and this is a method for coating parts
used in experimental work. It is not desirable tor production work because it
is too slow and tequires & lot of lsbor. Complex parts are difficult to coar,

Filled Piastics

Conductive plastics can be produced by mixing a conductive agent with the
plastic resin prior to molding. The result is an injection-moldable composite.
The conductive material may be in the form of fibers, Makes, or powders. A
wide range of conductivity can be achieved by this approach, without the
necessity of a second coating operation. Typical conductive fillers are carbon
fibers, aluminum Aakes, mickel-coated carbon fibers, or stainless steel lihers.

Loading levels of conductive fillers can vary from 10 to 40% in order o
zet the desired electrical properties. These high-leading levels often alter the
mechanical properties, colorability, and asethetics of the base material, 1o
the point where the altered mechanical properties no longer fit the ap-
plication.

The primary advantage of filled plastics is that the secondary step of
coating the material to achieve conductivity can be eliminated. However,
since the conductive material is inside the plastic, the surface may not be
conductive, This makes the controlling of the conductivity across the seams
and joints difficult. A secondary machining operation may be necessary on
the edges of the material to expose the conductive material.

CAVITY RESONANCE

Energy encloscd in a metal box will bounce off the box's interior walls. [l
electromagnetic energy gets inside the box (due to a source of energy inside
the box or to leakage of external energy into the box). the box will act as
cavity resonator, As the energy bounces (reflects) from one surface 1o
another, it produces standing waves within the box. The lowest resonant
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frequency of such an enclosure is

£= 7 - (6-38)

where f is the resonant frequency in MHz and [ is the largest dimension of
the enclosure in meters.

GROUNDING OF SHIELDS

A solid shield that completely surrounds a product can be at any potential
and still provide effective shiclding, That is, it will prevent outside influences
from affecting circuits inside the shicld, and vice versa. Thus the shield does
not need Lo be prounded nor to have its potential defined in any way. The

only requirement is that the shield completely enclose the object being

protected and that the object have no connection to the outside world,

In most practical instances. howcwver, the shield is not a complete
enclosure, and the object inside does have connections to the outside world,
either directly—through signal and/or power leads—or indirectly—through
stray capacitance due to holes in the shield. In such cases the shicld must be
grounded in order to prevent it's noise potential from coupling o the
enclosed object. An ungrounded shield’s potential will vary with conditions
and location, and therefore the noise coupled to the object inside will vary
also.

Grounding has a number of additional, beneficial results, It provides a
path for rf currents to flow on the structure; it also prevents the buildup of
ac potentials on the equipment enclosure. It provides a fault-current return
path to protect personnel from shock hazards, and it prevents the buildup of
static charge. For these reasons, in almost all cases, shields should be
grounded.

All metallic parts of a system should be interconnected and grounded.
Each part must have a low-impedance contact in at least two places. Screws
can be used to clamp the parts it they have a conductive finish. Alterna-
tively. star washers or thread-cutting screws can be used to cut through
nonconductive paints or finishers,

SUMMARY

All cables entering a shielded enclosure should be filtered.

o Shiclded cables entering a shielded enclosure should have their shields
bonded to the enclosure,

Refiection loss is very large for electric fields and plane waves.
Heflection loss is normally small for low-frequency magnetic Helds.
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7 CONTACT PROTECTION

Whenever contacls open or close a current-carrying circuit, electrical break-
down may develop between the contacts, This breakdown begins while the
contacts are close together, but not quite touching, In the case of contacts
that are closing, the breakdown continues until the contacts are closed. In
the case of contacts that are opening, the breakdown continues until
conditions can no longer support the breakdown. Whenever breakdown
oceurs, some physical damage is done to the contacts, decreasing their
useful life. In addition breakdown can also lead to high-frequency radiation,
and to voltage and current surges in the wiring. These surges may be the
source of interference affecting other circuits,

The technigues used to minimize physical damage to the contacts are
similar to those used to climinate radiated and conducted interference. All
of the contact protection networks discussed in this chapter greatly reduce
the amount of noise generated by the contacts and the load. as well as
extend the life of the contacts, Two types of breakdown are important in
switching contacts. They are the gas or glow discharge and the metal-vapor
or arc discharge.

GLOW DISCHARGES

A tegenerative, self-supporting, glow discharge or corona can occur be-
tween two contacts when the gas between the contacts becomes ionized.™
Such n breakdown is also called a Townsend discharge. The voltage
neeessary to initiate a glow discharge is a function of the gas, the spacing of
the contacts, and the gas pressurc. If the gas is air at standard temperature
and pressure, 320V is required at a gap length of 0.0003 in. to initiate a
slow discharpe. If the gap is shorter or longer, more voltage is required.
Figure 7-1 shows the required breakdown voltage (V) for starting the glow
discharge versus the separation distance of the contacts. After the break-
down oceurs, a somewhat smaller voltage (V,;) is sufficient to keep the gas

“In a gas there arc a fow [ree electrons and foms present, due to radivective decay, cosmic
radiation, or light. When an electric ficld is applied. these free clectrons and jons produce a
small current Oow. If the clectric field is large enough, the electrons will attain sufficient
velocity (energy) 1o bresk other electrons loose from neutral atoms or malecules with which
they callide, thus fanizing the gas. This process becomes seli-sustaining if the externally applied
voltage can mainlain the necessary electric field strength.

LS
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Figure T-1. Vidtage versus disrance for glow discharge.

ionized. In air V. is approximately 300 V. As can be seen in Fig. 7-1, this
sustaining voltage is nearly constant regardless of the contact spacing. A
minimum current is also necessary to sustain the glow: typically, this is o few
milliamperes.

To avoid u glow discharge, the voltage across the contacls should be kepr
helow 300V, If this is done, the only concern is contact damage due Lo un
arc discharge.

METAL-VAPOR OR ARC DISCHARGES

An arc discharge can occur at contact spacings and voltages much below
those reguired for a glow discharge. It can even oceur in a vacuum, since 1t
does not require the presence of a gas. An arc discharge is started by
icld-induced electron emission,® which requires a voltage gradient of ap-
proximately 0.5 MY/ em (3V at 4 = 10 * in.).

An arc is formed whenever un cnergized. but unprotected, contact is
opened or closed, since the voltage gradient usually cxceeds the requircd
value when the contact spacing is small. When the arc discharge forms, the
electrons emanate from & small area of the cathode—where the electric ficld
is strongest.

Since, on a microscopic scale, all surfaces are rough, the highest and
sharpest point on the cathode has the largest voltage gradient and becomes

*“Electrons in a metal are free to move around within the metal. Seme of these electrons will
have sutficient velocity to escape from the surface of the matenal. However, when they leave.
they produce an electeic field which pulls them back to the surface. If an external clectne held =
present with sutficient voltage gradicnt, it can overcome the force that necmally returns the
electrons Lo the surface, The electians are, therefore, removed fraom the surface and sct frec.
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the source of electrons for the field emission. This is shown in Fig. 7-2. The
clectron stream fans out as it crosses the gap and finally bombards the
anode. The loculized current has a very high density. and it heats the contact
material (due to IR losses) to a few thousand degrees Kelvin. This may be
enough to vaporize the contact metal. In general, either the anode or
cathode may vaporize first, depending on the rates at which heat is delivered
o and removed from the two contacts. This n turn depends on the size,
material, and spacing of the contacts,

The appearance of molten metal marks the transition from field cmission
(electron flow) to a metal-vapor arc. This transition typically tukes place in
mes less than a nanosecond. The molten metal. once present, forms
conductive “bridge” between the contacts, thus maintaining the arc cven
though the voltage gradient may have decreased below the value necessary
to initiate the discharge. This metal-vapor bridge draws a current limited by
the supply voltage and the impedance of the circuit. After the arc has
started, it persists as long as the external circuit provides enough voltage to
overcome the cathode contact potential and enough current to vaporize the
snode or the cathode material. As the contacts continue to separate. the
molten metal ‘bridge” stretches and eventually ruptures. The minimum
voltage and current requircd to sustain the arc arc called the minimum

arcing voltage (V,) and the minimum arcing current ([ ). Typical values of

minimum arcing voltage and current are shown in Table 7- {National
Association of Relay Manufacturers, 1969). If either the voltage or current
falls below these values, the arc is extinguished.

AMNODE i+)

HEATED REGION

CORTACT
SEPARATION

HEATED REGION

CATHODE |-}

Figure 7-2. Initiaricn af an are discharge.
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Table ¥-1 Contact Arcing Characterlstics

Minimum hinimun
Malernal Arcing Voltage (V,) Arcing Current (1, }
Silvar ol 400 mA
Cinld 5 A0 m A
Guold alloy* g 400 mA
Palladium Ia B0 mA
Platinuim 17.5 TON ma

0% pold, 25% silver. 6% platinum.

For ares between contacts of different materials, V, is determined by the
cathode (negative contact) material, and 7, is assumed to be whicheve;
contact material (anode or cathode) has the lowest arcing current. Note,
however, that the minimum arcing currents listed in Table 7-1 are for clean.
undamaged contacts. After the contacts have become damaged from some
urcing, the minimum arcing current may decrease to as low as one-tenth of
the value listed in the table.

In summary. an arc discharge is g function of the contuet material. and it
Is characterized by a relatively low voltage and a high current. In contrast, «
glow discharge is & function of the gas, usually air, between the contacts.
and it is characterized by a relatively high voltage and low current. As will
be seen in a later section, it is difficult to prevent an arc discharge from
forming, since only a low voltage is required. If the arc does form, however,
it should be prevented from sustaining itself by keeping the available current
below the minimum srcing corrent.

AC VERSUS DC CIRCUITS

Il the contact is to survive, the arc, once ‘ormed, must be broken rapidly to
minimizc damage to the contact material. If it is not broken rapidly enough.
some metal transfers from one contact to the other. The damage done by an
arc is proportional to the energy in i—namely (voltage) x {current) =
(time),

The higher the voltage across the contacts, the more difficult it is to
interrupt the arc. Under arcing conditions a sct of contacts can usually
handle their rated number of volt-amperes at a voltage cqual to or less than
the rated voltage, but not necessarily at a higher voltage.

A set of contacts can normally handie » much higher sc than de voltage.
for the following reasons:

1, The average value of an ac voltage is less than the rms value,

2. During the time that the voltage is less than 10-15 V. an arc is very
unhkely to start.
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3. Due to p”lﬂl’i[}-’ reversal, eal;_'h contuct 1= an anode and a cathode an
equal number of times.
4. The arc will be extinguished when the voltage goes through zero.

A contact rated wt 30V de can therefore typically handle 115V we. One
disadvantage of switching ac, however, is that it is much harder to provide
adequate contact protection networks when they are required.

CONTACT MATERIAL

Various load levels (currents) require different tvpes of contact materials.
No one material is usclul from yero current (dry circuit) up to high current.
Palladium s good for high-current loads under eroding contact conditions,
Silver and silver cadmium operate well at high current but may fail under
vonditions of no arcing, Gold and gold allovs work well under low-level or
dry-circuil conditions but erode excessively at high currents.

Many so-called "general purpose relays™ are on the market, rated from
dry circuit to 2 A, These are usually made by plating hard gold over a heavy
load contact material such as silver or palladiom. When used for low
current, the contact resistance remains low due to the gold plating. When
used for high load current. the gold is burmned off during the first few
aperations, and the high current contact material remains. For this teason,
once a general purpose relay is used with high currents, it is no longer
usable in a low-current application,

A problem sometimes occurs when soft gold is plated over silver. The
silver migrates through the gold and ferms a high resistance ceating (silver-
sulfide) on the contact. This may then cause the contact to fail doe w the
high resistance surface coating.

CONTACT RATING

Contacts are normally rated by the maximom values of voltage and current
they can handle feeding a resistive load. When a contact is operated at its
rated conditions, there is some momentary arcing on “make” and “break.™
When operated under these conditions a contact operates for a time equal to
its rated electrical life. Ratings of mechanical life are for dry circuits
(drawing no current).

Some contacts are also rated for an inductive load in addition to their
resistive load rating, A third common rating 15 a4 motor or lamp rating for
loads that draw much higher initial current than the normal steady-state
current.

* A small amaount of arcing may actually be useful in burning off any thin insulsting flm that has
formed an the contacts.
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All of these ratings assume that no contact protection is used. I proper
contact protection is used, the rated voltage and/or current can be handled
for a greater number of operations or a higher voltuge and/or current can be
handled for the rated number of operaticns.

LOADS WITH HIGH INRUSH CURRENTS

If the load is not resistive, the contacts must be appropriately derated or
protected. Lamps, motors, and capacitive loads all draw much higho
current when the contacts are closed thin their steady-state current. The
initial current in a lamp filament, for example, can be 10-15 times the
normal rated current, a5 shown in Tig. 7-3. Typically, a contsct is rated a
only 20% of its normal resistive load capacity for lamp loads.

Capacitive loads also can draw cxtremely high initial currents. The
charging current of a capacitor is limited only by the series resistance of the
external circuit,

Motors typically draw initial currents that are 5-10 times their normal
rated currents. In addition the motor inductance causes a high vollage 1o be
generated when the current is interrupted (an inductive kick). This also
causes arcing. Motors therefore wrc diflicult to switch since they cause
contact damage on both “make” and “break.”

To protect a contact used in a circuit with high inrush current. the initial
current must be limited. Using a resistor in series with the contact to limi
the initial current is not always feasible, since it also limits the steady-state
current. If a resistor is not satisfactory, # low de resistance inductor can bo
used to limit the initial current. In some light duty applications, ferrite boeads
placed on the contact lead may provide sufficient initial current limiting,
without affecting the steady-state current.

STEADY-STATE
CURRENT, I

LAMP CUHRENT

TIME AFTER TURN-ON

Figure 7-3. Lamp curdnl versus fime.
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R
s o AN
BWITCH
F’ 1
i - :.. _1 CAFACITIVE
= i i “T~ LOAD
e HELAY
MNORMALLY OPEN ColL
RELAY COMNTACT
4 ==y L

Figure T-4. Llve of u switchalle curreni-limiting resistor to protect a closing contacy.

In severe cases a switchuble current-limiting resistor, as shown in Fig, 7-4,
may be required. Here a relay is placed across the capacitive load with its
normally open contact placed across the current-limiting resistor.® When the
switch is closed, the capacitor charging current is limited by resistor K.
When the voltage across the capacitor becomes large enough o operate the
reluy, the normally open contact closes, shorting out the current limiting
resistor,

Another problem associated with closing contacts is chatter, or bounce.
After the contacts mitially touch. they may bounce open again and break
the circuli. In some contacts this may continue for ten or more fimes, and
each time the contacts must make and break the current. Not only can the
repeated arcing cause operational problems in the cireuit, but it produces
considerably more contact damage and high-frequency tadiation.

INDUCTIVE LOADS

The voltage across an inductance (L) is given by
'.:ﬁ)
= — 1, -1
¢ L(dr L

This expression cxplains the large volluge transient encountered when the
current through an inductor is suddenly interrupted. The rate of change.
dildi, becomes large and negative, tesulting in the large reverse voltage
transient or inductive “kick.” Theoretcally, if the current goes from some
finite value to zero instantaneously, the induced voltage would be infinite,
But in reality, contact arcing and circuit capacitance never let this happen.
Mevertheless, very large induced voltages do occur. Suppression of high
voltage inductive transicnts consists of mimmixing the dfi{d term.

“In place of the relay, @ power FET {feld effect transisior] could also be used,
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SWITCH
COPENS

L

=]

1 /‘
& SWITCH
CLOSES

VOLTAGE ACROSS INOUCTANCE, V)

20 TO 200 * W,

Fipure 7-5. Volmge across inducrive lnad when switch closes and opens,

It is not at all uncommon for an inductance operating from a 26-V de
power supply to generate voltages of 500-3000 V when the current through
the inductor is suddenly interrupted. Figure 7-3 shows the voltage
waveshape across an inductor as the current is interrupted. The high voltage
generaled when a contact breaks the current to an inductive load causes
severe contact damage. It is ulso the source of radiated and conducted noise.
unless appropriate contact protection circuits are used. Under such condi-
tions most of the energy stored in the inductance is dissipated in the arc.
causing excessive damage.

The cireuit shown in Fig. 7-6 can be used to illustrate the damage done to
a set of contacts by an inductive load. In this figurc a battery is connected to
an inductive load through a switch contact. The load is assumed to have
negligible resistance. In practice, this condition can be approximated by a
low resistance de motor. The steady-state current beeomes himited by the
back EMF of the motor rather than the circuit resistance. Then let the
switch be opened while a current I, is flowing through the inductance. The
energy stored in the magnetic field of the inductance is equal to (1/2)L1 :

—

Figure 7-6. fnductive load controlled by a swinch.
When the switch opens, most af the engrgy stored i
the inducior is dissipated fn the arc formed across
the switch contacrs,
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When the switch is opened, what happens Lo 1_:11& encrgy st.m'_n:d in T.hr:.
magnetic field of the inductance? If the circuil resistance is negligible, all of
the energy must be dissipated in an arc that forms across the contacts or h_c
radiated. Without some type of protective cireuitry, a switch used in this
application does not last very long,

CONTACT PROTECTION FUNDAMENTALS

Figure 7-7 summarizes the conditions for contact breakdown in lerms of the

required voltage-distance relationships. The required breakdown voltage [or

starting @ glow discharge is shown, as is the minimum ?f:ltagg requirl:"!.i to
sustain the glow discharge. Also shown is « voltage graduznt_ D.t L3 MVicm,
which is that required to produce an arc discharge. Thm_e minimuny voltage
required to maintain the are discharge s also :‘:}hUWH in this ﬁgure._Thc heavy
line therefore represents the composite requirements for _producmg contact
breakdown. To the right and below this curve, there is no breakdown,
whereas above and to the left of this curve, contact breakdown oceurs.
A more useful presentation of the breakdown infurr!matinn L'm_-ltri_med in
Fig. 7-7 is to plot the breakdown voltage versus time, 1?15tﬁad of distance.
This conversion can be accomplished using the separation velocity of the

f ARG DISCHARGE
i BREAKDOWN
GLOW DISCHARGE
BREAKDOWH
1000 b=

JI: i ] )
a GLOW DISCHARGE
g SUSTAINING VOLTAGE
c 00|
2 COMPOSITE BREAKDOWN
e GHARACTERISTIC
2
=
= - —
S ARC DISCHARGE
W SUSTAINING VOLTAGE

] | 1 | | |

167 e 107 10 - e 1072

SEPARATION DISTANCE (METERS}

Figure 7-7. Voltage-disiancs relufionsfip e comtact breafdowi.
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GLOW
DISCHARGE

WM

ARC
DISCHARGE

300

——— SLOPE == 1 YOLT PER MICROSECOND

COGOF CONTACT WOLT AGE

LOG OF TIME. t

Figure 7-K. Comact hreakdown chargoieristioy versus fime.

contacts. A typical composite breakdown characteristic as a function of time
i5 shown in Fig. 7-8, As cun be scen. there are two requirements lor
avoiding contact breakdown:

L. Keep the conract veltage belme 3000V to prevent a glow discharge.

2. Keep the initial rate of rise of conract valtage below the value necessary

ro produce an are discharge, (A value of TV ey & satisfactory for muos
contacty. )

If it is not possible to avoid contact breskdown in a specific application,
the breakdown should be kept from beineg self-sustaining. This vsually
means arranging the circuit so that the current available is always below that
neoessary to sustain the breakdown,

To determine whether or not breakdown can ocour in o specifie case, 1115
necessary o know whiat voltage s produced across the contacts as they
open. This voltage is then compared to the breakdown characteristics in Fig
T-5. I the contact voltage s above the breskdown characteristics, contacl
breakdown occurs.

Figure 7-9 shows an indoctive load connected to a battery through a
switch §. The voltage that would be produced across the contacts of the

[ B J—
o | 1
Ve — C::.: L ] L

Figure 7-%. Contact comwalling an induwcrive
lnad. Capaciter © represemts the siray capaci-
tarice af the wiring

LOG OF CONTAGT VOLTAGE, Ve

13
CONTACT PROTECTION FUNDAMENTALS 2

—pPEAK=IVL/C

I
INITIAL SLOPE= —E-

Figure T-10. Avaidahle circuir voltage across opde
= ing contact far cirewit in Fig, 79, assuming no
conract breakdawn.

LOGOF TIME

opening switch, if no breakdown occurred, is I.'J_ELHE.[.! }he ‘_‘m"uilahke clirr:uil
voltage.” This is shown in Fig. 7-10 for the circuit in F]Ig. 79, 1, is thv.=:
current flowing through the inductor the instant the switch is opened, zEud C
is the stray capacitance of the wiring. Figure 7-11 compares t!-u_: z_wm]_al-_ch
circuit voltage (Fig. 7-10) to the contact hreakdm_vn. characteristics {1"-13..
7-8). The voltage cxceeds the breakdown char;clurlsm‘.ﬁ from f, to f,. and
therefore contact breakdown oceurs in this regmon. _
Knowing that breakdown oceurs, let us consider in more detail c_:-:actl_j,r
what h&pp:ans as the contacts in Fig. 7-9 are opened. When the switch is
opened, the magnetic field of the inductance tends m. keeP the current [,
flowing. Since the current cannot flow through the switch, it flows through

1 ANAILABLE
GIRCUIT
YOLTAGE

EREARDOWN
CHARACTERISTICS

LOG OF COMTACT VOLTAGE, Ve

£y ta
LOG OF TIME. ¢

Figure T-11. Comparisan of avatleble circuit voliage and contact Brogkdnwn characteristics for
circuit in Fig. 78
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the stray capacitance C instead. This charges the capacitor and the voltage
across the capacitor rises at an imitial rate of £,/C, as shown in Fig. 7-12. Aq
soon as this voltage exceeds the breakdown CUTVE, W are occirs 4cross the
contacts. If the available current at this point is less than the minimuym
arcing current [, the arc lasts only long enough to discharge the capacitunee
C to a voltuge below the sustaining voltage V,. After the capacitor s
discharged. the current again charges € and the process is repeated until the
voltage exceeds the glow discharge voltage (point 4 in Fig. 7-12). At Lhis
point a glow discharge occurs, If the smaller sustaining current necessary 1o
maintain the glow discharge is still not available, the glow lasts only until the
voltage drops below the minimum plow voltage V...* This process is
repeated until time ¢, after which sufficient voltage is not available 1
produce any additional breakdowns,

If at any time the available current exceeds the minimum HTCING current
I,. a steady arc occurs and continues until the available voltage or current
falls below the minimum glow voltage or current. Figure 7-13 shows the
waveshape when sufficient current is available to maintain a glow discharge,
but not enough for an arc discharge.

If the stray capacitance C is increased sufficiently, or if a discrerc
capacitor is placed in parallel with it, the peak voltage and the initial rate of
rise of contact voltage can be reduced to the point where no arcing ogcurs.
This waveshape is shown in Fig, 7-14. Using a capacitor this way, however,
causes cvontact damage on closure due to the large capacitor charging
current.

AVAILABLE VOLTAGE (NO BREAKDOWH
ST ! !

BREAKDOWN
CHARACTERISTIC

ACTUAL CONTACT
VOLTAGE (WITH BREAKDOWHN)

LOG OF CONTACT WOLTAGE, Vi
=

LOG OF TIME

Figure T-12. Acnud cantacy vallage for circuitin Fig, 7-2.

*If sufficient current is now availuble, the glow discharge may transfer to an are, and the
virltage will fall oV, instead of V.. Sufficient eorrent. however, is wsually net availahle at the
low voltage ¥, o maintain the arc, so it is extingnished at this paint.
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Flgure 7-13. Contacr veltage for cirowit in Fiz, 7-% when currem i sufficient o mainlain o
continuouy glow discharge,

The electrical oscillations that occur in the resonant circuit of Fig. 7-9,
when the switch is opened, can become the source of high—frequenclyl
interference to nearby equipment. These oscillations can be avoided
sufficient resistance and capacitance are provided to guarantec Lh_:ﬂ tt}e
circuit is overdamped. The required condition for nonoscillation is given in
the section on contact protection networks for inductive loads on p. 221.

BREAKDOWRN
CHARACTERISTIC

CONMTACT
WOLTAGE

LOG OF CONTACT VOLTAGE, V¢

LOG OF TIME, 1

Figure 7-14. Contact voltage far circuit in Fig. 7-8 when capacitance s Lirge enough w1 preveal
breandown.
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TRANSIENT SUPPRESSION FOR INDUCTIVE LOADS

1.
Tu protect contacts that control inductive loads. and 1o mimimize radiated JWHW MF-

and conducted noise, some type of cortact protection network must T i 7
mally be placed across the inductance, the contacts. or both. In some Casus ‘—_'\MF—|E_’ = >
the protection network can be connected across either the lomd or thy v £3 »—{:gt—fﬂ—q
contact with cqual effectivencss. In large systems a load may be controlled

by more than one contact. and it may be more cconomic to provige
protection at the load rather than at cuch individual contact.

In severe cases protection networks may have to be applicd across both
the inductance and the contacts to eliminate interference and protect the
contacts adequately. In other cases the amount of protection that can he lll
used is limited by operational requircments, For example, protection net- !
works acrass the coil of a relay increase the releasce time. In this casce the
protection network has to be 4 compromise between meeting opetational %
requirements and providing adequate protection to the contacts con tredling ~
Lhe relay. ﬁr\—r\/\f\a—

From a noise reduction point of view it 1s usually preferable to provide as
much trunsient suppression as possible across the noise source—in this cnse
the inductor. In most cases this provides sufficient protection for he

P
—J
-
L
>
contacts, When it does not, additional protection can be used scross the '_DJLKI_‘

sniiectoer kil produced e ae indueior wien

CONtacis.

Precise caleulations for the component values of a contact protectiomn
network are difficult. It involves parameters. the values of which are
normally unknown by the circuit designer, such as the inductance ani
capacitance of the interconnecting wiring and the contact separation veloci-
ty. The simplifed design equations that follow are a starting poeint, and in Ll s
many cases provide an acceptable contact protection network, Empirical ‘||!' :
tests should be uscd, however, to verify the effectiveness of the network in
the intended application.

Protection networks can be divided into two categories: those usually
applied across the inductor and those usually applied across the contacts, 5
Some of these networks, however. can be applicd in either place, = i —_— Y YA AN —

Figure 7-15 shows six networks commonly placed across a relay coil or el Vi T
other inductance to minimize the transient voltage gencrated when current
15 interrupted. In Fig, 7-13A a resistor is connceted across the inductor. —AANN— |
When the switch opens, the inductor drives whatever current was Howing P 1
before the opening of the contact through the resistor. The transient voliage < =
peak therefore increases with increasing resistance but is limited to the
steady-state current times the resistance, If 8 is made ciual to the load
resistance A, the vollage transient is limited to a mugnitude equal to the '
supply voltage. In this case the voltage across the contact i the supply
voltape plus the induced coil voltage, or Lwice the supply voliage, This ||I. i
cireuit is very wasteful of power since the resistor draws current whenever | A I
the load is encrgized. If R should equal the load resistance, the resistor '
dissipates as much stcady-state power as the load, 1

! 217

Fipure 7-15. Nesworks waed govoss load o sinimmize

the curreid A5 ierrapsed.
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Another arrangement is shown in Fig. 7-15B. where a varistor (a voltase
variable resistor) is connected seross the inductor. When the voltage across
the varistor is low, its resistance is high, but when the voltage across it ig
high, its resistance is low. This device works the same as the resistor in Fie.
7-15A, except that the power dissipated by the varistor while the circuit is
energized is reduced,

A better arrangement is shown in Fig. 7-15C. Herc a resistor apg
capacitor are connected in series and placed across the inductor, This circui;
dissipates no power when the inductor is cnergized. When the contact i
opened, the capacitor initially acts as a short circuit, and the inductor drives
its current through the resistor. The values for the resistor and the capacitor
can be determined by the method described on p. 219 for the R—C network

In Fig. 7-15D a semiconductor diode is connected across the inductor,
The diode is poled so that when the circuit is energized. no current flows
through the diode. However, when the contact opens, the voltage across the
inductor is of opposite polarily than that caused by the battery. This vorltage
forward-biases the diode, which then limits the transient voltage across the
inductor to g very low value (the forward voltage drop of the diode plus any
IR drop in the diode). The voltage across the opening contact is therefore
approximately equal to the supply voltage. This circuit is very effective in
suppressing the voltage transient. However. the time required for the
inductor current to decay is more than for any of the previous circuits and
may cause operational problems.

For example, if the inductor is a relay, its release time is increased, A
small resistor can be connected in series with the diode, as in Fig. 7-1512, to
decrease the release time of the relay, but at the expense of generating o
higher transient voltage. The diode must have voltage rating greater than
the maximum supply voltage. The current rating of the diode must be
greater than the maximum load current. If the contacts only operate
occasionally, the peak current rating of the diode can be used. If the
contacts operate more than a few times per minute, the continuous current
rating of the diode should be used,

Adding a zener diode in series with a rectifier diode, as shown in Fig.
T-15E. allows the inductor current to decay faster. This protection, however,
is not as good as that for the previously mentioned diode and uses an extra
component. In this case the voltage across the opening contact is equal o
the zener voltage plus the supply voltage,

Neither of the diode circuits (Fig. 7-15D or E) can be used with ac
cireuits, Cireuits that operate from ac sources or circuits that must operate
from two dc polarities can be protected using the networks in Fig. 7-15A
through €, or by two zener diodes connected back to back, as shown in Fig.
7-15F. Each zener must have a voltage breakdown rating greater than the
peak value of the ac supply voltage and & current rating equal to the
maximum load current.
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C MNetwork

Fizure 7-16 shows three contact protection networks camm011ly used 4CT0SS
contacts that control inductive loads. One qf the simplest m_enhod:s Di
suppressing ares due to interrupting de current 1s to plaa::e a capacitor ar.r:_‘::«
the contact, as shown in Fig. 7-16A. If the Fapammr is lEi[gIE: encugh, the
load current is momentarily diverted through it as the contact is opened, ;_and
arcing does not occur, However, when the contact is open the CE.IPHCIELJE
charges up to the supply voltage V, . Wher! the contact is jrh-en closed, the
capacitor discharges through the contact with th; initial discharge current
limited only by the parasitic resistance of the wiring and the contacts.

The larger the value of the capacitor and the higher th? supply voltage,
the more damage the arc on “make” does, due o th:a mn;:_r?ascd Coergy
stored in the capacitor. If the contacts bounce on “make” additional damagel
is done due to multiple making and breaking of the current. Becayse of
these teasons, using a capacitor alone across a sel oflcunmctslm not
generally recommended. If used. the value of capacitance 1s determined as
explained in the lollowing section.

R-C Network

Figure 7-16B shows a circuit that overcomes the disadvantage of the uircu_il
in Fig. 7-16A by limiting the capacitor discharge current when the contact is
closed. This is done by placing a resistor, R, in series with the capucltulur. For
contact closing. it is desirable to have the resistance as [ﬂrge us pnsmhlg w0
limit the discharge current. However, when the contact i opened, it is
desirable to have the resistance as small as possible, since tl?f.’ Testsior
decreases the effectiveness of the capacitor in preventing arcing. The a_ct!ml
value of R must thercfore be a compromise between the two conflicting
Tequirements. ) N

The minimum valug of R is determined by closing cnndlt]nlr.s. It canlbe
set by limiting the capacitor discharge current to the minimum arcing
current /, * for the contact, The maximum value 15 deter{mned by opening
conditions. The initial voltage across the opening contact is cqual to LR, If
R is equal to the load resistunce, the il}stantzmcuua vcllt_age across the
contact equals the supply voltage, The maximum value of R is usually Fz.lken
cqual to the load resistance to limit the initial 'I.-'::nlttage developed across the
opening contacts to the supply voltage. The limits on R can therclore be
stated as

*Limiting the discharge current to 017, is preferable, However, since the value of the ELj‘.i!Stl_'l]'
R is a compromise betwsen two conflicting requirements, this wsually cannot be dong in the
case of the R-C network,
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Figure 7-16. Contacr profection networks used gorosy swisch contachs,
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Vs
I

i

c=R=R, . (7-2)

where R, .is equal to the load resistance.

The value of € is chosen to meet two requirements: (1) the peak voltage
across the contacts should not exceed 300 V (to avoid a glow discharge), and
(2) the initial rate of rise of contact voltage should not exceed 1V per ps (to
avoid an arc discharge)., The latter requirement is satisfied if C is at least
1 pF/A of load current,

The peak voltage across the capacitor is usually calculated by neglecting
the circuit resistance and assuming all the encrgy stored in the inductive load
is transferred to the capacitor. Under these conditions

; [L .
VC'[pl_':kl = 'Il.'l1||.I E 1 ["1_3)

where 1, is the current through the load inductance when the contact is
opened. The value of the capacitor C should always be chosen so that V.
{peak) does not exceed 300 V. Therefore

C= (LJ_L (7-4)
TN 300 '

In addition, to limit the initial rate of rise of contact voltage to 1 V/ps.
Gz a0 (7-3)

In some cases it is preferable that the resonant cireuit formed by the
inductor and capacitor be nonoscillating (overdamped). The condition for
nonoscillution is

41
C=—5, 7-6
R (7-6)

where R, is the total resistance in series with the L—C circuit. In the case of
Fig. 7-16B this would be R, = R, + R. The requirement for nonoscillation,
however, is not usually adhered to since it requires a large value capacitor.

The R—C protection network is the most widely used because of its low
cost and small size. In addition it only has a small effect on the release time
of the load. The R—€ network is not, however, 100% effective. The
presence of the resistor causes an instantaneous voltage (equal to {,R) o
develop across the opening contact, and therefore some early arcing Is
present. Figure 7-17 shows the voltage developed across the contact, with a
properly designed R—C network, superimposed on the contact breakdown
characteristic. This figure shows the early arcing due to the instantaneous
voltage increase across the contact.
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Figure 7-17. Voltage acrosy opening contact with B—C protection nemwork.

A-C-D Netwaork

Figure 7-16C shows a more expensive circuit that overcomes the dis-
advantages of the circuits in Fig. 7-16A and B. When the contact is open,
capacitor C charges up to the supply voltage with the polarity shown in the
figure. When the contact closes, the capacitor discharges through resistor i
which limits the current. When the contact opens, however, diode [ shorts
out the resistor, thus allowing the load current to momentarily flow through
the capacitor while the contact opens. The diode must have a breakdown
voltage greater than the supply voltage with an adequate surge current
rating (greater than the maximum load current). The capacitor value is
chosen the same as for the R—C network. Since the diode shorts out the
tesistor when the contacts open, a compromise resistance value 15 no longer
required. The resistance can now be chosen to limit the current on closure
to less than one-tenth the arcing current,

10V,
R=—%. (7-7)
jr.ll
The R—C-D network provides optimum contact protection, but it % more
expensive than other methods and cannot be used in un ac circuit.

INDUCTIVE LOADS CONTROLLED BY A TRANSISTOR SWITCH

If an inductive load is controlled by a transistor switch, care must be taken
to gusrantee that the transient voltage generated by the inductor when the
current is interrupted does not exceed the breakdown voltage of the
transistor, One of the most effective, and common, ways to do this is Lo

|

—
.
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T+

INDUCTIVE
DIODE
LoAD BROTECTION

CONTROLLING
TRANSISTOR

Figure 7-18, [ode used ro protect rransistor-control-
= ling inductive lpads.

place a diode across the inductor, as shown in Fig, 7-18, In this circuit the
diode clamps the transistor collector to +V when the transistor interrupts
the current through the inductor, thercby limiting the voltage across the
transistor to +V. Any of the networks of Fig. 7-15 may also be used. A
zener diode connected across the transistor is another common method, In
any case the network should be designed to limit the voltage across the
transistor to less than its breakdown voltage rating.

Very large transient currents flow through the path between the inductive
load and the protection diode. Therefore this loop area should be minimized
to limit the radiation that occurs due to the trunsient currént. The diode
should be located as close as possible to the inductive load, This conside-
ration is especially important when the protection diode is contained in a
relay driver /C; otherwise, a large loop will oceur.

RESISTIVE LOAD CONTACT PROTECTION

In the case of resistive loads operating with a source voltage of less than
300V, a glow discharge cannot be started and therefore is of no concern. If
the supply voltage is greater than the minimum arcing voltage V, (about
12 V), an arc discharge occurs when the comtacts are either opened or
closed. Whether the are, once started. sustains itself, depends on the
magnitude of the load current.

If the load current is below the minimum atcing current /. the arc is
quickly extinguished after initially forming. In this case only a mimmal
amount of contact damage occurs, and in general, no contact protection
networks are needed. Due to parasitic circuit capacitance or contact bounce,
the arc starts, stops, and reignites many tmes. This type of arcing may be
the source of high-frequency radiation and may require some protection to
control interference.

If the load current is greater than the minimum arcing current [ 3 steady
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arc forms. This steady are does considerable damage to the contacts. 1f the
current is less than the resistive circuit current rating of the contact,
however, and the rated number of operations is satisfactory, contact Prote-
tion may not be required.

IT contact protection is required for a resistive load, what type of network
should be used? In a resistive circuil the maximum voltage scross ap
opening or closing contacl is the supply voltage. Therefore, provided 1he
supply voltage is under 300V, the contact protection network docs not have
to provide high voltage protection. This function is already provided by the
circuit. The required function of the contact protection network, in this
case, 1s to limit the initial rate of rise of contact voltage to prevent initiatine.
an arc discharge. This can best be accomplished by using the R—C—p
network in Fig, 7-16C across the contacl.

CONTACT PROTECTION SELECTION GUIDE

The following guide can be used to determine the type of contact protection
for various loads;

L. Noninductive loads drawing less than the arcing current, in gencral,
require ne contact protection.

[ ]

Inductive loads drawing less than the arcing current should have an

R—C network or a diode for protestion.

3. Inducrive loads drawing greater than the arcing current should have an
R—C-1 network or a diede for protection.

4. Noninductive loads drawing greater than the arcing current should usc

the R—C-D network. Equation 7-4 does not have to be satisfied in this

case provided the supply voltage is less than 300V,

EXAMPLES

Proper selection of contact protection may be better understood with some
numerical examples.

Example 7-1. A 15300, 0.2 H relay coil is operated from a 12V de power
source through a silver switch contact. The problem is to design a contact
protection network for use across the relay.

The steady-state load current is 80 mA, which is less than the arcing
current for silver contacts; therefore an R—C network or diode is appropri-
ate. To keep the voltage gradient across the contact below 1 Vius, the
capacitance of the protection network must be greater than 0.08 oF (from
Eq. 7-5). To keep the maximum voltage across the opening contact below
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300 V. the capacitance must be greater than 0.014 wl (from Eq. 7-4). From
Eq. 7-2. the value of the resistor should be between 30 and 150 L1, Theretore
an appropriate contact protection network 1s 0.1 uF in series with 1000}
placed either across the contact or load.

Example 7-2. A magnetic brake having 1 H inductance and 53 {1 resistance
is operated from a 48-Y de source through a switch with silver contacts, If an
F—C contact protection network is used. the resistor should have a value
(from Eg. 7-2) of 120« R < 53, Since this is impossible, a more complicated
protection network must be used, such as the R-C-0 network. For the
R—C-D network, the resistor should have a value greater than 1200 £} (from
Eq. 7-7). The steady-state de current in the brake is 0.9 A. Therefore, from
Eq. 7-5, the capacitor must be greater than 0.9 pF to limit the voltage
gradient scross the contacts on opening. From Eq. 7-4, the capacitor must
also be greater than 9 pF. A 10-uF capacitor with a 300-V rating could be
psed, with a 1500 £} resistor and a diode, as shown in Fig, 7-19,

The 10-F, 300-V capacitor must of necessity be relatively large physi-
cally. To wvoid using such a large capacitor, the following alternate solution
could be used. If a series combination of a 60-V zener diode and a rectifier
diode is placed across the load. the muximum transient voltage across the
load would be limited to 60V, The maximum voltage across the contact
upon opening would then be the zener voltage plus the supply voltage, or
108 V. Therefore the capacitor in the protection network does not have Lo be
chosen to limit the maximum voltage across the contacts to 300V, since this
voltage is already limited by the diode to 108 V. The only requirement now
on the capacitor is that it satistv Eq. 7-5. Therefore a 1-uF, 150-V capacitor
can be uscd as shown in Fig, 7-20, which aveids the need for a physically
large size. 10-pF. 300V capacitor.

- 0L Fi300V)
1

15901

s -

1H

2l i
= 48Y
gau

Fleure T-1%. Camtacd priveciion network for Frample 7-2.
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53t

Figure T-20. Alternate condact protection nerwark for Example 7-2, This cirenit affows the e of
a physically smallar capacitar.

SUMMARY

s Two types of breakdown are important in switching contact; the glow,
or gas, discharge, and the arc, or metal-vapor, discharge.

# To prevent a glow discharge, keep contact voltage below 300V

® To prevent an arc discharge, keep the initial rate of rise of contact
voltage to less than 1 V/pus,

o Lamps und capacitor loads cause contact damage on closure due to the
high inrush currents.

s Inductive loads are most damaging due to the high voltages they
generate when current is interrupted,

s The #-C network is the most widely used protection network,

e The R—C-D network or the diode are the most effective protection
network.

e The effect of the contact protection network on the release time of
inductive loads must be considered.

e A diode connected across an inductor is a very effective transicnt
suppression network; however, it may cause operational problems
since it prevents the rapid decay of the inductor current.
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8 INTRINSIC NOISE SOURCES

Even if all external noise coupling could be climinated from a circuit,
theoretical minimum noise level would still exist duc to certain intrinsic ar
internal noise sources. Although the rms value of these noise sources can be
well defined, the instantaneous amplitude can only be predicted in terms of
probability. Intrinsic noise is present in almost all electronic COmponents,

This chapter covers the three most important intrinsic noise sources:
thermal noisc, shot noise, and contact noise. In addition popcorn noise s
methods of measuring random noise are discussed.

THERMAL NOISE

Thermal noise comes from thermal agitation of electrons within a resistance.
and it sets a lower limit on the noise present in a circuit. Thermal noise is
also referred to as resistance noise or “Johnson nojse” ifor 1. B, Johnson.
its discoverer). Johnson (1928) found that a nonperiodic voltage exists in 4l
conductors and its magnitude is related to temperature. Nyquist {1928)
subsequently described the noisc voltage mathematically, using ther-
modynamic reasoning. He showed that the open-circuit rms noise voltage
produced by a resistance is

V,=VA4kTBR , (81}

where

K =DBoltzmann’s constant (1 38 x 10 joules/"K) ,
T = absolute temperature (°K),
B = noise bandwidth (Hz) ,
R = resistance (1) |
At toom temperature (290°K), 44T equals 1.6 x 10 *" W/Hz. The band-

width B in Eq. 81 is the equivalent noise bandwidth of the system being

considered. The calculation of equivalent noise bandwidth is covered on p.
234,

Thermal noisc is present in all clements containing resistance. A plot of
the thermal noise voltage at a temperature of 17°C (290°K) is shown in Fig-

228
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#-1. Mormal lemperature variations have a small effect on the value of the
thermal noise voltage. For example, at 117°C the noise voltage is only 16%
greater than that given in Fig. 8-1 for 17°C. .

' Equation 8-1 shows that the thermal nuisc voltage is proportional to the

~square oot of the bandwidth and the square root of resistunce. IL would

thercfore be advantageous to minimize the resistance and bandwidth of a
system to reduce the thermal noise voltage. If thermzlll noise 1 31_1” i
problem, considerable reduction is possible by operating _thr: circuit at
cxtremely low temperatures (close Lo absolute zero), or by using a paramet-
pc amplifier. Since the gain of a parametric amplifier comes from a
resctance vared at a rapid rate, it does not have thermal nowsc.

The thermal noise in a resistor can be represented by adding a thermal
noise voltage source V. in series with the resistor, as shown in Fig. 8-2. The
magnitude of V, is determined from Eq. 8-1. In some cases 1t is preferable to
represent the thermal noise by an equivalent rms noise current generator of
magnitude

[KTH .
1=y (8-2)
R
in parallel with the resistor. This is also shown in Fig. B-2.
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Figure 8-1. Thermal nofse voltage v o function of resivtunce and bandwidih.
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Flgure §-2. Thermal noie in o resistor can be represented in un eguovalent cireuwit as o viltag:
sanrce (center) or a current source (right],

Thermal noisc is a universal function, independent of the composition of
the resistance, For example, a 1000-0) carbon resistor has the same amount
of thermal noise as a 1000-0) tantalum thin-film resistor. An actual resistor
misy have more noise than that due to thermal noise, but never less. This
additional, or excess, noise is due to the presence of other noise sources. A
discussion of noise in actual resistors was given in Chapter 5.

Electric circuit elements can produce thermal noise only if they are
capable of dissipating energy. Therefore a reactance cannot produce thermal
noise. This can be demonstrated by considering the example of a resistor
and capacitor connected, as shown in Fig. 8-3. Here we make the erroncous
assumption that the capacitor generates a thermal noise voltage V.. The
power that generator V. delivers to the resistor is P, = M| FIVL., where
N(f) is some nonzero network function.® The power that generator V),
delivers to the capacitor 15 zero, since the capacitor cannot dissipate power.
For thermodynamic equilibrium the power that the resistor delivers to the
capacitor must equal the power that the capacitor delivers to the resistor.
Otherwise, the temperature of one component increases and the tempera-
ture of the other component decreases. Therefore

B =N =0, (8-3)

The function N{ f) cannot be zero at all frequencies because it is a function
of the network. Voltage V, must therefore be zero, thus demonstrating that
# capdacitor cannot generate thermal noise.

Let us now connect two uncqgual resistors (at the same temperature)
together, as shown in Fig. 5-4, and check for thermodynamic equilibnium.

*In this cxample N[ ) =] jwd/( jo + LRC)VR.

THERMAL MOISE

Latemts (st 1T
[ 1 ]|_ [
| ' I
| | I

l B I 2 )
| ' | |
I | | I
i ' !
Vier | | Vil

| | | |
| Erplis st | Lo =)

21

Figure B-3. An £-C creult can only be in thermodypamic equilibeivm if V) equaly zero.

The power that generator V), delivers to Tesistor B, s

= RZ 1(..
”_(R1+R._,}2 13 H
Substituting Eq. 8-1 for V), gives
_ 4kTBR\R,
¥R R

The power that gencrator V, delivers 1o B, s

R, ;

P.=——-"—7V..
L {RLIHE]Z 12

Substituting Eq. &1 for V, gives

4kTBER,
PR AR

Vip |

s L __1

Figure 8-4. Two resisfors connected in parallel are in thermodynamic eguilibieition,

(8-4)

(8-5)

(8-6)

(8-T)
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Comparing Eq. 85 to Eq. 8-7. we conclude that
P=F,. (8-8)

thus showing that the two resistors are in thermodynamic equilibrium.

The power that generator V), delivers to resistor R, does not have to he
considered in the preceding caleulation. This power comes from and is
dissipated in resistor R,. Thus it produces no net effect on the temperature
ol resistor R, Similarly, the power that generator V,, delivers to resistor &,
need not be considered, '

Let us now consider the case when the two resisiors in Fig. 8-4 are equal
in value, and maximum power transfer occurs between the resistors, We can
then write

(i
P|J;P21=Fn=4_§- (8-9)
Substituting Eq. 8-1 for V, gives
P, = kTE walts . (8-10)

The quantity kTH is referred to as the “available noise power.” At room
temperature (17°C) this noisc power per hertz of bandwidth is 4 % 107" W,
and it is independent of the value of the resistance.

It can be shown {van der Ziel, 1954, p. 17) that the thermal noise
generated by any arbitrary connection of passive clements is equal to the
thermal noise that would be generated by a resistance equal to the real part
of the equivalent network impedance. This fact is useful for calculating the
thermal noise of a complex passive network.

CHARACTERISTICS OF THERMAL NOISE

The frequency distribution of thermal noise power is uniform. For =
specilicd bandwidth anvwhere in the spectrum, the available noise power is
constant and independent of the resistance value. For example, the noise
power in a 100-Hz band between 100 and 200 Hz is equal to the noise power
in a 100-Hx band between 1,000,000 and 1,000,100 Hz. When viewed on &
wideband oscilloscope, thermal noise appears as shown in Fig. 8-5. Such
noise—with a uniform power distribution with respect to frequency—is
called “white noise,” implying that it is made up of many frequency
components. Many noise sources other than thermal noise share this
churucteristic and are similarly referred to as white noise.

Although the tms wvalue for thermal noise is well defined. the in-
stantancous value can only be defined in terms of probability. The in-

CHARACTERISTICS OF THERMAL NOISE =

THERMAL MOISE

TIME, 200 MICROSECONDS PER DIVISION

Figure 8-5. Thermul nowe av seen on o widebond osciflfescope (horizonial sweep 200 wx per
division).

stantincous amplitude of thermal neise has a Gaussian, or normal, distribu-
tion. The average value is zero and the rms value is given by Eq, 8-1, Figure
B-0 shows the probability density function for thermal noise. The probability
ol obtaining an instantancous voltage between any two values is equal to the
integral of the probability density function between the two vilues. The
probability density funciion is greatest at zero magnitude, indicating that
'\"ﬁ]uﬂﬁ MUCHT ALTO ATE MOSE COImITOn.

The crest factor of a waveform is defined as the ratio of the pesk Lo the
rms value. For thermal noise the probability density function, shown in Fig,
8-6. asymptlotically approaches zero Tor both large posilive and large nega-
tive amplitudes. Since the curve never reaches zero, there is no finite limit to

PROBABILITY
DENSITY (&)

L s

e

8 2VrmgP

) Vime y 27

-~

o= 0

Yrms 0 ¥ rms
INSTANTANEDUS MDISE AMPLITUDE

Flgure 8.6, Probabilioe deasity funciion for thermal noise {(Gaussian diveribuiion)).
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Table B-1 Crest Factors for Thermal Noise

Percent of Time Peak Crest Factor
Exceeded {peak/rms)

L 2.6

0.1 i

0.1 3.8

0.0m 4.4

0007 4.9

the magnitude of the instantaneous noise voltage. On this basis the crest
factor would be infinite, which is not a very useful tesult, A more usctul
result is obtained if we calculate the crest factor for peaks that occur at leas;
a specified percentage of the time. Tablz &1 shows the results. Normally.
only peaks that occur at least 0,015 of the time are considered, and a crest
factor of approximately 4 is wsed for thermal nodse.

EQUIVALENT NOISE BANDWIDTH

The noise bandwidth £ is the voltage-gain-squared bandwidth of the system
or circuit being considered. The noise bandwidth is defined for a system with
uniform gain throughout the passband and zero gain outside the passband,
Figurce 8-7 shows this ideal response for a low pass circuit and a bandpass
clreuit.

Practical circuits do not have these ideal characteristics but have ro-
sponses similar to those shown in Fig. 88, The problem then is to find an
equivalent noise bandwidth that can be used in cquations to give the same
results as the actual nonideal bandwidth does in practice. In the case of a
white noise source (ecqual noise power for a specified bandwidth anywhere in
the spectrum), the objective is met if the area under the cquivalent noise

SOUAHED

LOW PASS BAND
PASS

VOLTAGE GalN

FREQUENCY

Figure §8-7. fdeal bandwidth of low-pasy and band-pasy cirowil elements.
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Figure 8-8. Actual bandwidth of low-pass and band-puss circuit elemenss

bandwidth curve is made equal to the area under the actual curve. This is
shown in Fig. &9 for a low pass circuit.

For any network transfer function, A{f) (expressed as z voltage or
current ratio), there is an eguivalent noise bandwidth with constant mag-
nitude of transmission A, and bandwidth of

1 ? i
B=rip [ 14chFar. (8-11)

A typical bandpass function is shown in Fig. 8-10. A is ususlly taken as the
maximum absolute value of A( ).

NCISE
BANDWIDTH

— — ~— — EQUAL
/ AREAS

ACTUAL
.~ RESPONSE

VOLTAGE GAIN SQUARED

FREQUENCY

Figure 9. Acwwal response and equivalent notse bandwidth for low-pass circuir. This curve ix
drawn with a fnear scule.
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Figure 8-10. Any network transfer function can be expressed a5 an equivalent bancwidh wit
cormstarnt fronsmission ratio.

Example 8-1. Calculate the equivalent noise bandwidth for the simple 8-
circuit of Fig, 8-11. The voltage gain of this single pole (lime constant)
circuit versus frequency is

f N
A Frh (8-12)

where
1 :
h=77rc 8-+

Frequency [, is where the voltage pain is down 3 dB, as shown in Fig. 8-11.
At f=10, A{f)= A, =1. Substituting Eqg. §-12 into Eq, 8-11 gives

o
A 0dB -1
=
L
i c Vg o - B0B/DCTAVE
] i
l = =
| " ewRc
D LY
= 1 =
FREQUENCY

SCHEMATIC TRANSFER FUNCTION

Figure B-11. A-C circuil.
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= 2 f;_-l 2
=] |===) df (8-14a)

| L)
B =.fﬁJU (fa+foy dr. (8-14b)

This can be integrated by letting f= f, tan #; therefore, df = f, sec® § db.
Making this substitution into Eq. 3-14b gives

i
H=_ﬁ]L daé (B-13)
[ntegrating gives

B=3 fo- (8-16)

Therefore the cquivalent noise bandwidth for this circuit is #/2 or 1.57
times the 3-dB voltage bandwidth f. This result can be applicd to any circuit
that can be represented as a single-pole, low-pass filter. This result is also
applicable to certain active devices, such as transistors, which can be
modeled as single-pole, low-pass circuits.

Table 8-2 gives the ratio of the noise bandwidth to the 3-dB bandwidth
for circuits with various numbers of identical poles. As can be scen, when
the number of poles inerease, the noise bandwidth spproaches the 3-dB
bandwidth. In the case of three or more poles the 3-dB bandwidth can be
used in place of the noise bandwidth with only a small error.

A second method of determining noise bandwidth is to perform the
integration graphically. This is done by plotting the voltage-gain-squared
versus frequency on linear graph paper. A noise bandwidth rectangle is then
drawn such that the area under the noise bandwidth curve is equal to the
area under the actual curve, as shown in Fig. 8-%.

Tahle 8-2 Ratio of the Nolse Bandwidth B to the 3-dB
Bandwidth £,
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Raolloff (dB per Octave)
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SHOT NOISE

Shot noise is associated with current flow across a potential barrer, It is due
to the fluctuation of current around an average value resulting from the
random emission of clectrons (or holes). This noise is present in both
vacuum tubes and semiconductors. In vacuwm tubes, shot noise comes from
the random emission of electrons from the cathode. In semiconductors, shot
noise is due to random diffusion of carriers through the base of a transistor
and the random generation and recombination of hole electron pairs.

The shot effect was analyzed theorctically by W. Schottky in 1918, He
showed that the rms noisc current was equal to (van der Ziel, 1954, p. 91}

Ly=V3igl, B, (8-17)

where

g = clectron charge (1.6 % 107" coulombs) |
I, = average dc current (A},

A = noise bandwidth (Hz)

Equation 8-17 is similar in form to Eq. 8-2. The power density for shot noisc
is constant with frequency and the amplitude has a Gaussian distribution.
The noise is white noise and has the same characteristic as previously
described for thermal noise. Dividing Eq. 8-17 by the square oot of the
bandwidih pives

jﬁ—% =2gl,, =566 x107"/T, . (8-18)

In Eq. 8-18 the noise current per square root of bandwidth is only a function
of the de current flowing through the device. Thercfore, by measuring the de
current through the device, the amount of noise can be very accurately
determined.

In making amplificr noise figure measurements (as discussed in Chapter
9), the availability of a varable source of white noisc can considerably
simplify the measurement. A diode can be used as a white noise source. If
shot naise is the predominant noise source i the diode, the rms value of the
noise current can be determined simply by measuring the de current through
the diode,

CONTACT NOISE

Contact noise is causcd by fluctuating conductivity due to an imperfect
contact between two materials. It oceurs anywhere when two conductors are
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joined together, such as in switches and relay contacts. It also occurs in
transistors and diodes, due to imperfect contacts, and in composition
resistors and carbon microphones that are composed of many small particles
molded together,

Contact noise is also called by many other names. When found in
resistors, it is referred to as “excess noisc.” When observed in vacuum
tubes, it is usually referred to as “flicker noise.” Due to its unique frequency
characteristic it is often called “1/f noise,” or “low-frequency noise,”

Contact noise is directly proportional to the value of direct current, The
power density varies as the reciprocal of frequency (1/f) and the magnitude
is Gaussian. The noise current [, per square toot of bandwidth can be
expressed approximately (van der Ziel, 1954, p. 209) as

K 'rr.l' &

!
L = a.
B ' (8-19)

L

where

I,. = average value of dc current {A),
f= frequency (Hz),
K = a constant that depends on the type of matenal and its geometry,

B =bandwidth in hertz centered about the frequency ().

It should be noted that the magnitude of contact noise can become very
large at low frequencies due to its 1/f characteristic. Most of the theores
advanced to account for contact noise predict that at some low frequencies
the amplitude becomes constant. However, measurements of contact noise
at frequencies as low as a few cycles per day still show the 1/f characteristic.
Due to its frequency characteristics, contact noise is usually the most
important noise source in low-frequency circuits.

POPCORN NOISE

Popcorn noise, also called burst noise, was first discovered in semiconductor
diodes und has recently resppeared in integrated circuits. If burst noise is
amplified and fed into a loudspeaker, it sounds like corn popping, with
thermal noise providing a background frying sound—thus the name popeorn
noise.

Unlike the other noise sources discussed in this chapter, popeorn noise is
due to a manufacturing defect, and it can be eliminated by improved
manufacturing processes. This noise is caused by a defect in the junction,
usually a metallic impurity, of a semiconductor device. Popcorn noise occurs
in bursts and causes a discrete change in level, as shown in Fig. 8-12. The



240 & -+ INTRINSIC NOISE S0URCES

+ THERMAL
S MOISE

MOISE WOLTAGE

TIME, 20 MILLISECONDS PER DIVISION

Figure §-12. Ouipuf waveform of an 10 ap-amp with popeorn neise. The random noise on the
haseling and ai the fop of the burse i thermal noise.

width of the noise bursts varies from microseconds to seconds. The repe-
tition rate, which is not periodic, varics from several hundred pulses per
second to less than one pulse per minutz. For any particular sample of 4
device. however, the amplitude is fixed since it i1s a function of the
churacteristics of the junction defect. Typically, the amplitude is from 2110
times the thermal noisc.

The power density of popcorn noise has u 1/f" characteristic, where » is
typically two. Since the noisc is a current-related phenomenon, popoosn
noise voltuge 1 greatest in a high-impedance circuit, for cxample, the input
circuit of an operational amplifier.

ADDITION OF NOISE VOLTAGES

Noise voltages, or currents, produced independently with no relationships
between each other are uncorrelated. When uncorrelated noise sources are
added together, the total power is equal to the sum of the individual powers.
Adding two noise voltage generators V, and V.. together on a powcr basis.
gives

2

Vi =¥+ V5. (8-20)

tatal =
The total noise voltage can then be writlen s
o e iy
Vi =Y V1 + V5. (8-21)

Therefore uncorrelated noise voltages can be added by taking the sgquare
root of the sum of the squares of the individual noise voltages.
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Two correlated noise voltages can be added by using

Vi = VVI+ VI 29V V,, (8-22)

where v is & correlation coefficient that can have any value from +1 o —1.
When y equals 0, the voltages are uncorrelated; when |y| equals 1, the
voltages are tolally correlated. For values of v between 0 and +1 or (] and
—1 the voltages are partially correlated.

MEASURING RANDOM NOISE

MNopise measurements are usually made at the output of a circuit or amplifier,
This 15 done for two reasons: (1) the outpul noise is larger and therefore
gasicr to read on the meter, and (2) it avoids the possibility of the noise
meter upsetting the shiclding, grounding, or balancing of the input circuit of
the device being measured. If a value of cquivalent input noise is required,
the output noise 15 measured and divided by the circuit gain to obtain the
equivalent input noise.

Since most meters were intended to measure sinusoidal voltages. their
Tesponse to a random noise source must be investigated. Three general
requirements for a noisec meter are (1) it should respond to noise power, (2)
it should have a crest factor of four or greater, and (3) its bandwidth should
be at least ten times the noise bandwidth of the circuit being measured. We
will now consider the tesponse of various types of meters when used to
measure white noise,

A true rms meter is obviously the best choice, provided its bandwidth and
crest factor are sufficient. A erest factor of three provides less than 1.5%
error, whereas a crest factor of four gives an error of less than (05% No
correction to the meter indication is required.

The most common ac voltmeter responds to the average value of the
waveform but has a scale calibrated to read rms. This meter uses a rectifier
and a dc meter movement o respond to the average value of the waveform
being measured. For a sine wave, the rms value is 1.11 times the average
value. Therefore the meter scale is calibrated to read 1.11 times the
measured value. For white noise. however, the rms value is 1.25 times the
average value. Therefore, when used to measure white noise, an average-
responding meter reads oo low. If the bandwidth and crest factor are
sufficient, such a meter may be used to measure white noise by multiplying
the meter reading by 1.13 or by adding 1.1 dB. Measurements should be
made on the lower half of the meter scale to avoid clipping the peaks of the
noise waveform.

Peak-responding volimeters should not be wsed to measure noise since
their response depends on the charge and discharge time constants of the
individual meter used.
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Table 8-3 Characteristics of Meters Used to Measure White Moizea

Type of Meter Correction Factor Remarks

True rms Mone Meter bandwidth greater
than ten times noise
bandwideh, and meter crest

factor 3 or greater.

BMS calibrated Multiply reading by Meter bandwidth greater
average responding 1.13 or add 1.1dR than ten times noise
bandwidth, and meter crest
factor 3 or greater.
Read below one-half
seale 1o avoid clipping
peaks,

RMS calibrated Do not use
peak responding

Oseilloscope BMS =3 Waveshape can be observed
peak-to-peak to be sure it is random
value noise and not pickup.

Ignore ovcasional, exlreme
peaks.

An oscilloscope 15 an often overlooked, but excellent, device for measur-
ing white noise. One advantage it has over all other indicators is that the
waveshape being measured can be seen. In this way vou can be sure thul
you are measuring the desired random neise, not pickup or 6i-Hz hum. The
rms value of white noise is approximately equal to the peak-to-peak valoc
taken from the oscilloscope, divided by eight.™ When determining the
peak-to-peak value on the oscilloscope, one or two peaks that are consid-
erably greater than the rest of the waveform should be ignored. With a hittle
experience, rms values can be accurately determined by this method. With
an oscilloscope, random noise can be measured cven when 60-Hz hum or
other nonrandom noise sourccs are present, since the waveforms can be
distinguished and measured separately on the display.

Table 83 summarizes the characteristics of various types of meters when
used to measure white noise,

SUMMARY

e Thermal noise is present in all elements containing resistance.
e A reactance does not generate thermal noise.

*This assumes a crest factor of 4 for white noise,
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s The thermal noise in any connection of passive elements is equal to the
thermal noise that would be generated in a resistance equal to the real
part of the equivalent network impedance.

» Shot neisc is produced by current flow across a potential barrier.

Contact noise (1/f noise) is present whenever current flows through a

nonhomogeneous material,

Contact noise is only a problem at low freguencies.

Popeorn noise can be eliminated by improved manufacturing processes.
The noisc bandwidth is greater than the 3-dB bandwidth.

As the number of poles (time constants) increase, the noise bandwidth
approaches the 3-dB bandwidth.

The crest factor for thermal noise is normally assumed to be four.

e Uncorrelated noise voltages add on a power basis; therefore

T

l'xwml =‘|.|||.."]f;f_v§ L

moT
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O ACTIVE DEVICE NOISE

Bipolur transistors, field effect transistors (FETs), and integrated circuir
operational amplifiers (op-amps) have inherent noise generation mech-
anisms. This chapter discusses these internal noise sources and shows the
conditions necessary o aptimize noise performance.

Before covering active device noise, the general topics of how noise js
specified and measured are presented. This general analysis provides gz
standard set of noise parumeters that can then be used Lo analvee noise in
various devices., The common methods of specifying device noise arce {1
noise factor and (2) the wse of a noise voltage and current model,

MOISE FACTOR

The concept of noise factor was developed in the 19405 as a method ol
evaluating noise in vacuum tubes, In spite of several serious limitations. the
concept is still widely used today.

The noise factor (F) is a quantity that compares the noise performance of
# device to that of an ideal (noiseless) device. It can be defined as

Moise power output of setual deviee (P ) ;
F= - : e (9-1)
Noise power output of ideal device

The noise power output of an ideal device is due to the thermal noise power
of the source resistance. The standard temperature for measuring the source
noise power is 297K, Therefore the noise factor can be written as

. MNoise power output of setusl device (P,)

= [9-2]
Power output due to source nolse ¢

An eguivalent definition of noise fuctor is the input signal-to-noise ratio
divided by the output signal-to-noise ratio

Rt (9-3)

]

These signal-to-noise ratios must be power ratios unless the input impedance
is equal to the load impedance. in which case they can be voltage squared.
current squared. or power ratios.
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All noise factor measurements must be taken with a resistive source, as
shown in Fig, 9-1. The open aircuil input noise voltage is therefore just the
thermal noise of the source resistance K, or

V,=VAkTBR,_ . (9-4)
At 290°K., this is
V.=\1.6x107"BR, . (9-5)

If the device has a voltage gain /A, defined as the ratio of the output voltuge
measured across R, to the open circuit source voltage, then the component
of output voltage due to the thermal noise in R, is AV, Using V,_ for the
total output noise voltage measured across R, . the noise factor can be
written as

r (Hmjz':R.r.
=R, 3:6)
or
vy
—Lr{;:;: : (9-7)

V., includes the effects of both the source noise and the device noise.

Substituting Eq. Y-4 into Eq. 9-7 gives

(v,.r
R L. Y 9-8
4kTHBR A° &)

The following three characteristics of noise factor can be seen by examining
Eq. 9-8:

1. It is independent of load resistance R .
2. It does depend on soutce resistance R .

3. If a device were completely noiscless, the noise factor would equal
one.

DEVICE

W
As WITH AL na
VOLTAGE GAIM &

Figure 9-1. Hesiwive source iv wsed for modse focior smgasuremeants.
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MNoise factor expressed in decibels is called noise figure (NF) and is equal
T

NF=10log I . (9-9)

In a qualitative sense noise figure and noise factor are the same, and in
casual conversation they are often interchanged.

Due to the bandwidth term in the denominator of Eq. 9-8, there are two
ways to specify the noise factor: (1) a spot noise, measured at a specificd
frequency over a 1-Hz bandwidth, or (2) an integrated, or aversge noise,
measured over a specified bandwidth. If the device noise is “white” and 15
generated prior to the bandwidth-limiting portion of the circuit both the spot
and integrated noise factors are equal. This is because, as the bandwidth is
increased, both the total noise and the source noise increase by the same
factor.

The concept of noise factor has three major limitations:

1. Increasing the source resistance may decrease the noise factor while
increasing the total noise in the cireuit.

2. If a purely reactive source is used, nuise factor is meaningless since the
source moisc 18 zero, making the noise factor infinite.

3. When the device noise is oaly a small percentage of the source thermal
noise (as with some low noise FETs), the noise factor requires taking
the ratio of two almost cqual numbers., This can produce inaccurate
results.

A direct comparison of two noise factors 15 only meaningful if both are
measured at the same source resistance. Noise factor varies with the bias
conditions, frequency, and temperature as well as source resistance, and all
of these should be defined when specifying noise factor.

Knowing the noise factor for one value of source resistance does nol
allow the calculation of the noise factor at other values of resistance. This is
because both the source noise and device aoise vary as the source resistance
s changed.

MEASUREMENT OF NOISE FACTOR

A better understanding of noise factor can be obtained by describing the
methods used to measure it. Two methods follow: (1) the single-frequency
method, and (2) the noise-diode, or white noise, method.

The test set up for the single-frequency method is shown in Fig. %-2. Vi is
an oscillator set to the frequency of the measurement, and R, is the source
resistance. With the source V, turned off, the output rms noisc voltage V15
measured, This voltage consists of two parts: the first due to the thermal

MEASUREMENT OF NOISE FAGTOR i
AN 3
A, DEVICE | !
v, WITH VOLTAGE Ay Vo
GAIN A l

Figure 9-2. Single-frequency method for measuring nole Juctor.

noise voltage V, of the source resistor, and the second due to the noise in the
device,

V., =\{AV ) + (Device noise)’ . (9-10)

Mext, the generator V, is turned on, and an input signal 15 applied until
the output power doubles (oulput tms voltage increases by 3 dB over that
previously mcasured). Under these conditions the following equation is
satisfied

(AV.Y + (V)Y =2Vi, (9-11)

My ¥

therclore
AI'(; = V:llr.l ¥ {g_iz}

Substituting Eq. 312 into Eg. 9-7 gives

F= (—’)1. (9-13)

Substituting from Eq. 9-5 for V| produces

V‘l
F=1Tex 107BR, (=14
Simce the noise factor is not a function of K, any value of load resistor can
be used for the measurment.

The disadvantage of this method s that the noise bandwidth of the
device™ must be known.

A better method of measuring noise factor is Lo use a noise diode as a
white noise source. The measurning cireuit is shown in Fig. 9-3. [, s the
direct current through the noise diode, and R, is the source resistance. The
shot noise in the diode is

L,=V32x107", B, (9-15)

*1t should be remembered that the noise bandwidth s wsually net equal to the 3-dB Bandwidth
(sce Chapter 8).
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Figure 9-3. Nyise-diode method of meaiuring goise factor,

Using Thevenin’s theorem, the shot-noise current generator can be replaced
by a voltage generator V,, in series with R, where

Vv, =1

x

R.. (9-16)

T

The rms noise voltage output V,, is first measured with the diode current
equal to zero. This voltage consists of two parts: that due to the thermal
noise of the source tesistor, and that duc o the noise in the device:

Therefore

V,, = V(AV,)’ + (Device noise)” . (9-17)
Diode current is then allowed to flow and is increased until the output

conditions the following equation is satisfied:

(VL) +(V,,) =2(V,, ) (9-18)
therefore
V., =AV,=AlR_. (9-19]
Substituting V,, from Eq. 9-19 into Eq. 9-7, gives
o) 0
Substituting Egs. 9-15 and 9-5 for 1, and V|, respectively, gives
F=201, 8, . (9-21)

The noise factor is now a function of only the direct current through the
diode, and the value ol the source resistance, Both of these gquantities are
casily measured. Neither the gain nor the noise bandwidth of the device
need be known.

—
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CALCULATING S/N RATIO AND INPUT NOISE
VOLTAGE FROM NOQISE FACTOR

Once noise factor s known, it can be used to calculate the signal-to-noise
ratio and the input noisc voltage. For these caleulations il is important that
the source resistance used in the circuit be the same as that used to muke the
noise factor measurement. Rearranging Eq. 9-8 gives

V.. = AV4ETEBR F . {9-22)
If the input signal is V,, the output signal voltage is ¥, = AV, Therefore the
output signal-to-noise power ratio is

5 F-; eral
Ha _ " sgnal 073
-'"'".,_, Pmiﬂ . {L-} ‘-“3'}
0ar
5 CAV G
=£ = 2 Q.24
I;""‘Irl'l ( 1”:“!’.1-::| { l}
Using Eq. 9-22 to substitute for V,,
5 (v.y
= 0.25
N, 4kTBR.F ( )

Signal-to-noise ratio, as used in Eqs. 9-23, 9-24, and 9-25. refers to a
power ratio. However, signal-to-noise is sometimes expressed us a voltage
ratio, Care should be taken as to whether a specificd signal-to-noise ratio iz
a power or voltage ratio, since the two are not numerically equal. When
expressed in decibels, the power signal-to-noise ratio is 10 log (5, /N, ).

Another useful quantity is the total equivalent input noise voltage (V,, ),
which is the output noise voltage (Eq. 9-22) divided by the gain

.V.'m AT ooD o
V, =—2 =\3kTBR.F .

=t (9-26)

The total equivalent input noise voltage is a single noise source Lhat
represents the total noise in the circuit. For aptimum noise performunce, V,,
should be minimized. Minimizing V,_ is equivalent to maximizing the
sipnal-to-noise tatio, provided the signal voltage remains constant. This is
discussed further in the section on optimum source Tesistance.

The equivalent input noise voltage consists of two parts, one due to the
thermal noise of the source and the other due to the device noise.
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Representing the device noise by V, ;. we can write the total cquivalent
input noise voltage as

.ur M{V} +|: diad fq-ZTJ

where V, is the open circuit thermal noise voltage of the source resistance.
Solving Eq. 9-27 for V,, gives

Vi = V¥, P = (V) {9-28)
Substituting Eqs. 9-4 and 9-26 into Eq. 9-18 gives
4= Vrm ' {9-29)

NOQISE VOLTAGE AND CURRENT MODEL

A more recent approach, and one that overcomes the limitations of noise
fuctor, is to model the noise in terms of an equivalent noise voltage und
current. The actual network can be modeled as a noise-free device with two
noise penerators, V), and [, connected to the input side of a network, as
shown in Fig. 9-4, V_represents the device noise that exists when R, cquals
zero, and [ represents the additional device noise that occurs when R, does
not equal zero. The use of these two noise generators plus a complex
correlation coefficient (not shown) completely characterizes the noise per-
formance of the device (Rothe and Dahlke 1956), Although V) and [, are
normally correlated to some degree, values for the correlation coefficicnt
are seldom given on manufacturers data sheets. In addition the typical
spread of values of V, and I, for a device normally overshadows the effect uf
the correlation coefficient. Therefore it is common practice to assume the
correlation coefficient is equal to zero. This will be done in the remainder of
this chapter.

Figure 9-3 shows representative curves of noise voltage and noise current.
As can be seen in Fig. 9-3, the data normally consist of 4 plotof V, /v "B and
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Figure 9-4. A noity nefwork modeled by the addition af an inpui roise volrage and current
SEITTE.
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Figure 9-5. Typical noise vollage VB and moive current 1’.,.-".-:5 CHrves.

I."'B versus frequency. The noise voltage or current over & band of
frequencies can be found by integrating [V, VB or [I,WB] versus
frequency and then taking the square root of the result. In the case when
V. VB or I,/ B is constant over the desired bandwidth, the total noise
valmg,r: or current can be found simply by multiplving V| ’\f’_ﬁ or I,A'B by
the square root of the bandwidth.

Using these curves and the equivalent circuit of Fig. 9-4. the total
equivalent input noise voltage, signal-to-noise ratio, or noise factor for any
circuit can be determined. This can be done for any source impedance.
resistive or reactive, and across any frequency spectrum. The device must,
however, he operated at or near the bias conditions for which the curves are
specified. Quite often, additional curves are given showing the variation of
these noise penerators with bias points. With a set of these curves the noisc
performance of the device is completely specified under all operating
conditions.

The representation of noise data in terms of the equivalent parameters V,
and I can be used for any device. Field effect transistors and op-amps are
usually specified in this manner. Some bipolar transistor manufacturers are
also beginning to use the V. —I, parameters instcad of noise fuctor.

The total cquivalent input noisc voltage of a device is an Important
parameter. Assuming no correlation between noise sources, this voltage.
which combines the affect of ¥, [, and the thermal noise of the source, can
be written as

V., =V4kTBR, + V. + (LR}, (9-30)

where V, and I, are the noise voltage and noise current over the bandwidth
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. For optimum noise performance the total noise vaoltage represented by
Eq. 9-30 should be minimized. This is discussed further in the optirum
source resistance section.

The total equivalent input voltige per square root of bandwidth can be
Written as

% — \akTR, + L;‘:E) a i%) (9-31)

The equivalent input noise voltage due to the device noise only can be
cilculated by subtracting the thermal noise component from Eqg. 9-30. The
equivalent input device noise then becomes

Vi SV EFHLRY (9-32)

Figure 9-6 is a plot of the total equivalert noise voltage per square root ol
the bandwidth for a typical low-noise bipolar trunsistor, junction ficld effect
tramsistor, and op-amp. The thermal noise voltage generated by the source
resistance is also shown. The thermal noise curve places a lower limit on the
total input noise voltage. As can be scen [rom this figure, when the source
resistance is berween 10,000 £} and 1 M{}, this FET has a total noise voltage
only slightly greater than the thermal noise in the source resistance. On the
basis of noise this FET approaches an ideal deviece when the source
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resislance is in this range. With low source resistance, however, a bipolar
transistor generally has less noise than an FET. In most cases the op-amp
has more noise than cither of the other devices, The reasons for this are
discussed in the section on op-amp noise.

MEASURMENT OF V, AND I,

It is a relatively simple matter to measure the parameters V, and [ for a
device, The method can best be described by referring o Fig, 9-4 and
recalling from Eq. 3-30 that the total equivalent noise voltage V, 1s

V. =\3kTBR, + V2 + (LR.) . (9-33)

To determine V,, the source resistance is set equal to zero, causing two
terms in Eq. 933 0 equal zero, and the output noise voltage V,, is
measurcd. IF the voltage gain of the circult is A,

V., =AYV = AV | for R, =11, (-3

nap I,

The equivalent input noise voltage is

¥ i
Vo= = for R, =10. (9-33)
} A

To measure [, a sccond measurement is made with a very large source
resistance. The source resistance should be large enough so that the first two
terms in Eg. 9-33 are negligible. This will be true if the measured output
noise voltage V,, is

L

V= AVAKTBR, + V],

Under these conditions the ecquivalent input noise current is

1= ;R_: . for R, large. (9-36)

CALCULATING NOISE FACTOR AND S/N RATIO
FROM V-1,

Knowing the equivalent input noise voltage V. the current I, and lF‘u:
source resistance R,, the noise factor can be caleulated by referring to Fig.
9-4, This derivation is left as a problem in Appendix D. The result is

s
Ve + Iiﬁ‘]) ; (9-37)

F—"m(ﬁ_‘ _.



254 g - AGCTIVE DEVICE NOISE

where V_ and I, are the cquivalent input noise vultage and current over the
bandwidth B of interest.

The value of R, producing the minimum noise factor can be determined
from Eq. 9-37 by differentiating it with respect to R,. The resulting £ for
minimum noise factor is :

Ri=igt (9-38)

It Eq. 9-38 is substituted back into Eq. 937, the minimum noise factor can
he determined and s

V1 In"l

Fuin =17 5378 - (#:39)

min

=1

The output power signal-to-noise ratio can also be calculated from the
aircuit of Fig, 9-4. This derivation is left as a problem in Appendix D. The
result is

S, _ (V)

N, (V. + (LR, ) ~4kTBR, el

where V| is the input signul voltage.
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OPTIMUM SCURCE RESISTANCE o

For constunt V, maximum signal-to-noise ratio occurs when R, =1}, and 1z

T

. (?V) _ (9-41)
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It should be noted that when V, is constant and R, is variable minimum
noise factor occurs when R, =V /[ . but maximum signal-to-noise ratio
occurs at R, =0. Minimum noise factor thercfore does not necessarily
represent maximum signal-to-noise ratio or minimum noise. This can best be
understood by referring to Fig. 9-7, which is a plot of the total equivilent
input noise voltage V, for a typical device. When R, =V, //_. the ratio of the
device noise to the thermal noise is & mimmum. However, the device noise
and the thermal noise are both minimum when R, = 0. Although minimum
equivalent input noise voltage (and maximum signal-to-noise ratio) occurs
mathematically at R, = 0, there is actually # range of values of R, over which
it is almost constant, as shown in Fig. 9-7. In this range, V), of the device s
the predominant nmse source. For large values of source resistance, [ is the
predominant noise source,

OPTIMUM SOURCE RESISTANCE

Since the maximum signal-to-noise ratio occurs at £, =1 and minimum
noise factor occurs at R, =V, /f,, the question of what is the optimum
source resistance for the best noise performance arises, The requirement of
4 yoro resislance source is impractical since all actual sources have a finite
source resistance. However, as was shown in Fig. 9-7, as long as R _is small
there is a range of values over which the total noise vollage is almost
constant.

In practice, the cireuit designer does not always have control over the
source resistance. A source of fixed resistance is used for one reason or
another. The question then arisces as to whether this source resistance should
be transformed to the value that produces minimum noise factor. The
answer to this question depends on how the transformation is made.

If the actual source resistance is less than R, =V, /1, a physical resistor
should not be inserted in series with A, to increase the resistance. To do this
would produce three detrimental effects:

1. It increases the thermal noise due to the larger source Tesistance. (This
. 1 - S
increase 15 proportional o VR,

[

It increases the nose due to the current from the inpul noise current
eenerator flowing through the larger resistor. (This increase is propor-
tional to K.)

3. It decreases the smount of the signal getting to the amplifier.
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The noise performunce can, however, be improved by using a trans-
former to effectively raise the value of R, 10 a value closer to R =V, /] |
thus minimizing the noise produced by the device. At the same lime the
signal voltage is stepped up by the turns ratio of the transformer. This effect
is cancelled by the fact that the thermal noise voltage of the source
resistance is also stepped up by the same factor. There is, however, a net
increase in signal-to-noise ratio when this is done,

If the actual source resistance is greater than that required for minimum
noise factor, noise performance can still be improved by transforming the
higher value of R, to a valuc closer to K, =V, /I . The noise will, however.
be greater than if a lower-impedance source were used.

For optimum noise peformance, the lowest possible souwrce impedance
should be used. Once this is decided. noise performance can be further
improved by transformer coupling this source to match the impedance
R, =V /I,

The improvement in signal-to-noise ratio that is possible by using
trunsformer can best be scen by rewriting Eq. 9-3 as

s 1 (85; o
N —;-Lg}- (9-42)

Assuming 4 fixed source resistance, adding an ideal transformer of any turns
ratio does not change the input signal-to-noise ratin. With the input
signal-to-noise ratio fixed, the output signal-to-noise ratio will be maximized
when the noisc factor Fis a minimum. Fis a minimum when the device sces
a source resistance R, =V, /I,. Therefore transformer coupling the actual
source resistance minimizes Foand maximizes the output signal-to-noise
ratio. If the value of the source resistance is not fixed. choosing R, to
minimize F does not necessarily produce optimum noise performance.
However, for a given source resistance £, the least noisy cireuit is the one
with the smallest F.

When using transformer coupling, thermal noise in the transformer
winding must be accounted for. This can be done by adding to the source
resistance the primary winding resistance, plus the secondary winding
resistance divided by the square of turns ratio. The turns ratio is defined as
the number of turns of the sceondary divided by the number of turns of the
primary. Despite this additional noise introduced by the transformer, the
signal-to-noise ratio is normally increased sufficiently to justify using the
transtormer if the actual source resistance is more than an order of
magnitude different than the optimum source resistance.

Another source of noise to consider when using a transformer is its
sensitivity to pickup from muignetic fields. Shielding the transformer is often
necessary to reduce this pickup 1o an acceprable level,

The improvement in signal-to-noise ratio due to transformer coupling can
be expressed in terms of the signal-to-noise improvement (SN1) fuctor

HOISE FACTOR OF CASCADED STAGES .

defined as

(5/N) using trunsformer
{§/N) without transformer

SNT = (9-43)

It can be shown that the signal-to-noise improvement factor can ulso be
cxpressed in a more useful form as

{ ) without tranformer
SNI= : -
i F) with transformer

(9-44)

NOISE FACTOR OF CASCADED STAGES

Signal-to-noise ratio and lotal eguivalent input noise voltage should be used
in designing the components of a system for optimum noise performance.
Once the components of a system have been designed, it is usually advan-
tageous to express the noise performance of the individual components in
terms of noise factor. The noise factor of the various components can then
be combined as follows,

The overall noise factor of a series of networks connected in cascade (see
Fig. 9-8) was shown by Friis (1944) to be

F'F+’--:_]'F3_1+ I fo—1
T G, GG, GGGy

(9-43)
where F| und (7, are the neise factor and available power gain® of the first
stage, F,, (7, are those of the second stage.

Equaiion .45 clearly shows the important fact that with sufficient gain 7,
in the first stage of o system, the wial noise factor is primarily derermined by
the noise factor F, of the firsr stage.

Example 9-1. Figure 9-9 shows a number of identical amplifiers operating
in cascade on a transmission line, Each amplifier has an available power gain

NETWORK 1 METWORK 2 NETWORK m
GAIN=Gy GAIN=Gg wim GAIN=Gr
As
MOISE MOISE MNOISE
FACTOR=F, FAETDR—FM—- "8 p e FACTOR=F

Figure 3-8, MNetworks in cascade.

G = A'RJR,, where A is the ppen-circuit voltage gain (open-circuit autpul vollage divided by
souree voltage). &) is the source resistance, and K s the network oulpel impedance.
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: METWORK | NETWORK | NETWORK | ! meTWoRK | KETWORK |
| 1 2 | 3 | 1 - | m I
| ' | l | l |
| I | l [ : |
| | | |
| | |
| | |
I I LA R I 'y
I
| | | |
| | I ! | |
GAlN—= | [ : e o5 | l e : s
I i |
]
NOISE FACTOH—= : F S - : F I I & E l
| |

Figure 3-8, Amplifiers equally sparea oh @ fransmission fine.

G, and the amplifiers arc spaced so the loss in the section of cable between
amplifiers is also G. This type of arrangement can be used in a telephone
trunk circuit or g CATV distribution system. The amplifiers have an
aviilable power gain cqual to & and a noise fsctor F. The cable sections
have un insertion gain 1/(7 and a noise factor (7.* Equation 9-45 then
becomes

coni ki — % adf=F Gl F=l F—1
¥ = | 4+ — it T i |
= F & T T =y {(9-44)
— 1 . 1
F=Ftl- Gt F-ltl-s+F-1+ 4 F=1.  (9:47)
For K amplifiers and R — 1 cable sections,
s K—1
Fo=KF— (9-48)
(7 :
If FG#=1,
F,.=KF. (49-49)
The overall noise figure cquals
(NF),=10log FF + I log K . (9-30)

The overall noise figure therefore cquals the noise figure of the first
amplifier plus ten times the logarithm of the number of stages. Another way
of looking at this is that every time the number of stages is doubled. the

*This ean be derived hy applying the basic noise factor definition (Hg. 9-1) 1 the cable section.
The cable is considered a matched transmission line operating al its characteristic impedance.

|
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noise figure increases by 3dB, This limits the maximum number of am-
plifiers thut can be cascaded.

Example %-2. Figure 9-10 shows an anténna gonnecled to a TV sct by a
section of 300-02 matched transmission line. If the transmission line has 6 dB
of insertion loss and the TV set has a noise figure of 14dB, what signal
voltage is required at the antenna terminal for a 40-dB signal-to-noise ratio
at the terminals of the TV set? To solve this problem, all the noise sources
in the system are converted to equivalent noise voltages al one point, in this
case the input to the TV set. The noise voltages cun then be combined, ':tjnd
the appropriate signal level needed to produce the required signal-to-noise
ratio can he calculated. _

The thermal noise at the input of the TV set due to a 300-{} inpul
impedance with a 4-MHz bandwidth is —533.2dBmV (2.2 uW1LF Since t_he
TV set adds 14 dB of noise to the input thermal noise. the total input noise
level is —39.2dBmVY (thermal noise voltage in dB + noisc figure). Since a
signal-to-noise ratio of 40 dB is required. the signal voltage at thrle, amp_liﬁ-._:r
input must be +0.5 dBmV (total input noise in dB + signal-to-nmse ratio in

ANTENNA

=21 mY¥ REQLIRED

- — — 3001 MATCHED
TRANSMISSION LIME,
BdE TOTAL LOSS

~1.08 mv REQUIRED
/!

— ]

40 dB SIGMAL-

T0-
NQISE RATIO

oooo a

L=

{NQISE FIGURE 14 dB)

Figure 8-10. TV ser connected to anlennd,

*The open cireuit noise voltage al room temperature (290°K) for a 300-01 resistor and a 4-MHz
bandwideh is 4.4 oV, When this source is connected 1o 2 30008 load, it delivers one-hzif of this
voltage, or 2.2 oW, 1o the [oad.
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dB). The transmission line has 6 dB of loss, so the signal voltage at the
antenna terminal must be +6.5dBmV or 2.1 mV, To be able o add terms
directly. as in this cxample, all the guantitics must be referenced to the same
impedance level, in this case 300 €1

MOISE TEMPERATURE

Another method of specifying noise performance of a circuil or device is by
the comcept of equivalent input noise temperature (T,). -

The equivalent input nois¢ temperature of a circuit can be defined as the
increase in source resistance temperalure necessary to produce the observed
noise power at the output of the circuit. The standard reference temperature
T, for noisc lemperature measurements is 290°K.

Figure 9-11 shows a noisy amplifier with a source resistance R, ar
temperature T,. The total measured output noise is V. Figure 9-12 shows
an ideal noiscless amplifier having the same gain as the amplifier in Fig. 9-11
and also a source resistance R The temperature of the source resistance is
now inereased by T, so the total measured output noise V| is the same as
in Fig. 9-11. T, is then the equivalent noise temperature of the amplifier,

The equivalent input noise temperature is related to the noise factor F by

T, =290(F—1) (9-51)

and to noisc figure NF by
T,=290(10""" —1). (9-52)

Im terms of the equivalent input noise voltage and current (V, — 1, ). the
noise tempersture can be written as

. B URY

T = 53
= T 3KBR, (9-33)
R, (Tq)
MNOISY
AMPLIFIER
HL W o
/ el
; -

M - 1|'-5.ani::gE|

REFERENCE TEMPERATURE Ty = 280°K

Figure 9-11. Amplifier with noise,

|
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Ry (T, +1
MOISELESS

AMFLIFIER

iy
I _—

Vo~ VAKRBIT,+ Tg!

Figure 9-12. Source resistance. iemperature inereaved o account for amplifier nofe.

The equivalent input noise temperature of a number of amplifiers in
cascade can be shown to be
15 T

Tﬂ+_~'3+_ﬂ+...’

: BT

(9-54)

ef Lutal) =

where T,, and G, are the equivalent input noise temperature and available
power gain of the first stage, T, and G, are the same for the second stage.
and s0 on.

BIPOLAR TRANSISTOR NOISE

The noise fisure versus frequency for a tvpical bipolar transistor is shown in
Fig, 9-13. It can be scen that the noise ligure is constant across some middle
range of frequencies and rises on both sides. The low-frequency increase in

& dB/OCTAVE —,

= L SdB/OCTAVE .
- 4
= & b MID-BAND————=
D ! | |
]
T | |
1A I b PEOPOATIONAL
wr | - A
= [ TO[/ g ¥
Z | PROPORTIONAL | \\\ |

To 1/t i PROFOATIONAL |

| TO 148 !

fy

L]

LOG OF FREQUENCY

Figure 9-13, Nofe figure versuy frequency for bipolar fransisior.
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noise figure is due to “1/f" or contact noise (sce Chapter 8). The 1/f noise
and the frequency f increase with increasing collector current.

Above frequency [, the noise is due to white noise sources consisting of

thermal noise in the base resistance and shot noise in the emitter and
collector junctions. The white noisc sources can be minimized by choosing a
transistor with small base resistance, large current gain, and high alpha
cutoff frequency. The increase in noise figure at frequencies above f, is due
to (1) the decrease in transistor gain al these frequencies and (2) the
transistor noisc produced in the output (collector) junction, which therefore
is not affected by transistor gain.

For a typical audlo transistor the frequency fr. below which the noise
begins to increase, may be between 1 and 50 kHz. The frequency . above
which the noise increascs, 15 usually greater than 10 MHz. In transistors
designed for 1f use. f, may be much higher.

Transistor Noise Factor

The theoretical expression for bipolar transistor noise factor can be derived
by starting with the T-equivalent circuit of a transistor, as shown in Fig
9-14, neglecting the leakage term [.,,. By neglecting r.(r_ = R,) and
adding the following noise sources—(1) thermal noise of the base resistance,
(2) shot noise in emitier diode, (3) shot noise in collector, and (4) thermal
noise in the source resistance—the cireuit can be revised to form the
equivalent circuit shown in Fig, 9-15.

The noise factor can be obtasined from the circuit in Fig. 9-15 and the
relationships

IL=al, (9-35)
AT %
© gl Iima)’® (9-36)
alg
b r c
S AAA——AAN—A—S
e

e
O o
]

Figure 9-14. T-equivalenr circuil for o transistor,
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"":m='5|liﬁa’_’b

iy

R, *
e =7 201,B fo R

)
vu={m,_

Figure 9-15, Eguivalent circuit of a trunsisior including roise sources.

||
| = i (9-57)
<! V1+(fif,)y

where e, is the dc value of the transistor common-base current gain alpha, &
is Boltzmann's constant, g is the electron charge, [ is the transistor alpha
cutoff frequency, and f is the frequency variable. Using this equivalent
circuit, Nielsen (1957) has shown the noise factor of the transistor to be

r;'l- rr g {re+r:l+R5}1 [.i
2R, 2r.R.B,

x 5

+ (}%)2{1 4 ﬁ,}}] . (9-58)

where 3, is the de value of the common-cmitter current gain beta,

B = g (9-39)

This equation does not include the effect of the 1/f noise and is valid at all
frequencies above f, in Fig. 9-13. The 1/f noise can be represented as an
additional noise current source in parallel with «f, in the collector circuit.

The second term in Eq. 9-58 represents the thermal noise in the base, the
third term represents shot noise in the cmitter, and the fourth term
represents shot noise in the collector. This equation is applicable to both the
common-emitter and the common-base configurations.

The value of source resistance R, for the minimum noise factor can be
determined by differentiating Eq. 9-58 with respect to R, and setting the
result equal to zero. This source resistance is found to be

(2rf+ 1, )8, r. T'l
1+ (fIf, ) (1+8,)-
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For maost bipolar transistors, the value of source resistance for minimum
nerise factor is close to the value that produces maximum power gain. Most
transistor applications operate the transistor at a frequency considerably
below the alpha cutoff frequency. Under this condition ( f=£ ), assumin;r
A, =1, Eqg. 9-60 reduces to

R.m — V{Zr.'; + 'r.r'::lﬁ-.-rg = I:':-_J-{-_.] 'I

If in addition the base resistance r; is negligible (not always the case), Eq.
9-61 becomes

R,=r\B,. (9-62)

This cquation is also useful for making quick approximations of the
source resistance that produces minimum neise factor. Equation 9-62 shows
that the higher the common-emitter current gain 8, of the transistor. the
higher will be the value of R

LT

V.-I for Transistor

To determine the parameters for the equivalent input noise voltage and
currcnt model, we must first determine the total equivalent input noise
voltage V. Substituting Eq. 9-38 into Eq. 9-26. and squaring the result,
gives

V: =2kTB(r, +2r, + 2R} +

KTB(r, + 1, + R,)} |1+ (£

B, fass].

(9-63)

The equivalent input noise voltage squared V', is obtained hy making £ =1
in Eg. 9-63 (see Egs. 9-34 and 9-35), giving

BIECLA 14 (L ava). oo

To determine 7., we must divide Eq. 9-63 by R” and then make R, large (sce
Egs. 9-34 and 9-36). giving

Vi=2kTB(r, +2r) 1

Fr= zr‘ﬁ;f [1 + (%)2{1 + ﬁﬂ}] . (9-63)

JUNCTION FIELD EFFECT TRANSISTOR NOISE

There are three important noise mechanisms in a junction FET: (1) the shot
noise produced in the reverse biased gate, (2) the thermal noise generated
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< the channel between source and drain, and (3) the 1/f noise generated in
the space charge region hetween gale and chlannel. _ . o

Figure Y-16 is the noise cquivalent circuit for a junction FET. Moise
generator [, represents the shot noise in the gate circuil. and generator I,
represents the thermal noise in the channel, {, is the thermal noise of the
source admittance (7. The FET has an input admittance g,,. and a forward
transconductance gg..

FET MNoise Factor

Assuming no correlation between /,, and [, in Fig. 9-16, the total output
noise current can be written as

i3 il His
| 4TBGE | g g'—ffr‘ (9-66)
ot (G, +&n) (G, + gu) :

The output noise current due to the thermal noise of the source only is

VIETBG,

Im,,(suurut}=(_ G. Y2, _]E,r:- (9-67)

The noise factor F is Eq. 9-66 squared, divided by Eq. 9-67 squared, or

I i . ; _
-4 ) s - -C—j Cl i . ':g_ﬁﬂ‘w]
F J- 4|ECTEGF 4kTB(_;_‘|:g“:|_{ .r-rvg'll::I
e |
| FIELD EFFECT TRAMSISTOR I
| = = |
I i |
| e — ]
1 Y 1 |T
1, ~YaxTEG, ; G ilsh 2 T i e
|
| |
£ : [ = " |l
I
SOURCE b i o S s 3

Q- INPUT ADMITTANCE
U - FORWARD TRANSCONDUCTANCE [ASMMFERES PEAVOLT |

G, = SOURCE ADMITTANCE

Figure 9-16, Noive equivalent of junciien field effect transitor,

* At high frequencies, nnise generators 1, and J show soms correlation. As o practical matler,
however, this is normally neglected.
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Iy, 15 the input shot noise and equals
Lo=V2al .B, {9-60)

where [, is the total gate leakage current, [ is the thermal noise of the

LR

channel and equals
L.= \.,chTHg_,-, ; {9-70

Substituting Egs. 9-69 and 9-70 into 9-68. and recognizing that

1g
T Lo = 80 (9-71)
gives for the noise faclor
F-—1+&+-.,1 (G +g,)- (9-723
G.'r .'rg_.".'r ' 1

Eewriting Eq. 9-72 in terms of the resistunces instead of admittances
gives
T S L
P Tl s gqe )7 9-72)
f'-” g.':r ( R.\ r J Ii ’

Ll

MNeither Eq. 9-72 nor Eq. 9-73 include the effect of the 1/ noise. The sccond
term in the equations represent the contrbution from the shot noise in the
gate junction. The third term represents the contribution of the thermal
noise in the channel.

For low noise operation, an FET should have high gain (large g, ) and 2
high input resistance », (small gate leakage).

Mormally, at low frequencies. the source tesistance R, is less than the
gate leakage resistance ;. Under these conditions Eq. 9-73 becomes

1

F=1+ ok,

[2-74)

In the case of an insulated gate FET (HGFET) or metal oxide FCT
(MOSFET) there is no p—n gate junction and therefore no shot noise, so
Eq. 9-74 applics. However, in the cases of 1GFETs or MOSFETs the 1/f
noise is often greater than in the case of JFETs.

V. — I, Representation of FET

The total equivalent input noise voltage can be obtained by substituting Eq.
B-73 into Eq. 9-26, giving

: R
W= 4k?';;ff,[| P2 4
=

el e
= P

{RL 4 })_J ] (9-75)

MOISE IM IC OPERATIONAL AMPLIFIERS RoT
Making #, =0 in Eq. Y-75 gives the equivalent input noise voltage squared
(sce Egs. 9-34 and 9-35) as

. 4kTE
V- e

z 9-76
= (9-76)

To determine 7, we must divide Eq. 9-75 by R? and then make R, large (see
Eqgs. 9-34 and 9-36), giving

45TB(1 +g.r,,
Ii= ( zgﬁc l.} . (g'??:l
el
For the case when g r, 21, Eq. 9-77 becomes
- 4kTH
= = (Q-7H)
L

NOISE IN IC OPERATIONAL AMPLIFIERS

The input stage of an operational amplifier is of primary concern in
determining the noise performance of the device. Most monolithic op-amps
use i differential input configuration that uses two and sometimes four input
transistors. Figure 9-17 shows a simplificd schematic of a typical two-
transistor input circoit used in an operational amplifier. Since two input
transistors are used, the noise voltage is approximately V2 times that for a
single-transistor input stage. In addition some monolithic transistors have

—ot

Vi 1 o oz WiniEl

] - 1

Q3

=W

Figure 9-17. Typical inpur circuit schemaric of an IC eperational amplifier. Tronsistor {1 ; @05 as
@ CORENAAT current source to provide de bias for the fnput trontstors Q0 ard O,
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lower current gains (8 than discrete transistors, and that also increases the
nose.

Therefore, in general, operational amplifiers are inherently higher noise
devices than discrete transistor amplifiers. This can be scen in the typical
eguivalent input noisc voltage curves shown in Fig. 9-6. A discrete bipolar
transistor stage preceding an op-amp cun ofien provide lower noise perform-
ance along with the other advantages of the operational amplificr. Op-amps
do have the advantage of a balanced input with low temperature drift and
low-input offset currents.

The noise characteristics of an operational amplifier can best be modeled
by using the equivalent input noise voltage and current V, — 1. Figure
B-18A shows a typical operational amplificr circuit, Figure 9-18B shows this
same cicuit with the equivalent noise voltage and current sources included.

The equivalent circuit in Fig. 9-18B can be used to calculate the toral
equivalent input noise voltage, which is

12

(9-79}

Vi, =[$kTB(R, + R )+ V, +V ,+ (I R,V +(I.R.)

It should be noted that V.. V.. I, amd [, are also functions of the

bandwidth B.
The two noise voltage sources of Eq, 9-79 can be combined by defining
(v,

L2

M L L (950
Equation 9-7% can then be rewritten as

Vi = 4KTB(R, + R} + (VI + (LR, P+ (TR, . (9-81)
Although the voltage sources have been combined, the two noise current
sources are still required in Eq. 9-81. If, however, R, =R . which is
usually the case since this minimizes the dec output offset voltage due to
input bias current, then the two noise current generators can be combined

by defining
(LY =1, +1,, . (9-82)

al
For K, = R.=K__ Eq. 98] reduces to
V. =I8KTBR + (Vi)Y + (LR F]'*. (9-83)
The equivalent cireuit for this case is shown in Fig. $-18C. To obtain

optimum noise performance (maximum signal-to-noise ratio) from an op-
amp. the total equivalent input noise voltage V,, should be minimized.

o (Al
Ve
V,, -4k TBR,,
K 18!
v, =
v, i)

Figure 918, [ A) Typical op-amp circuit; (B) Circuit of A with neise sources added; (C) Circuit
of B with notse sotrees comhined ar one rerminal for the case R, = R, =R,

269



270 9 + ACTIVE DEVICE NOISE

Methods of Specifying Op-Amp Noise

Various methods are used by op-amp manufacturers to specify noise for
their devices. Sometimes they provide values for V, and I, at each input
terminal, as represented by the equivalent circuit in Fig. 9-19A, Due o the
symmetry of the input circuit, the noise voltage and noise current at each
input are equal. A second method is to provide combined values, V! and /7
which are then applicd to one input only, as shown in Fig. 9-19B. To
combine the two noise current generators, it must be assumed that equal
source resistors are connected to the two input terminals. The magnitudes of
the combined noise voltage generators in Fig. 9-19B, with respect to the
individual generators in Fig. 9-19A, are

Vi=v2V (9-84)
{f=n 2T (9-83)

In still other cases the noise voltage given by the manufacturer is the
combined value V', whereas the noise current is the value that applics to
gach input separately /,. The equivalent circuit representing this arrange-
ment is shown in Fig. 9-19C. The wser taerefore must be sure he or she
understands which cquivalent circuit is applicable to the data given by the
manufacturer of the device hefore using the informadon. To date, there is
no standard as to which of these three methods should be used for specifying
Op-amp noise.

Op-Amp MNoise Factor

Normally, noise factor is not used in connection with op-amps. However,
the noise factor can be determined by substituting Eq. 9-83 into Eq. 9-26,
and solving for F, This gives

(V¥ + (IR,

gy
¥ AKTER,

(4-86)

Equation 9-8 assumes the source noise is due 1o the thermal noise in just
one ol the source resistors R,. not both, This is a valid assumption when the
op-amp is used as a single-ended amplifier. The thermal noise in the resistor
R, on the unused input is considercd part of the amplifier noise and is a
penalty puid for using this configuration.

In the case of the inverting op-amp configuration, the noise due to K. at
the unused input may be bypassed with 4 capacitor. This is not possible,
however, in the noninverting configuration, since the feedback is connected
tor this point.

A second method of defining the noise factor for an op-amp is to assume
the source noisc is due to the thermal noisz of both source resistors (2R, in
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Figure 9-19. Methods of modeling op-amp neise: (A} separafe foise generalors af aach inpul:
(B noise generators combined af one inpur; (C) separate naise Cprent gereraiors with combined

naise vollage geHEraror.
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this case). The noise factor then can be written as

(VoY + (LR

F=l+—gTr

(2-87)
Equation 9-87 is applicable if the op-amp is used as a differential amplifier
with both inputs driven,

SUMMARY

e If the source resistance is a variable and the source voltage a constant
in the design of a circuit, minimizing noise factor does not necessarily
produce optimum noise performance.

e For a given source resistance, the least noisy circuit is the one with the
lowest noise factor.

e For the best noise performance the output signal-to-noise ratio should
be maximized, this is equivalent to minimizing the total input noisce
voltage (V).

e The concept of noise factor is meaningless when the source is a pure
reactance.

e For best noise performance a low-source resistance should be used
(assuming the source voltage remains constant).

e Moise peformance may be improved by transformer coupling the
source Tesistance to a value equal to R, =V /[ .

e If the gain of the first stage of a system is high, the total system noise is
determined by the noise of the first siage.
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10 biGITAL CIRCUIT NOISE
AND LAYOUT

Until recently, designers of digital systems did not give much consideration
to electromagnetic compatibility in their designs. Computer systems wore
large and expensive and were used in large businesses. Today the micro.
processor has changed all that. Digital electronics are proliferating and are
commonplace in small businesses, homes, and even toys, Therefore digital-
system designers can no longer ignore electromagnetic compatibility in their
designs.

Recognizing the interference potential of digital electronics, the FCC
imposed regulations that limit emissions from digital electronics marketed in
the United States (see Chapter 1). Similar regulations exist in other coun-
tries,

Digital design takes place in the woild of pure mathematics where
equations describe the functions being implemented. Often, however, even
if the logic is correet, these designs may not work after they are built
because of noise. If they do work, the product may still not be legally
miurketable because of emission problems, Therefore the practical aspects of
noise and emission control must be considered during the early design.
layout, and testing stages of a product.

A digital system is also a radio-frequency (rf) system with noise and
interference potential. Although most digital designers are knowledgeable
about the subject of digital design, they are not always well-equipped o
handle the design and analysis of rf systems, which is exacily what they are
designing.

In addition many analog-circuit designers are now designing digital
circuits, and they do not realize that different techniques are required for
grounding, power distribution, and interconnection. For example, although
a single-point ground may be desirable in an analog circuit, it may be the
primary source of noise coupling and emission in a digital circuit.

Small integrated circuit digital logic gates, which draw only a few
milliamperes of direct current, do not at first seem Lo be a serious source of
noise. However, their high switching speed, combined with the inductance
of the conductors that interconnect them, makes them a major source of
noise. The voltage (V') generated when current changes through an inductor
e di

V=1L -

ST (10-1)
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where L is the inductance and difdr is the rate of change of current. For
example, a typical logic gate may draw 5 mA from the de supply in the “on”
state and 1 mA in the “off” state, This is a current change of only 4 mA, but
it may take place in 2 ns. If the power-supply wiring has an inductance of
s00mnH, the noise voltage generated across the power-supply wiring when
this one gate changes state will, by Eg. 10-1, be 1V. Multiplying this by the
many gates in a typical system, and realizing that the typical supply voltage
for such a system may only be 5V, shows that this can be a major noisc
source. Noise voltages occur on the ground, power, and signal conductors of
the system.

Chapters 10 and 11 cover theory and design techmiques intended to
minimize (1) internal noise generation, (2) radiated cmission, and (3)
susceptibility of digital circuits, In digital circuits, minimizing one of these
problems normally minimizes them all.

FREQUENCY VERSUS TIME DOMAIN

Digital-cireuit designers think in terms of the time domain. Considering
noise, however, it is better o think in terms of the frequency domain,
because legal requircments on the emission from such systems are usually
specified in the frequency domain, as urc the characteristics of interference-
control components, such as filters and shields.

The harmonic content of a square wave extends out to infinity. However,
there is a point beyond ‘which the cnergy content in the harmonics is
negligible and can usually be ignored. This point is considered to be the
bandwidth of the logic pulse and occurs at the break point where the Fourier
vocfficients start to decay at 40 dB/decade, instead of 20dB/decade (as
discussed in Chapter 11). Therefore the bandwidth of a digital system can be

Table 10-1 Hise/Fall Time and Bandwidth of Various
Logic Families

Rise/Fall Time Bundwidih
Logic Fumily (ns) ( MHz)
CMOS A0 f.3
TTL 10 32
HCMOS b 32
LSTTL 3 4
ALS 4 L]
ACL 3 G
FAST 2] 16
AS 2 139
ECL{10K) 2 139
ECL{100K) 1 3138
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related to the pulse rise lime (¢) by the following equation:

1
o -
BW o (10-2)

For example, a rise time of 2 ns is equivalent to a bandwidth of 159 MH:,
Table 10-1 lists typical rise/fall times. as well as the bandwidth (1/51,), for
various digital logic families.

ANALOG VERSUS DIGITAL CIRCUITS

In an analog circuit a small amount of external noise coupled into the circui
can cause interference. This oceurs in citcuits operating at very low signal
levels (millivolts or microvolts) and/or those containing high-gain amplifiers.

In contrast, digital circuits do not contan amplifiers, and they operate ac
relatively large signal levels, compared o analog circuits. The minimum
worst-case noise margin for LSTTL circuis is typically 400 to 600 mV. For
CMOS circults the noise margin is even greater: about 0.3 times the 1
voltage, or 1.3V for a 3V supply. Therefore digital circuits have an inherent
immunity to low-level noise pickup.

DIGITAL LOGIC NOISE

In analog circuits external noise sources are usually the primary concern. In
digital circuits, the internal noise sources are the major concern. Internal
noise is the result of the following: (1) ground bus noise, (2) power bus
noise. (3) transmission line reflections. and (4) crosstalk. The most im-
portant of these, ground and power bus noises, are covered in this chapter.
Crosstalk was covered in Chapter 2, and rcflections are covered in most
good books on digital logic design, such as Blakeslee (1979) or Barna
(19809, and will not be covered here.

Moise problems in digitsl circwits normally manifest themselves as margi-
nal performance. The performance or error rate may vary with different
combinations of ICs switching, Since in a complex system it is impossible to
test all combinations of gates switching, a noisc problem may not be
detected during luboratory tests. To guarantee reliable operation, it is not
enough to have the circuit tested in the laboratory, In addition one must
ensure that proper layout and wiring practices were followed in the design.
This can best be demonstrated by measuring noise voltages within the
system. Measurements should be made of the differences in ground voltage
between various points in the system, and V. -to-ground voltages should be
measured on the power-supply pins of all the IC's. These voltages can then
be compured to an acceptable noise-voltaze objective that will be covercd
later in this chapter,

INTERMAL MOISE SOURCES I

INTERNAL NOISE SOURCES

Figure 10-1 shows a simplified digital logic circuit consisting of four gates,
Consider what happens when the output of gate 1 switches from high 1o low.
Before pate 1 switches, its output is high, and the stray capacitance of the
wiring between gates 1 and 2 is charged to the supply voltage. When gate |
switches, the stray capacitance must be discharged before the low can be
transmitted to gate 3. Therefore a large transient current flows through the
ground system to discharge this stray capacitance. As a result of ground
inductance this current produces s noise voltage pulse at the ground
terminals of gates 1 and 2. If the output of gate 2 is low, this noise pulse will
be coupled to the input of gate 4, as shown in Fig. 10-1, possibly causing
gate 4 to switch, The only practical way to decrease the magnitude of the
ground noise voltage is to decrease the inductance of the ground system.,

The discharge path from the stray capacitance through the output of gate
1 and the ground conductors contains very little resistance. It forms a
high-0 series-resonant circuit that is likely to oscillate, causing the output
voltage of gate | to go negative as shown in Fig. 10-2A. The & (or gain at
resonance) of a serics-resonant cireuit is equal to

|

L T “

+Wee

(N
IpiscHARGE J

Figure 10-1. Naode generation when output of gote | swiches from high to low.
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Q= % = (10-3)

Additional damping with a resistor (see Fig. 10-2B), or fernte bead, in the
output of gate 1 will decrease this ringing. Another approach is to use a
back-biased diode in the output of the gate, to clamp the negative voltage
swing and limit its amplitude to one diode drop. If both options are
available, the damping resistor is preferred. When the resistor is used, the

i

INTERMAL NOISE SOURCES H7R

currents are reduced, and the unwanted enerpy is dissipated as heal and
eliminated us a source of noise. When the diode is used, high currents must
flow through it, which may causc additional noise problems.

A second source of noise in digital logic can be seen in Fig. 10-3. It shows
a typical schematic of a logic gate with a totem pole output circuit
(transistors (03 and (4). When the input is grounded, transistor (1 turns
on, which turns transistors 02 and Q4 off. Transistor (3 1s then driven on
by the current through K2, Transistor 03 amplifies this current and provides
the charging current for the load capacitance €, , limited only by resisior
R4. For fast switching, R4 must be a small resistor (Lypically 50 to 150 £1).

The charging path for the load capacitance €, is a series-resonant
circuit from the power supply through resistor R4, transistor (03, and the
load capacitor to ground, It does not have a serious ringing problem since
resistor A4 is in the circuit and provides damping.

The totem pole output causes one of the primary noisc problems as-
sociated with logic devices. When the output is in 17 state, transistor 3 is
on and (4 is off. Conversely. when the output is in “07 state, transistor G3
is off and (24 is on. Both of these states provide a high impedance between
V.. and ground. However, when the gate is switching, there is a short time
during which both transistors 03 and 4 are on. This overlap results in a
low-impedance connection between the power supply and ground, and
power-supply current spike of 30 o 100 mA.

When a logic gate switches from high to low, a large transient current is
drawn from the power supply. This current charges the load capacitance
C.. . and provides the short-circuit current for the totem pole output circuit.

sLray
It flows through the inductance of the power and ground conductors and

Yoo

R

QUTPUT
INPUTS

-z C i
T~ CaTRay

Figure 10-3. Busic gale schematic for wansister-transistor Jopic (TTL): lotem pole ouipur
configuration,
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causes a large transient drop in the supply voltage. The solution is to
provide a source of chuarge (4 capacitor) near cach gate that would supply
the transient current without drawing it through the inductance of the power
and ground conductors.

To minimize the noise generated by these internal noise sources, all
digital logic systems must be designed with:

1. A low inductance ground system.
2. A source of charge near each logic gate.

DIGITAL CIRCUIT GROUND NOISE

Ground noise is more of a problem than power-supply noise. The ground
noise is produced by both transient power-supply currents and signal-return
currents. The power-supply transients can be controlled by proper use of
decoupling capucitors, but the signal currents in the ground cannot be
decoupled or bypassed.

Transient ground currents are & primary source of both intrasystem noise
valtages. and conducted and radiated emissions. To minimize the noise from
transient ground currents, the impedance of the ground must be minimized.
A typical printed winng board conductor (0L021in. wide with a return
conductor on the other side of the board) has a resistance of 12 m&d per
inch, & capacitance of 2 pF per inch, and an inductance of 15 nH per inch.
The impedance of the 15-nH inductance versus frequency which is related to
the pulse rise/fall time by Eq. 10-2 is given in Table 10-2.

Ax can be seen, at frequencies of concern in digital logic circuits (10 to
150 MHz), the impedance of the 15-nH inductance is many orders of
magnitude greater than the 12-m{1 resistance. For a digital signal with a 3-ns
tise time, the ground conductor will have an inductive reactance of about
1008} per inch. Tt is therefore the inductance that v of most concern wihen

Table 10-2 Impedance of a One Inch Long Printed
Wirlng Board Trace (15-nH Inductance).

Frequency Rise Time Impedance
(MHz) {os) (1
1 318 0.1
10 31.8 1.0
30 106 2.8
il 6.4 47
il 4.5 f1.fi
uil 35 a5
110 24 104
1tk 2.0 15.0
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laving out a digital printed wiring board, If the ground-cireuit impedance is
to be minimized. the inductance must be reduced by an order of magnitude
O MOrE,

Minimizing Inductance

To cantral inductance, it is helpful to know how it depends on the physical
properties of the circuit.

Inductance is directly proportional to the length of a conductor. This can
be used 1o advantage by minimizing the lengths of critical leads carrying
large transient currents, such as clock leads and line or bus drivers. This is
not a universal solution because in # large system some leads must be long.
This points out one of the advantages of large scale integration (LSI): by
putting a large amount of circuitry on a single IC, the length and inductance
of the interconnecting leads are minimized.

Inductance is inversely proportional to the log of the conducior diameter,
or the width of a flat conductor. For a single round conductor located above
a current-return path, the inductance is equal Lo

L =0.003 ln(g—l) wHlin, . (10-4)

where the wire digmeter is d and the height above a current-return path is fr.
For a flat conductor, such as on a printed wiring board, the inductance is

2 .h. )
L=0.005In | %} wHiin. (10-5)

where w is the width of the conductor.

If Bqg. 10-4 is set equal to Eq. 10-5, the width w needed for a fat
conductor to have the same inductance as a round conductor of diameter o
can be determined. The result is

w=1.37d. (10)-2)

Equation 10-6 shows that a flat conductor will have the same inductance as a
round conductor if it has the same surfuce arca.

Because of the log relationship in Egs. 10-4 and 10-5, it is difficult to
achieve a large decrease in inductance by increasing the conductor size. In a
typical case, doubling the diameter or width (an increase of 1% ) will only
decrease the inductance by 20%. The size would have to be increascd by
500% for a 50% decrease in inductunce. Whenever possible. advantage
should be taken of this effect, even if it is small. [f a large decrease in
inductance is neecded, however, somc other method must be found fo
achigve it

Another method for decreasing the inductance of a cireuit is to provide
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alternative paths for current ow. These paths must be clectrically, but not
necessarily physically, parallel. If two equal inductances are parallel, the
equivalent inductance will be one-half that of one. neglecting mutual
inductance. If four paths are parallel, the inductance will be one-quarter,
Since inductance is inversely proportional to the number of parallel paths,
this 15 an effcetive method of decreasing inductance.

Mutual Inductance

When two conduoctors are parallel, the effect of the mutual inductance must
be considered in calculating the total inductance. The total inductance (1.,
of two parallel conductors carrving current in the same direction can he
written as
. By =N "
T L AL, -2M° gt
where L, and L, are the self-inductance of the two conductors and M is the
mutual inductance between them. If the two conductors are identical (L, is
equal to L,), and Eq. 10-7 can be rewritten as

L+ M

£ =

(10-8)
Equation 10-8 shows that the mutual inductance limits the overall reduction
in inductance from parallel inductors. If the inductors are close together
(tightly coupled), the mutual inductance approaches the self-inductance
(L, = M), and the overall inductance is equal to the original inductance of a
single conductor,

If the conductors are spaced far apart (loosely coupled), the mutusl
inductance becomes negligible, and the total inductance is one-half the
original inductance ol 4 single conductor. The effect of conductor spacing on
mutual inductance must therefore be determined.

The mutual inductunce between two parallel conductors separated by a
distunce [ and located at a height i above a ground plane {Mohr 1967) 1s

-t X
M =0.0025 ln[l + ':‘D""j' ] wH/in.

(10-5}

The effect of spacing on the inductance of parallel conductors can be
determined from Egs. 10-4, 10-8, and 19, The result is shown in Fig. 10-4
tor two 26-gauge conductors. If the conductors are spaced at least twice
their diameter apart, inductance will decrease about 23%:. If the conductors
are spaced a few tenths of un inch or more apart, the reduction will
approach 50%. Spacings greater than 05in. will not produce significant
additional decreases in inductance. Therefore, for conductors placed a few
tenths of an inch or more apart, the mutual inductance is negligible.
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Figure 10-4. Effece of spacing on inductance of paralle! conduciors carrving curreni in the sarne
direction. [nductance iz normalized ro thar of a single conductor.

Practical Digital Circuit Ground Systems

A practical high-speed digital circuit ground system mupst provide a low-
impedance (low inductance) eonnection between all possible combinations
of ICs that communicate with each other. The most practical way to do this
is to provide us many alternative (parallel) paths s possible, An additional
alternative path, even a narrow one, is better than no path at all. If this
concept is taken to its limit, the result is an infinite number of parallel paths,
This is approached by wsing a complete ground plane. Although a ground
plane will provide optimum performance, its use may not be desirable
because of the large board area required or the added expense of a
multilayered board,

An almost equally effective method of reducing inductance is 1o use a
gridded ground system. This consists of running both horizontal and vertical
ground paths on a printed wiring board as shown in Fig. 10-3. An acceptable
grid size would be a spacing of (1.5 in., although good performance can be
obtained with much larger spacings of 1.5 to 2.0in. A good rule to follow s
to use a grid size whose spacing falls between every IC on the board. This
approach provides the necessary multiple-ground return puaths between 1Cs,
A pnid can be vsed on even the most crowded boards, provided the wiring
board is double sided. Vertical ground traces can be printed on one side of
the bowrd and horizontal traces on the other side. These traces are then
connected where they cross with plated-through holes. This arrangement
leaves ample room for all the necessary signal interconnections.
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Figure 10-5, A grid-type grownd on g privted wiring board,

A satisfactory grid can be achieved cven on a crowded board with # little
extra effort when the board is laid out. Itis important to put the ground grid
on the board first, before locating the signal paths. Although not i'mpussihh[e.
1t1is difficult to place the grid on the board once the signal conductors are
laid out. The ground grid adds no per-unit production costs to the product
and is therefore a cost-effective noise suppression technigue.

_Although the primary ground-distribution paths should be made with
Wlldf: conductors, which are necessary to handle the de current. the ground
grid can be closed with narrow conductors, since each added conductor
provides many additional parallel paths to the ground. This fact is im-
portant, for people may be reluctant to use narrow conductors as part of the
ground system.

A grid can reduce the ground-noise voltage by an order of magnitude or
more over that of 4 single-point ground. For example, the data in Tuble 10-3
(from German 1985) show the ground-noise voltage measured between
ground pins of various ICs on identical printed wiring boards, with identical
component placcments with and withou: a ground grid. In this case the
maximum ground-voltage differential decreased from 1000 to 250 mV. and

DIGITAL CIRCUIT GROUND MOISE o

Table 10-3 Peak Differentlal Ground Noize Voltages (mV)
{from German, 1985)

Measurement Single-Point

Locations Crroumnd Ground Grid
[C1-1C2 150 106k
[C1-1C3 475 Lath
IC1-1C4 423 150
IC1-IC5 450 150
IC1-1C6H 430 L5
IC1-107 430 150
ICI-1Cs 425 225
IC1-1C% 400 175
ICT-TC100 4100 1510
1C1-1C11 f25 2000
ICi-1c1z 4051 130
IC1-1C13 425 250
ICH-ICIL Q00 200
ICE5-TC7 &0 123
IC15-1C10 Qi 125
IC15-1C16 100K} 100
1C2—power” 300 100
Interfuce—head” Q0 11016
Head-1C2° f25 L0k
2 —interface” SO 125
Head—power” 300 75

“Power, head, and interface are around ping on connectors.

the voltage between grounds on IC15 and IC16 decrcuscd from 1000 to
100 mY, an order of magnitude improvement,

A ground system with an appropriate grid will provide predictable
results, with ground-noise voltages only slightly greater than those obtained
with a full ground plane. The grid will occupy only a small percentage of the
total board area.

The ground system is the foundation of a digital logic printed wiring
board. If the ground system is poor, it is difficult to remedy the situation,
short of starting over and designing the ground properly. Therefore afll
digital printed wiring boardy must have either @ ground plane or a ground
grid,

Loop Area

Another important method of reducing inductance is 1o minimize the area of
the loop enclosed by the current flow. Two conductors with current in
opposite dircctions (e.g.. a signal lead and its ground return lead) have a
total inductance L, equal to

L=L +L;—2M, (10-10)
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where L, and L, are the self-inductance of the individual conductors and M
is the mutual inductance between them. If the two conductors are identical.
Eq. 10-10 reduces to

L,=2(L, — M}. (10-11)

To minimize the total inductance of the complete current path, the
mutual inductance between the conductors must be maximized. Therefore
the two conductors should be placed as close together as possible to
minimize the arca between them.

If the coefficient of magnetic coupling & between the two conductors wepe
unity, the mutwal inductance would be cqual to the self-inductance, since

M=k/LL,, (10-12)
and the total inductance of the closed loop would be zero. At high
frequencies a coaxial cable approaches this ideal condition.

Placing forward and return current paths close together is an effective
way of reducing inductance. This can be done with a tightly twisted pair or a
couxial cable. With these configurations inductances of less than 1nH/in.
are possible.

What is the loop area for a system containing multiple-ground return
paths? The area of interest is the total area enclosed by the actual current
flow (Ott, 1979). An important consideration therefore is the ground path
taken by the current in returning to the source. Often this is not the path
intended by the designer. Additional information on the concept of induct-
ance of cables and conductors is given by Skilling (1931} and Rostek (1974,

POWER DISTRIBUTION

Ideally the power distribution layout should be the same as, and parallel to,
the ground system. From a practical point of view this is not always possible
or nceessary. Since power-supply noise can be controlled by the proper use
of decoupling capacitors, a power grid (or power plane) distribution system
i$ not as important as a proper ground system. If & compromise is necessary.
it is better 1o use the valuable board space to provide the best ground svstem
possible and control power-supply noise by other means,

Power-Supply Decoupling

Even if one starts with the best possible ground lavour, therc is still a
problem, as shown in Fig, 10-6A. When the logic gale switches, there is a
current transient @7 that occurs on the power-supply lead. This current
transient flows through the ground and power system. The ground induct-

l

POWER DISTRIBUTION 287

Veo

. o (N 9
T!-."al =

GND

A
LOW INDUCTAMCE GROUND

Veo

o
J

GMD

e A B
LOW INDUCTANCE GROUND
B

Figure 10-6. Transisnr power sugply cuerent with (B and withows (A) & decoupling capacuar.

ance has already been minimized. as much as possible, The major problem
now is the voltage drop that occurs across the inductance [ of the
power-supply line. The transient current flowing through this inductance
produces & large noise voltage that appears at the V, terminal of the logic
gale,

The magnitude of the power-supply voltage trunsient can be reduced by
decreasing the inductance L and/or decreasing the transient current Nowing
through the inductance, The inductance can be minimized by using a power
plane or grid, as in the case of the ground system. The transient current can
be minimized or climinated by supplying the current from another source,
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such as a capacitor near the logic gate as shown in Fig. 6B, The noise
voltage across the gate is then a function of the decoupling capacitor €, ang
the wiring between it and the gate. The type of capacitor used and its value
and placement with respect to the IC are all important in determining the
capacitor’s effectivencss, '
Even when a power grid or plane is used. decoupling capacitors are still
required to control the radiated emission from the transient power-supply
current. As Chapter 11 will show, the radiated emission is proportional )
the loop area enclosed by the transient current. It can be seen in Tig. 10-4
that this area is considerably reduced when decoupling capacitors are used.

Bulk Decoupling Capacitor

The IC decoupling capacitors must be recharged, The recharging currens
oceur at a considerably lower frequency than in the case of the individual 10C
decoupling cupacitors and are supplied by a bulk decoupling capacitor
located on the printed wiring board. The value of the bulk capacitor is nat
crtical, but it should be greater than ten times the sum of all the values o
the decoupling capacitors. The bulk decoupling capacitor should be locited
where power comes onto the board (sce Fig. 10-5). If more than 20 1Cs are
on the board, more than one bulk capacitor should be used and located
around the board so that there is a capacitor close to every 15 o 20 10,

The bulk decoupling capacitor should have s small equivalent series
inductance. Tantslum electrolytic or metalized polycarbonate capacitors are
appropriate for this application beesuse they both have low internal induct-
ance. Aluminum electrolytic capacitors have inductances an order of mag-
nitude higher and should not be used.

External noise may be conducted into the system, and internal noise may
be conducted out of the system on the power lines. Therclore the decou-
pling and filtering of the power leads shouold be a standard design practice,
High-frequency power-supply transient cureents should be confined to the
digital logic printed wiring board and not be allowed o fiow on the de
pawer-supply wiring, An additional inductor (1 to 10} g H) or a ferrite bead
can be used on the “off-board™ side of the bulk capacitor to mimmize the
transient power-supply eurrents in the olf-bourd wiring, thereby reducing
the radiated emission.

Decoupling Capacitor Type and Value

Decoupling capacitors must supply high-frequency (15-150 MHz) currents:
therefore they should be low inductance, high-frequency capacitors. For this
reason disk ceramic or multilayer ceramic capacitors arc preferred.

The decoupling capacitor should be able to supply all the current
required by an IC when it switches. The minimum value of the capacitor can
be calculated by
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L il dt
E=Ea2 (10-13)

where dV s the transient voltage drop in the supply voltage cansed by a
current transient of df oceurring in time dr. For example, if an IC requires a
transient current of S0 mA for 2ns, and one wishes to limit the power-
supply voltage transient to less than 0.1V, the capacitor must have a value
of at least 0.001 pF.

Most designers tend o use decoupling capuacitors thuat are too large for
the application. All capacitors have some inductance in scrics with their
capacitance. The Inductance is the result of the capacitor structure. the
capacitor leads, and the external paths used to connect the capacitor to the
IC terminals. Because of this combination of capacitunce and inductance,
the capacitor will, at some frequency, become self-resonant. At the self-
resonant trequency the capacitor is a very low-impedance and an effective
bypass. Above the sclf-resonant frequency the cirenit beecomes induetive, its
impedance increases with frequency. and consequently it petforms poorly as
a decoupling capacitor.

The resonant frequency of a serics L—C circuit is

]
S 2mVIC

! (10-14)

Consider the case of a (L.001 pF decoupling capacitor with an internal
inductance of 1nH. If the inductance of the wiring that connects it to the IC
can be kept to 30 nH, the circuit will be self-resonant at 29 MHz,

For the same amount of inductance, the larger the capacitor valuc, the
lower the self-resonant frequency will be. Therefore a decoupling capacitor
larger than necessary should not be used because It will have a lower
self-resonant frequency. On the other hand, if the capacitor 15 too small in
value, it will not have sufficient charge storage to supply the transient
current needed by the IC without an excessive drop in voltage, Therefore an
optimum-value capacitor exists for every application.

Many experiments have been performed on 14- and 16-pin ICs to find the
optimum value for this capacitor. Often the minimom noise voltage oc-
curred with a 470 to 1000-pF capacitor, The best type (or value) of
decoupling capacitor for a specific application can be found by measuring
the noise voltage across the IC with the various types (or values) of capacitor
being considered.

The smallest value capacitor that will do the job is the best choice.
Seldom should a decoupling capacitor be larger than 0.01 uF, except in the
case of some random-access memory (RAM) 1Cs which have large, in-
stantaneous current demands during the refresh cycle.

In the casc of a logic 1€, only some of the gates switch at any one time
(50% is a reasonable assumption). The decoupling capacitor must supply
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current only to the gates thal are switching. In the case of dynamic RAM
ICs. however, all the cells are refreshed at the same tme, and there are
muore cells in & RAM than there are gates in a logic [C. Current must be
supplied to all these cells at the same time during the refresh cycle:
therefore larger value decoupling capacitors are required for dynamic
RAMS than logic ICs. Typically a 256-K dynamic RAM requires a (.1 pF
decoupling capacitor.

Decoupling Capacitor Placement

The decoupling capacitor must be placed as close to the IC as possible. If
the ICs are lined up in a row as shown in Fig. 10-7, one capacitor can serve
two packages., However, there must be short leads directly from the
capacitor to each IC's power and ground terminal, Obviously the standard
of placing power and ground pins diagonally opposite on an 1C is the worst
possible choice with respect to noise. Power and ground should be located
on adjacent pins or on opposite pins on one end of the IC.

It is extremely important to minimize the inductance of the conductors
between the IC and the decoupling capacitor. This inductance consists of
three eomponents as shown in Fig, 10-8: (1) the inductance of the capacitor
itself, (2) the inductance of the traces connecting the capacitor to the IC,
and (3) the inductance of the lead frame within the IC. If the proper type of
capacitor is used. the internal inductance of the capacitor should be neglig-
ible compared to the other two components. The inductance of the 1C lead
frame is 10} to 153 nH for a 14- or 16-pin DIP. The printed circuit traces sre
usually the only parameters under the designer’s control,
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Figure 10-7. Decoupling capacitor placement. The loop area hetween the capacitar and the [0
must be kept small to decrease the inductance.
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Figure 10-8. Fquivalent circuit for decowpling capaciior connected o an incegrated circuit for the
case af power and pround on diagonally epposite pins of the 1T,

The printed circuit traces should be as short as possible and should be
placed as close together as possible to minimize the loop arca. The total
length af both conductors (power lead and ground lead) should be less than
1.5in. Usnally the minimum inductance is 25 to 3 nH, as shown in Fig.
10-8.

Figure 10-9 shows the impedance of various decoupling capacitors when
in series with 30 nH of trace inductance. Also shown is the frequency range
of importance for decoupling various logic families, the frequency ranges
from the 1/w7¢, frequency down to the fundamental of the clock frequency.
Ower this frequency range the impedance should be kept below 5 to 10 £2. In
the case of LSTTL logic, a 0.001 xF decoupling capacitor would be a good
choice,

Alternative Decoupling Methods

For large ICs (24 to 40 pins) it is often difficult to find & way to mount a
capacitor close enough o the IC 1o be effective. In these cases some other
alternatives to the standard decoupling capacitor may be considercd, and
some new products have beeome available because of this problem. These
alternatives are

1. Use of a different IC package configuration (e.g., a leadiess chip
carrier}.

2. Use of a distributed cap:icit{:r thiat mounts under the 1C,
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3. Usc of un IC socket-mounted capacitor,

4. Use of a surface-mounted capacitor on the noncomponent side of the
board.

5. Use of a lead-frame capacitor molded into the 1C package.

With a leadless chip-carrier, the lead-frame inductance is reduced from
the typical 10 to 150H to about 4nH, In additon a board-mounted
decoupling capacitor can be located closer to the chip, since the IC puckage
is much smaller than a DIP with the same number of leuds,

Some distributed capacitors mount under the IC package and ste made
with the same construction as the bus bars discussed in Chapter 4. These are
very cffective because the distributed nature of their capacitance and
inductance eliminates the self-resonance problem, They are especially usefu|
with large ICs that are difficult to decouple by other means.

Muost 1C socket manufacturers make sockets that have capacitors built in,
or in which a capacitor can be optionally mounted, so the capacitor can be
diagonally located between the power and ground pins of the 1C,
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Figure 10-9. Impedance of various valus decoupling copacitors in series with 30 nH of -
duciance
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A surface-mounted chip capacitor, placed on the noncomponent side of
the board and located diagonally between the IC power and ground pins,
hus a similar cffect as the capacitor in a socket: only it docs not require the
socket. Surlace mounting greatly reduces lead inductance, takes less space
on the printed wiring board, and increases circoit reliability,

The incorporation of a multilayer ceramic-chip capacitor in the 1C lead
frame and within the IC package climinates most of the inductance as-
sociated with lead-frame and board interconnections, and it provides an
almost 1deal decoupling,

If sutistuctory decoupling can be achicved by the standard method, which
is less expensive, it should be used rather than the methods just mentioned.
The effectiveness of some of the alternative decoupling methods are dis-
cusscd in Danker (1985).

NOISE VOLTAGE OBJECTIVES

Sinee noise problems in digital logic produce marginal performance., proper
operation of a lab model or prototype system is not enough to guarantee a
reliable design. In addition to proper operation the following measurements
should be made: (1) ground noise voltage and (2) power-supply noisc
voltage.

The best method for determining the guality of the power and ground
system on g printed wiring board is to measure the peak-differential ground
noise voltage between various points on the board, and also the V., to
ground voltage on each IC.

Although many digital devices will work with ground noise differentials
as large as 1V (Motorola Application Note AN-T07), operational margins
and reliability may well be compromised. Therefore every effort should be
made to hmit the peak-differentisl ground voltage to S00mV or less.
Experience has shown that this can be achieved with a ground grid or plane.
A well-designed grid system can hold the peak-differential ground noise
voltages from 150 to 300 mV, even on boards containing high-speed Schottky
logic,* A good ground plane will limit this voltage to 200 mV or less.

Digital logic familics are more immune to noise on the de power than
they are to noise on the ground. A reasonable objective for peak noise
voltage measured between power and ground on the 1C is 500 mV. On large
ICs (24 pins or more) it is sometimes difficult to position the decoupling
capacitor close enough to the power and ground pins to achieve the 500 mY
objective. In these cases one of the alternative methods of decoupling
mentioned above may be useful,

*Although this voltage is low enough to prevent functional problems, it mav not be low enough
o contrel commoen-mode radiation from the system (see Chapter 11,
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MEASURING NOISE VOLTAGES

When measuring digital logic noise voltages consideration must be given to
(1) the bandwidth of the measuring instrumentation, (2} the high-frequency
common-mode rejection ratio (CMRER) of the instrumentation, and (3) the
dress of the leads from the measuring instrument to the circuit under test.

Moise measurements must be made with a wide-bandwidih oscilloscope
(100 MHz minimum, with 200 MHz preferred) and with a wide-bandwidth
differential probe with a good high-frequency CMER (1T to T oat 100 MHz
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or better; cog., Tektronix Pe046 Active Differential Probe). This type of
differential probe has high common-mode tejection at high frequencies
because it performs the common-mode rejection within the probe body and
then transmits the signal back to the single-ended oscilloscope. Instrumenta-
tion with large bandwidth and large CMRR is required to measure the
high-frequency components of the noise pulses.

Equal length lcads should be connected to the two terminals of the
differential probe. These leads should be dressed perpendicular to the
cireuit board to minimize the inductive coupling between the conductors on
the board and the test leads (Paul, 1986; also Skilling, 1951, pp. 103-105).
Figure 10-10 shows two methods of measuring the voltage between points A
and B of a current-carrying conductor. Figure 10-10A shows an incorrect
setup. and Fig, 10-10B, # correct one. When the test leads are tun close to.
and parallel with, the current-carrying conductor (Fig. 10-10A), the mag-
netic icld from the conductor encircles the test leads, thereby coupling &
voltage into the leads, When the leads are perpendicular to the conductor as
in Fig. 10-10B coupling does not occur, Ideally the leads should be perpen-
dicular to the conductor for a great distance, to minimize the coupling.
Mormally the test leads are routed perpendicular to the conductor for at
least > cm,

If a dillerential probe is not available, measorements can be made with 4
wide-bandwidth. single-ended probe and scope. provided the eircuit can be
floated (with no ground connection) and powered from a battery. This way
the only ground on the circuit will be the ground connectlon of the scope,
and common-mode problems will be minimized. The routing of the test
leads should be done in the way previously discussed.

UNUSED INPUTS

To prevent unintentional switching and noise generation, all unused inputs
must be connected somewhere, and not left open. Otherwise, a floating
input, picking up noise, may cause a gate to switch randomly. This connec-
tion is especially important for CMOS because of its high input impedance,
but applies to other logic fumilics as well. In addition, for CMOS circuits, an
unused gate whose inputs are not connected may, because of noise, bias
itself into the linear region and significantly increase the dc current drawn by
the circuit. The unuscd inputs are normally connected to V, voltage through
a series resistor, or to ground,

LOGIC FAMILIES

The principles discussed in this chapter are independent of logic families.
They can be applied o TTL, STTL, LSTTL, CMOS, HCMOS, FAST.
ALS. ACL, and ECL. The most important purameters are the rise/fall time
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and the magnitude of the transient switching currcnt. The faster the rise/fall
time and the greater the transient current, the more important the principles
discussed here are. For example, poor grounds and improper decoupling cun
often be tolerated, although they should not be encouraged, in the case of
slow-speed CMOS when the rise/fall times are 30 to 50 ns. When rise times
are under 10ns, however, these principles are very important,

With the many different logic technologics available today, designers
should resist the temptation to use the fastest logic available. Instead. the
slowest- and lowest-power logic family that can do the job should be used.
to minimize noise and interference.

SUMMARY

e [ue toits high switching speed, digital logic can be a source of radiated
and conducted emission.

e A properly functioning laboratory model does not suarantee a reliable
noise-free circuit.

» Noise-voltage measurcments must be made on the ground and power
supply, to guarantee a reliable design,

s Digital systems require different technigques for grounding and power
distribution than analog systems.

s With repard to noisc control, the single most important consideration
in the layout of a digital logic system is the minimization of the ground
inductance.

e Ground inductance in digital systems can be minimized by using «
ground plane or ground grid.

e Decoupling capacitors should be locsted next to each IC in the system.

The smallest-value decoupling capacitor that will do the job is best.

s A bulk decoupling capacitor should be uscd to recharge the individual
IC decoupling capacitors.

e Ground and powcr-supply noise voltages should be measured and
should not exceed 500 mV.

o All unused inputs on digital logic gates must be connected to power or
ground.
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In today’s regulatory environment, eleciromagnetic compatibility (EMC)
engineering plays an important role in bringing digitul electronic products o
the market. Often the functional performance of a product is not the
primary problem in meeting product introduction schedules; passing the
required EMC emission test is,

Controlling the emission from digital systems cost-effectively can be as
complicated and difficult as designing the dipital logic itself. Emission
control should be treated as a design problem from the start, and it should
receive the necessary engineering resources throughout the desipn process.

This chapter models the radiation process and outlines the parameters on
which radiation depends. It also provides a method for predicting the
radiated emission as a function of the electrical characteristics of the signals
and the physical propertics of the svstem. Knowing the parameters thut
affect radiation helps to develop technigues to minimize it

Radiation from digital electronics can occur as cither differential-mode or
common-mode radiation. Differential-mode radiation is the result of current
flowing around loops formed by the conductors of the circuit, as shown in
Fig. 11-1. These loops act as small antennas radiating magnetic fields.
Although these signal current loops are necessary for circuit operation, their
size and area must be controlled during the design process, in order to limit
the radiation.

Common-mode radiation, on the other hand, is the result of undesired
voltage drops in the circuit that cause some parts of the system to be at a
common-mode potential above “true” ground. Often this is the result of
voltage drops in the digital logic ground system. When external cables are
then connected to the system, they are driven at this common-mode
potential, forming antennas which radiate electric fields, as shown in Fig.
11-2. Since these undesired voltage drops are not intentionally designed into
the system, common-mode radiation is harder to control than differential-
mode radiation. During the design. steps must be taken to provide methods
for handling the common-mode emission problem.

DIFFERENTIAL-MODE RADIATION

Differential-mode radistion can be modeled as oceurring from a small loop
antenna. For a small loop of area A carrying current I, the magnitude of the
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DIFFERENTIAL-MODE RADIATION

RADIATED EMISSION

Figure 11-1. Differeniial-mode radiation from printed wiring board (PWI).

¢lectric field E measured in free space at a distance r, in the far field, is
equal to (Weeks 1964, p. 565, Eqg. 91)
o "1 .
Br= 1316 % 107 f‘AI}(;) sind . (11-1)

where E is in volts/meter, f is in hertz, A is in squarc meters, [ is in
amperes, and 7 is In meters.
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Figure 11-2. Compion-tode radiation from system cobles.
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A small loop, where the perimeter is less than one-quarter wavclength, is
one on which the current is in phase everywherc. For larger loops the
current is not all in phase, and therefore it may subtract from, rather than
add to, the overall emission. Equation 11-1 predicts & maximum feld
strength; it is accurate for small loops and approximate for large ones.

As shown in Fig. 11-3, the f{ree-space antenna pattern for a small loop
antenna is a torus (doughnut-shaped). The maximum radiation is from the
sides of the loop and in the plane of the loop. Radiation nulls occur in the
directions normal to the planc of the loop. Since the eleetric field is
polarized in the plane of the loop, the maximum eclectric field will be
detected by a receiving antenna which is polarized in the same direction, s
shown in Fig, 11-3.

As the loop perimeter increases beyond one-gquarter wavelength, the
radiation pattern of Fig. 11-3 no longer applics, For a loop whose perimeter
equals a wavelength, the radiation pattern rotates by 90° so that the
maximum radiation occurs in the dircetion normal to the loop. Therefore
the radiation nulls of the small loop become the maxima for a large loop.

Although Eq. 11-1 is derived for a circular loop, it can be used for any
planar loop becanse, for small loops, the maximum radiation is insensitive to
the shape of the loop and depends only on its area (Stutzman 1981, p. 99).

The first term in Eq. 11-1 is a constant that accounts for the propertics of
the transmission medium—in this case, free space. The second term defines
the characteristics of the radiation source, that is, the loop. The third term
represents the decay of the field as it propagates away from the source. The
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__—EFIELD
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Flgure 11-3, Frev-space radintdon partern for @ saall foa amtenng,
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last term sccounts for the angular orientation of the measuring antenna with
respect to the plane of the radiating loop.

Equation 11-1 is for a small loop lacated in free space, with no reflecting
surfaces nearby. Most measurcments of radiation from clectronic products,
however. are made in an open feld over a ground plang, not in free space.
The extra ground reflection can increase the measurcd emission by as much
as 6 dB. To account for this, Eq. 11-1 must be multiplied by a factor of two,
Correcting for the ground reflection and assuming an oricntation that
maximizes emission, one can rewrite Eq. 11-1 as

il Ty )
i =263 % 10 (f;if](r). (11-2)

Equation 11-2 shows that the radiation is proportional Lo the current (1)
the loop area {A), and the square of the frequency ( f). Therefore radiation
can be controlled by (1) reducing the magnitude of the current, (2) reducing
the frequency or harmonic content of the current, or (3) reducing the loop
arca. For a current waveform other than g sine wave, the Fourier serics of
the current must be determined before substitution into Eg. 11-2.

Loop Area

In the design of a digital system, the way to control differential-mode
radiation is to minimize the area enclosed by current flow. This means
placing signal leads and their associated ground-return leads close together,
This is especially important for clock leads. backplane wiring. and inter-
connecting cables.

For example, if 25 mA of current at a frequency of 30MHz is Mowing
around a 10-cm” loop, the electric field strength measured ul a distance of
Im will be 197 pV/m. This is almost twice the allowable emission for an
FCC Class B product (intended for residential applications) in the United
States. :

The maximum loop area that will not cxcced a specified emission level
can be determined by solving Eqg. 11-2 for the loop area (A). Thus

380 Ly 1

A T (11-3)

where £ 15 the radiation limit in microvelts per meter, » is the distance

between the loop and measuring antenna in meters, [ is the frequency in

megahertz, { is the current in milliamperes, and A is the loop area in square
centimeters,

For cxample, for 25 mA of current at 30 Mz, the maximum loop area
that will limit the radiation to 100 xV/m at a distance of 3 m (the FCC Class
B limit) is 5 cm’

If we are to design systems that meet legal requirements for radiated
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cmission, loop areas must be kept very small. Under such conditions Eq.
I1-2 is applicable for predicting the differential-mode radiated emission.

Loop Current

If the current in the loop is known, it is easy to use Eq. 11-2 to predict the
radiation. However, the current is seldom known accurately: therefore it
must be modeled, measured, or estimated. The current depends on the
source impedance of the circuit that drives the loop, as well as the load
impedance of the circuit that terminates the loop.

Loop current can be measured with a wide-band current probe, This may
require adding a wire in series with a PCB trace, just long enough to clip 2
current probe to.

Figure 11-4 shows two models typically uscd to represent the loop and its
termination. Figure 11-4A shows a loup with a shorted termination and Fig.
11-4B shows a loop terminated in a capacitor, Various other models are also
possible (Keenan, 1983, p. 3.4-1).

A capacitor-loaded loop with zero source impedance is frequently as-
sumcd. Examples of this approach are given by Keenan (1984) and Bush
{1985).

In this book we have modeled the logic gate as a current source—that s,
as a shorted loop driven through the source resistance of the driving gate.
For example, [or the logic gate of Fig. 103 this would be resistor R4, If R4
equals 130 (), the peak current into the loop will be 5 V/130 0, or 38 mA.
Since there will be some small voltage drop in the output transistors, a value
of 33 mA is a reasonable value to use.

Fourier Series

Since digital circuits use square waves, the Fourier series of the currents
must he known before calculating the emission using Eq. 11-2. Far a
symmetrical square wave (actually a trapezoidal wave. since the rise and fall

Rg Rg

A, SHORTED LCOP B, CAPACITOR TERMINATED

LOOP

Figure 11-4. Loop antenng configurations, (A) a shored loap: (B) a copacitor-rerminated Inap.
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times are finite, as shown by the wave shape in Fig. 11-5) the current in the
nth harmonic is given by (ITT, 1968, p. 42-13)

7. S5 sin(nwd) sin (nmt /T)

11-4
" nwd nawt fT t )

]

where I is the peak-to-peak amplitude of the wave, d is the duty cycle, ¢, is
the rise time, T is the period, and n 1% the harmonic number. The units of [,
will be the same as the units used for [, since the rest of the equation is
dimensionless. Equation 11-4 assumes that the rise time cquals the fall time.
If it does not, the smaller of the two should be used for a worst-case result.
For the case of a 50% duty cycle (d =0.5), the first harmonic (fundamental)
has an amplitude /, = (.64 and only odd harmonics are present. This is for
the case where the rise time (f,) is much less than the period (7). Figure
11-5 shows the envelope of the harmonics for a symmetrical wave. The
harmonics fall off with frequency at a 20dB per decade rate up to a
frequency of 1/t beyond that they fall off at a rate of 40 dB per decade.
This shows that as the misc lime increases, the emergy in the higher
harmonics decreases.

The differential-mode radiated emission can be calculated by first de-
termining the curtent contained in cach harmonic from Eqg. 11-4, and then
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Figure 11-5. Envelape of Fourier specirum front a 50% duly cyele trapezoidal wave.
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substituting this current and the respeclive frequency into Eq. 11-2. This
calculation is then repeated for cuch harmonic frequency.

If the loop is driven by a constant implitude current, the frequency
squared term in Eq. 11-2 represents an increase in cmission with frequency
of 40 dB per decade. The result of combining Egs. 11-2 and 11-4 is that the
radiated cmission increases 20dB per decade for frequencics less than
Uizt and remains constant above this frequency.

Figure 11-6 shows a plot of the differential-maode radiated emission
cnvelope versus frequency. Figure 11-6 clearly illustrates the importany
effect of rise time on radiated emission. It is the rise time that determines
the breskpoint above which radiation Stops increasing with the frequency.
To decrease the cmission, it is desirable to minimize the frequency and
maximize the rise time of the signal.

As un example, the radiated cmission measured at 3m from a 6-M Hz
clock with a 4-ns rise time Howing around a loop with an area of 10com?
(1.5in.%) is shown in Fig. 11-7. The loap is being driven by a TTL gate, and
the current is assumed-to be 35 mA.

It a series of similar calculations are made. cach with 2 different
frequency and rise time, and the maximum emission point taken from cuch
is plotted, Fig. 11-8 results, This figure is useful as a quick cstimate of the
expected maximum cmission for various rise time {frequency combinations,
For loop areas and currents other than those specified, 6dB should he
added or subtracted from the vertical scale for each Factor of two change in
area or current,

Figure 11-8 shows that if the frequency is doubled, the radiation increases
by 6 dB, and if the rise time is halved, the radiation again increases by 6 dB.
all other parameters remaining the sam=. Therelore doubling the frequency
and cutting the risc time in half will increase the radiation by 12 dB.

RADIATED EMISSION (dB)

I
|
20 dB/DECADE

fy = FUNDAMENTAL FREQ.
iy = BISE TIME

1ty

LOG FREQUENCY

Flgure 11-6. Differantial-mode radizted emisvion envelape versus frequency.
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Figure 11-7. Radinted emission spectrum and FCC Class B limit. The specirum is for a 6-MIiz,
4.ns pise time, 35 mA clock sigael i oa I0-cm” loop.

Radiated Emission Envelope

The radisted cmission envelope can easily be plotted if the frequency,
peak-to-peak current, and rise time of the square wave as _well as fha 1';‘:1011::
area are known. Since the shape of the radiated emission ¢ﬂ'-'dli}}:rh és
known, only the fundamental frequency radiation ne:n_:dﬁ ta be calm_ll!alc I
The Fourier coefficient for the fundamental frequency is I, = (.64, where
is the peak-to-peak current of the wave. ‘

) l'll-'l'hepradiati(fn at the fundamental frequency can be calcu?med by MIE;_
stituting {1.64 times the peak-to-peak amplitude of the current into Eq l}l—u;
The radiated emission at this frequency can then be plntte‘d on semilog
paper. A line increasing by 20 dB per decade isldra\m frlum l_hss pt::mt, U|I'_‘| 1:?‘
a frequency of 1/m¢., beyond ‘-\-:hil’.‘h a ]:JUTMﬂnl'.ﬂ] line 15 drawn. is
represents the envelope of the radiated emission.
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CONTROLLING DIFFERENTIAL-MODE RADIATION

Board Layout

;Fietpéum? to ;tﬂrt controlling radiated emission is on the layout of the
nied wiring board. For it to be cost-clecti i i 1
ey ; -cliective, consideration must be piv
to :?r;l:bsmn 1_.x-'hen the board 1s initially duxigne:d. -
mjujm:zr; I;;j}:lﬁli out a pn;ned wiring board to control emission, one should
- loop areas formed by the signal pa i
) sigr ths, Trying to control e
g S he sig each
i:;lrp ar tt.;r] lf:-:l:rrmui by signal and transient power-supply currents is u formid-
:I'h;;i::y,l .;;'ﬁuﬁmi}r' It 15 not necessary to handle all loops individually
st enitical loops are those carrying the re
: 3 ¢ system clock 1 are
the primary sources of radiation. } e
G 501[1‘1;; ;I':i ;,g!:u,]lz is the hlighc::;—frequancy signal in a system and is perindic
T2V 18 concentrated in narrow fre b isti 1
S R : quency bands consisting of the
plus the harmonics, In almost all cas issi
i st all cases the emissic
. e AR s s1om from the
aifztiautic:aui; the r_r:1E1ssmn from all the other parts of the circuit. Therefore
eads must have adjacent ground ;
-return leads fur the o d:
. : otal arca of
E;uclgck! Em‘:ups to be less than a few square centimeters. If the board has a
g Fin palnu, this can act as the return path for the clock current. ‘
" g:fe dl—_‘:l_'fﬁ 5h{_wws the radiated emission spectrum from a typical
puting dewvice. Figure 11-9B shows the cmission from the same u:ievicc
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Figure 11-9. Typical radited emivsion spectrum from a digital circuitt (A) with off cirowins
operational; (B) with enly cleck circuls aperationil.

with only the clock circuit operating. The maximum emission is about the
same in both cascs.

To prevent the clock from coupling to leads that leave the printed wiring
board, the clock circuitry should be located away from the input/output
leads or circuitry.

To minimize crosstalk. clock leads should not run parallel to data bus or
signal lcads for long distances. Crosstalk on digital logic boards is covered in
more detail by Paul (1985).

Line and bus drivers may also be offenders since they carry high currents.
Because of the random nature of their signals, however, they generate
broad-band noise with less energy per unit bandwidth, Bus and line drivers
should be close to the lines they drive. For lines leaving the printed wiring
hoard the drivers should be close to the connectors. Line and bus drivers
used to drive off-board loads should not also be used to drive other circuits
on the board.

Address buses, data buses, and other miscellaneous signal leads are
secondary sources of radiation. Not as important as the clock leads, their
loop areas should still be kept to a minimum. by providing at least one
signal return (ground) lead adjacent to each group of eight data or address
leads. This ground return is best placed adjacent to the least significant
address lead, since the latter usually carries the highest-frequency current,
Most miscellaneous signal loop areas can be controlled by using a ground
grid or plane, which is also required to minimize the amount of internally
generated noise (see Chapter 10).

Another source of radiated emission is the transient power-supply current
required for digital logic gates during switching. These loop areas can be
controlled by decoupling capacitors placed next to cach IC as was shown in
Fig. 10-6.

Transient power-supply currents should be confined to the printed wiring
board and kept off backplanc and interconnecting cables. This can be
asccomplished by using 1C decoupling capacitors—located physically close to
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Figure LL-10. Ferrue head capaciter filter used where power eniers o printed wiring board.

the gates—together with a bulk decoupling capacitor. If additional filtering
is required, a ferrite bead and capacitor flter—located where pOwer enters
the board—cun be used, as shown in Fig. 11-10, Typical values for this filter
are 4 0,001 pF capacitor and a ferrite bead whose resistance is greater than
50 £ from 50 to 100 MHz (Keenan, 1984). In this application it is important
to avoid saturation of the ferrite bead by the de current.

Multilayer Boards

The techniques just described ure applicable to both multilayer and two-
sided printed wiring boards. In the multilayer case the return {ground)
current will flow in the ground plane. following the same path as the signal
lead. since this produces the minimum inductance, as was discussed in
Chapter 10. The loop area is determined by the length of the signal lead and
the spacing between the signal layer and the ground planc. Although ground
planes are desirable in many situations, they arc expensive, and it is often
possible to control radiation by using a ground grid and the other lechniques
described in this and the previous chapter.

In high-specd logic (risc times less than 3 or 4 ns), ground planes may be
required for other reasons—for example, to provide constant impedance
signal interconnections. In such cases the use of the ground pline for EMC
involves no additional cost,

When the propagation delay of a line is small compared 1o the rise time
of the signai, any refiections that occur are masked by the rise time.
However. when the two-way propagation delay becomes appreciable com-
pared to the signal rise time, reflections will travel back and forth on the
line, causing ringing. Under these conditions impedance control and line
termination become a necessity. These ringing frequencies are also a source
of increased radiated emission.

Using 4 velocity of propagation that is 60% of the speed of light, the
maximum permissible untcrminated line length oceurs when the DW=y
propagation delay equals the signal tise time, and it is

LI:IHI :9!1 ' {11_5}
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where ¢ is in nanoscconds and L, is in centimeters. Figure 11-11 shows a

F this cguation. .
plq?‘t?i:::l:n[{;e a ling in its characteristic impedance, the impcdan@ i lh.e
signal line must be controlled. The most common way to do this En i
printed wiring board is with a microstrip or @ strip hm?. Fipure 11—.13 5 ]cm_rﬁ
microstrip and strip-line geometrics. To minimize noise g_Jmh!emh in logic
with risc times of less than # few nanoseconds, printed wiring boards should
be laid out following rf or ECL layout rules (see Blood 1983).

Backplanes

If proper grounding, power-supply decoupling, and layout are u#d.
rudiated emission from a printed wiring board should not be a major
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problem. The major sources of differential-mode radiation sre the buck-
plane and interconnecting cables. In digital systems, radiation from back-
planes is often the primary source of differential-mode emission. The length
of the leads involved, and the fact that radiation is often neglected when the
backplanes are designed are contributing factors to emission.

Backplanes are frequently laid out with multiple clock and signal leads
and a single common ground-return lead. Even when multiple grounds are
used. they are often bunched together on a adjacent pins. This upproach
produces large loop areas and high levels of radiated emision, Loop arcas on
backplanes can be controlled by using two-ayer or multilayer backplanes
with a ground-return plane. If a ground plane is not practical. multiple
ground returns, distributed across the backplane rather than bunched to-
gether. can be used to minimize loop areas. In laying out backplanes, special
consideration must be given to clock leads. A clock lead should always have
an adjacent ground return conductor. There should be no exveption to this.

Interconnecting Cables

Interboard or interunit cabling can also be a source of differential-mode
radiated emission. The primary design objective for cabling 1s to provide a
return current path adjacent to the signal path to minimize the enclosed
loop arca, How the signal return (ground) is terminated determines the
ability of a cable to reduce radiation. An improperly terminated return can
destroy the effectiveness of an otherwise good cable design. The following
cables are listed in order of decreasing effectiveness in reducing radiation:
coax. tri-lead. twisted pair, and ribbon cable (with properly assigned wires).

A coaxial cable, with its shield properly grounded at both cnds, provides
at high frequencics virtually zero loop arca, as discussed in Chapter 3. When
shielded cables are uscd, special considerations must be given to shicld
termination. An improper shield termination (pigtail) can produce a dif-
ferential-mode to common-mode transformation, causing the cable to emit
common-mode radiation. A good discussion of the effect of shield termi-
nations on coaxial cables is given by Paul ( 1980}, Coaxial cables have some

|
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disadvantages: they arc bulky, difficult to terminate properly. and ex-
FEI'II’"S;J—T{;:&d is a cable that combines the advantages tha flat gublu with those
of a coaxial cable. It is a minaturc cable with o single signal conductor
flanked by two larger ground conductors, all in the same plane and
embedded in a dielectric as shown in Fig. 11_1.3‘6}' Its cap&ctta_nce_.lc‘t}uruu—
teristic impedance, and propagation delay are similar to those of a mm:afure
coaxial cable. Tts crosstalk noise is only slightly worse than that of a coax, as
a result of the shielding effect of the two ground l:.'iJTI.dl.fL‘lﬂI‘E. It is smaller
and less bulky than coax and can be tcrntin;?ted eamly.l Figure 11—135 shows
a typical termination. Tri-lead is ideally suited as an interconnection CE:lbiS
for high-speed clock signals, where the characteristics of_ o COAX are c!esnra

without its complexity, bulk, and cost. A more detailed description of
tri-lead can be found in Kolias (1972).

A shielded twisted pair provides a small loop area, as long as the
conductors are not scparated at the ends (terminations). I_f shleldedltwmtcd
pair is used, a single shield can be placed over many pairs, assuming thatt
crosstalk between the pairs is not a problem. At hlg:h Iirr:lqucncues the use of
twisted pair is limited by its nonuniform charactenstic impedance and the
reflections caused by it
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Figure 11-13. Tri-lead cross section (A) and connector [B].
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If ribbon cables are used, multiple ground conductors should be dists.
buted across the cable to minimize the loop arcas. The best arrangement of
n.:r.'mm_n:mrs is ground-signsl-ground—signal-ground, etc. Another method
that is almost as effective s gmund—sigmﬂ~sigﬂaJ—gmund—hiunal—&ignal—
ground, These configurations are shown in Fig. 2-40), ) )

Signal conductors over a ground plane can also be used in a ribban cahle,
]ﬁrm’ided the ground planc is properly terminated, Proper termination
requires that the full width of the ground plane be in contact with eround.
Termination should not be made with pigtails or drain wires. Ribbon cables
can also be shiclded, but an effective 360° termination is difficult to achieve.
_ The use _u:uf fiber ugtic& is another possible option for digital cireuit
Interconncctions, espeeially clock signals, Fibers can provide high-band-
width, low-propagation delay signal interconnection with no radiated emis-
sion ot susceptibility involving the cable. As their price decreases, fiber
optical Systems will become more cost-effective for digital system inter-
connection, especially in large systems.

The best way o handle clock signals is to use coaxiul cable, hecuyse o
coaxial cable has the largest mutual inductince of any cable configuration.
Otherwise, the tri-lead or twisted pair cable should be used.

Shielded Cables

The use of shielded datu cables raises the following questions: Which end
(or ends) of the cable should be grounded? And to which around should the
cible be connected, chassis or cirenit? Shiclded cables are of two general
typus: those where the shield is the return conductar for the sienal (c..
coax) and those where the signal return is within the cable, and the shield s
only used to control noise and interference

!n the case of digital signals the shield should always be connected to q
noise-free ground at both ends. usually the chassis or a scparate input/output
ground provided for this purpose. as discussed luter in this chapter. I the
shield is connccted to a noisy ground, the ground noise will be coupled o
the shield and causc it to radiate.

If the circuit is in a shiclded enclosure, the cable shield should be
connected to the enclosure with a 3607 termination, at its point of cntry.
Thls prevents the cable penctration from degrading the shiclding effec-
tiveness of the enclosure. Under no circumstances should # shielded cable
be allowed inside a shielded enclosure without a shield termination at its
point of entry.

In_thu special case of a coax, not only should the shield be connected to
Chi.i.ﬁtilsl ground, but the circuit ground must also be conneeted at the same
point in order to complete the signal path.

For long cables, where there is concern that the ground loop formed by
grounding both ends of the cable may introduce low-frequency noise into
the system, a hybrid ground can be used. This is achieved by gr_ounding the

iy
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receiving end of the cable shield and terminating the shicld at the transmit-
ting end through s capacitor.

COMMON-MODE RADIATION

Differential-mode radiation is easily controlled in the design and layvout of a
product. On the other hand, common-mode radiation is harder to control
and normally determines the overall emission performance of the product.

Common-mode radiation emanates from the cables in the system. The
radiated frequencies are determined by the common-mode potential (usually
the ground voltage), as can be scen from Fig, 11-2. The frequencics radiated
are not the same as differential-mode signals in the cable.

Common-mode emission can be modeled as a short (less thun one-
quarter wavelength), monopole antenna (the cable), driven by a voltage
(the ground voltage). For a short monopole antenna of length [ over a
ground plane, the magnitude of the electric field strength, measured at a
distance r in the far field is (Balanis 1982, p. 111, Eq. 4-362)

po dmx10 (fllysin @
> ;

(11-6)

where E is in volts/meter, fis in hertz, fis the common-mode current on the
cable (antenna) in amperes, and [ and r are in meters.

Equation 11-6 is valid for an ideal antenna with a uniform current
distribution. For a real antenna the current goes to zero at the open end of
the wire. In practice, a uniform current distribution can be achieved if the
antenna is capacitively loaded with & metal plate at the open end. This is
called a capacitor-plate or top-hat loaded antenna (Stutzman and Thiele
1981, p. 81). This configuration is approximated when the antenna (cable)
connects to another piece of equipment that is either grounded or, if it is not
grounded, has sufficient capacitance to ground. The capacitor-plate antenna
then closely approximates the ideal uniform current antenna model.

Assuming an orientation that maximizes the emission (8 =90°), Eq. 11-8
can be rewritien as

-7 1 5

E=126=10 {fa'!‘j(—). (11-7)
r

Equation 11-7 shows that the radiation is proportional to the frequency. the

length of the antenna, and the magnitude of the common-mode current on

the antenna. The primary method of minimizing this radiation is to limit the

commaon-mode current,

The frequency term in Eq. 11-7 represents an increase with frequency of
20 dB /decade. If the cable is driven by a constant current, the net result of
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cumhjnin_g t_his with Eq. 11-4 for the Fourier coefficients is that the common-
mode emission spectrum is flat up to a frequency of 1/ , and decreascs
a rate of 20 dB/decade above that frequency. ' e
Figure 11-14 shows the envelope of the common-mode emission Becaus
of the fall-off at higher frequencies, common-mode emission i1~*. ontl ; 5-6
%ublem at frequencies below 1/ar,. Therefore, for rise times in Lrhe 43 L;
andn; 1;;;1%;22 tommon-mode emission problems normally occur betwen 30
The ratio of the differential-mode current to the common-mode current
necded to produce the same radiated field can he determined by setting E
11-2 equal to Eq. 11-7 and solving for the ratio of the currents. Therefr}i;

Iy _ 4B = 10%
L™ (11-84)

-

where [, and [ are, respectively, the differential-mode and the common.
mode currents needed to produce the same amount of radiated emission. If
the r:ab!ez length ! is equal to Im, the loop area A is equal to ]ﬂl:-rrl:
(0.001 m) and the frequency is 50 MHz, then Eq. 11-8A reduces to

Eii
7 = 1000, (11-8B)

This means that it takes three orders of magnitude more differential-mode
Ll.lITL?l'i[ than common-mode current to produce the same field. In other
words, a common-mode current of a few microamperes can cause the same
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Figure 11-14,

Comtmon-mode radiated emission envelopy versus Sfrequency.

CONTROLLING COMMON-MODE RARIATION 315

CONTROLLING COMMON-MODE RADIATION

As in the case of differential-mode radiation, it is desirable to limit both the
nse time and the frequency of the signal to decrease common-mode
emission.

Cable length is determined by the distance between the components
being interconnected, and is not usually under the designer’s control. In
addition, when the cable length reaches one-gquarter wavelength, the emis-
sion no longer continues to increase with cable length, due to the presence
of out-of-phase current.

The only parameter in Eq. 11-7 that the designer can control to minimize
the emission is the common-mode current, The common-mode current can
be thought of as a “control knob™ to the radisted emission. No common-
mode current is required for system operation.

Common-mede current can be controlled by

. Minimizing the source voltage that drives the antenna (normally the
ground potential ).

Providing a large common-mode impedance (choke) in series with the
cable,

Shunting the current to ground.

4. Shielding the cable.

—

]

Led

The common-mode suppression components nsed must be such that they
affect the common-mode current (usually clock harmonics) and not the
functionally required differential-mode signals, Since the interface cables
usually carry signals whose frequencies are lower than the clock frequency.,
this is easy to achicve. For high-frequency interconnections, such as clock
signals. decoupling by shunting the current to the ground cannot be used,
and other suppression methods such as common-mode chokes or shielding
must be considered.

Common-Mode Voltage

The first step in controlling common-mode radiation is to minimize the
common-mode voltage that drives the radiating antenna (cable). Most
methods of minimizing differential-mode cmission will also minimize the
common-mode voltage, As an example, use of a ground grid or plane i
effective in reducing the voltage drop in the ground system.

The effectiveness of a ground grid in reducing common-maode emission
can be seen in Fig. 11-15. The figurc shows radiated cmission with and
without a ground grid on the printed wiring board. The data are from
German (1985).

Proper choice of the point where the external {earth) ground connects Lo
the system can also decrease the common-mode voltage. The further apart
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the external ground connection is from the interface cables, the more likely
it is that there is a large noise voltage between the points. Even with a
ground grid or plane, the common-mode voltage cannot always be reduced
enough to eliminate the emission. Therefore additional eontrol technigues
are requircd.

Cable Decoupling and Shielding

Cable decoupling (shunting the current to ground) and shielding require a
“quiet” or “clean” ground (one not contaminated by the digital logic noise).
Unless consideration is given to this early in the design, such a ground will
not be available.

To use cable decoupling or shielding for common-mode suppression,
Pﬂnted wiring boards must be laid out in such a way that there is a “quiet”
input/output (1/0) ground. This can best be done by placing all the 1/0
leads in one area of the board and providing, in this arca, # separate low
inductance I/0 ground that connects to the digital logic ground at only one
point. This way, none of the digital logic ground currents can flow tIu:r:ugh
the “quiet” ground to contaminate it with noise. '

Figure 11-16 shows one implementation of this concept. In order ta avoid
contaminating the 1/0 ground, the only allowable connections to it should
be 1/0 lead decoupling capacitors and external cable shields. The ground
must have a low-impedance connection to an external ground, ﬁsuuily

CONTROLLING COMMON-MODE RADIATION 317

_SINGLE POINT CONMNECTION
If0 COMNECTORS | BETWEEM GROUNDS

Sl

—
./ | GMD.
"CLEAN" ¥
[ —
GMND O
—

b
|88

e EXTERAMAL g 'O DECOUPLING CAPACITORS
L GHROUND

T COMMECTION

Figure 11-16. Digital PWE with separate “clean” inputiowipur (10 ground and 1O cably
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through the power line green wire (safety) ground. The I/ O ground should
have multiple connections to the chassis ground in order o minimize its
inductance.

This concept can be applied to any system configuration, cven in large
multiboard systems, The important point is that somewhere in the system
there must be a clean 1/0 ground. All cables should be decoupled to this
ground before leaving the system. Once the noise is removed from the
cables, their touting must be carefully controlled to avoid coupling system
noise back into the cables, Therefore the clean I/ O ground should be at the
point where the cables leave the system.

The effectiveness of the cable decoupling capacitors depends on the
common-mode source impedance of the driving circuit. Sometimes better
results can be obtained by using a series resistor or inductor in addition to
the cable decoupling capacitor. Filter pin conncctors with built-in shunt
capacitors and/or series inductive clements (usually ferrites) can also be
used.

Common-Mode Chokes

A common-mode choke is the only technique that does not require a ground
to function, and by the nature of its operation does not affect the differen-
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tial-mode current. Hence chokes are highly popular for limiting common-
mode emission from cables. The effcetiveness of 1 common-mode choke is
normally limited to less than 20 dB (typically 6 to 12 dB; sec Ritenour, 1852)
because of the bypassing effect of the choke’s parasitic  capacitance
(Nakauchi and Brashear, 1982).

Cables acting as common-mode antenras typically have common-mode
impedances of a few hundred ohms. To be effective, s common-mode choke
must provide an impedance that is significantly greater by COMPATISOr.
Therefore common-mode chokes must have impedances in the tange of 100
to 1000 L) at the frequency of interest. Chokes with impedances less than
this are seldom effetive.

Obtaining substantial common-mode suppression by a single technique is
difficult if not impossible, whereas by combining two or three different
techniques the needed suppression can be obtained. With regards to cost,
cable decoupling capacitors ure usually more economical than chokes sinee
they are machine insertable, and common-mode chokes are cheaper than
shiclded cables.

Measuring Common-Mode Current

Common-mode currents on cables can be measured with a high-frequency
clamp-on current probe and spectrum analyzer {or EMI reeeiver) as shown
in Fig. 11-17. Therefore the cffectiveness of various mitigation technigues
can be determined in the development laboratory before radiated emission
testing. Since common-mode emission is the predominant radiation mech-
anism in most products, these common-mode currents determine the max-
imum emission. The common-mode current is related to the radiated
emission by Eg. 11-7.

j MULTI-CONDUCTOR

EQUIPMENT I _INTERFACE
UNDER TEST gEEFIEWEH

f SPECTALM
I + ANALYZER

CLAMP-ON
CURRENT
FROBE

Figure 11-17. Measuring common-mode currenis on svstem cables,
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Solving Eq. 11-7 for [ gives

. (L.EEr

I==5

(11-9)

where [ is in microamperes, £ is in microvolts per meter, fis in megahertz,
and r and { are in meters.

For example, to limit the radiated emission measured at 3 m to 100 wVim
(the FOCC Class B limit), the maximum common-mode current on a cable
one meter long at 50 MHz is 5u A For 300 oV /m (the FCC Class A limit)
the maximum current is 15 pA under the sume conditions, Only millivolts of
ground potential are required to produce common-mode curtents of this
magnitude. Therefore all cables require treatment to control common-mode
currents and radiated emission.

ENGINEERING DOCUMENTATION AND EMC

As the last two chapters indicate, much of the information that is important
for clectromagnetic compatibility is not conveniently conveyed by the
standard methods of engineering documentation, such as schematics,

The transmission of engineering documentation alone is insufficient: good
EMC design reguires cooperation and discussion between the electrical
engineer, mechanical engineer, EMC engineer, and printed wirmg board
designer.

In addition most CAD tools for printed wiring board layout do not
include EMC considerations, EMC considerations must therefore be applicd
manually by overniding the CAIDD system (i.e.. by a ground grid, or by
placing a return conductor next to a clock lead).

SUMMARY

e Differential-mode emission can be controlled by circuit layout. There-
fore the overall product emission is normally determined by the
common-mode emission.

s The key to reducing differential-mode radiation is to minimize the area
of all loops carrying signal currents and transicnt power-supply cur-
rents. The most critical of these are loops carrying the clock signals,

o All clock leads must have adjacent ground returns.

# The best conductors for carrying off-board clocks are fiber optics, coax,
tri-lead, and twisted pair, in that order.

e Shiclded cables, used with digital logic, should have the shicld
grounded at both ends.
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» Ground terminations of cable shields should provide a 360° contact
with the shield.

e A ground grid or plane should always be used on digital logic boards to
minimize loop areas and common-mode ground patential,

e Both differential-mode and common-mode emission increase with in-
creasing clock frequency and decreasing clock pulse Tise time.

e The key to controlling common-mode radiation is to minimize the
common-mode current on all the system cables,

e All cables entering or leaving the system require treatment to control
common-mode emission.

o All 1/0 leads should be located in one area of the printed wiring
board. A *“quiet” [/O ground, connected to the digital logic ground at
only one point, should be provided in this area of the board,

e 1/O drivers should be near the connector.

e Clock circuitry and leads should be away from the I/O area.

e The following techniques can be used to control common-mode cur-
rents and to reduce costs. They should be used in the following order;
(1) reduce the common-mode voltage, (2) decoupling, (3) common-
mode chokes, and (4) cable shiclding.

e Common-mode currents should be measured on all cables, and com-
pared to the prescribed limits, before radiated emission testing Lakes
place. This provides a high degree of confidence that the product will
pass the radiated emission test,

s For the control of radiation the summary of Chapter 10 is also relevant,

o Emission control must be considersd during the initial design and
layout, As a product progresses through its various developmental
phascs—initial design, prototype, testing, final models, and
production—the degrees of freedom available to control emission
problems decrease, and consequently the cost of solutions increases.
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12 ELECTROSTATIC
DISCHARGE

Static clectricity is familiar to all of us as the static cling of clothing, s
sparking caused by touching a doorknob or other metal object, and as
lightning. Static electricity was known to the ancient Greeks over 2000 years
apo, In medieval times magicians used electrostatic cffects as part of their
“bag of tricks.” In our time static electricity has been harnessed to perform
many useful functions. Examples of products using this principle are clec-
trostatic copiers, dust precipitators, air cleaners, and electrostatic spray
painters.

However, uncontrolled clectrostatic discharge (ESD) has become
hazard to the electronics industry. Since the carly 1960s it has been
recogrized that thick and thin film solid state devices. metal-oxide-semicon-
ductor devices. and many discrete electrical parts such as film resistors,
capacitors, crystals, and bipolar ICs are susceptible to damage by elec-
trostatic discharge. As devices become smaller and faster, their susceptibility
to ESD will increase.

ESD control is a special case of the overall subject of EMC. As will be
seen, the techniques used to decrease the susceptibility of a system o ESD
arc, in many cases, similar to those used Lo control radiation.

STATIC GENERATION

Static electricity 15 generated by contact and subsequent scparation of
materials, The materials may be solids, ligquids, or gases, When two noncon-
ductors (insulators) are in contact, some charge (electrons) is transferred
from one material to the other. When the two materials are then separated.
this charge muy not return to the original material since charge is not very
maobile in an insulator. If the two materials were originally neutral, they are
now charged, one positively and the other negatively,

This method of generating static electricity is referred Lo as the triboelee-
tric effect. Some materials readily absorb clectrons while others tend to give
them up easily. The triboclectric series is a listing of materials in order of
their affinity for giving up electrons. Table 12-1 is a typical triboelectric
serics. The materials at the top of the tzble casily give up electrons and
therefore acquire a positive charge. The materials at the bottom of the table
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Table 12-1 Triboelectric Series

POSITIVE
1. Air 18. Hard rubber
2. Human skin 19, Mylar”
3. Ashesios 20, Epoxy glass
4. Glass 21. Mickel, copper
5. Dica 22. Brass, silver
fi. Human hair 23. Gold, platinum
7. Nylon 24. Polysiyrene foam
8. Wouol 25. Acrylic
9. Fur 26. Polyester
10, Lead 27, Celluloid
11. Silk 28, Orlon
12, Aluminum 29, Polvurethane fosm
13, Paper 3. Polyethylens
14. Cuotion 31. Polypropylens
15. Wood 32, PVC (vinyl)
16. Steel 33. Silicon
17. Sealing wax 34, Tefon®

NEGATIVE

“Trademark of E, [, du Pont de MNemours.

easily absorb electrons and therefore acquire a negative charge. It should be
kept in mind, however, that this serics is only approximate.

When two materials are in contact, electrons will be transferred from the
material higher on the list to the material lower on the list. The degrec of
separation of two materials in Table 12-1 does not necessarily indicate the
magnitude of charge created by the triboelectric effect. The magnitude
depends not only on the ordering of the materials in the series but also on
the surface cleanliness, pressure of the contact, amount of rubbing. surface
area in contact, smoothness of surface, and the speed of separation. A
charge can also be generated when two picces of the same material are In
contact and then separated; a good example is the opening of a plastic bug.

The relationship between charge, voltage, and capacitance is

v=2 (12-1)

As two materials are separated, the charge imbalance () remains fixed;
therefore the product VC is a constant. When the materials arc close
together, the capacitance is large; hence the voltage is low, As the materiuls
are separated, the capacitance decreases and the voltage increases.

For example, if the capacitance is 75 pF and the charge is 3 p the
voltage will be 10,000 V.
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This effect also occurs when an insulator is separated from a conductor,
but it will not occur between two conductors. In the latter Case, as 500m as
separation starts, the charge returns to the original material because the
maobility of the charge is large in a conductor.

Thus both conductors and insulators can casily be charged by contact and
scparation with another insulator. Intimate contact is all that is needed to
give rise 1o a static charge. Rubbing just tends to bring more of the surface
in good contact and hence increases the charge transfer. Faster separation
gives less time for charge reflow and also increases the stored charge, and
the voltage,

Table 12-2, from DOD-HDBK-263, shows typical electrostatis voltages
that can be generated under various conditions. The generation of 10 to
20 kY on common materials in the home and work environment is not
unusual.

static electricity is a surface phenomenon. The charge exists solely on the
surface of the material and not inside. The charge on an insulator remains in
the area in which it is generated. and it is not distributed over the entire
surface. For this reason, grounding an insulator will not climinate the
charge. Unlike an insulator, a charged conductor will lose its charge if
grounded.

Electrostatic discharge is normally a three-step process: (1) a charge is
generated on an insulator, (2) this charge is transferred to a conductor bw
contact or induction, and (3) the charged conductor comes near a meta]
object, usually grounded, and a discharge occurs.

For example, when you walk across a carpet, the soles of your shoes
(insulators™) become charged as they contact and separate from the flooT,
This charge is then transferred to your body (a conductor). If you then touch
a metallic object, grounded or not, a discharge occurs. When a discharge
oceurs to an ungrounded object (e.g., 4 doorknob), the discharge current
flows through the capacitance between the object and ground,

Table 12-2 Typical Electrostatic Voltages

Electrostatic Volrage

w0 20% 65 o 0%

Relative Relative
Means of Static Generation Humidity Humidity
Walking across carpet 35,000 1500
Walking on vinyl lloor 12,00 250
Worker moving at bench G0 100
Opening a vinyvl envelope T Ao
Picking up commun polyethylene hag 200,000 1200
Sitting on chair padded with polvurethane foam 18,000 1500

*Some shoes are static dissipative (e.g., those with lcather soles)
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A charged insulator by itself is not dircetly a problem, Since the charge is
nol free to move, it cannot produce a static discharge. The danger from un
insulator comes from its potential for inducing & charge on a conductor.
Static damage is done by conductors. The most important of these are
metals, carbon, and people (due to the conductivity of their moist skin).

Inductive Charging

An electrically charged object (insulator or conductor) is surrounded by un
electrostatic field, If a charged object is brought into the vicinity of a neutral
conductor, the electrostatic ficld will cause the balanced charges on the
neutral conductor to separate. The polarity of charge opposite 1o that on the
charged body will be on the surface of the conductor nearest the charged
body, and the opposite charge will be on the surface farthest wway, as shown
in Fig. 12-1. The conductor will remain neutral, however, with cqual
amounts of positive and negative charge.

If a temporary connection is then made to ground (e.g.. if the object is
momentarily touched by a grounded person or object), the charge on the
side of the neutral body farthest away from the charged object will bleed
off, as shown in Fig. 12-2. This leaves the conductor charged, without cver
having come In contact with a charged body. The ground connection
necessary o produce the induced charge can have considerable impedunce
(a megohm or more),

Charge Storage

The charge that accumulates on an object is stored in that objeel’s capaci-
tance. MNormally we think of capacitance as something occurring between
parallel plates. However, all objects have a frec-space capacitunce of their
own, with the sccond plate in effect at infinity, This is the minimum
ciapacitance that an object can have. The free-space capacitance of even an
irregularly shaped object is primarily a function of its surface arcs. There-

NEUTRAL
CONDUCTOR

CHARGED
OBJECT

Figure 12-1. The charge an a neuteal conductor separaies iy the vickine of g chorged objecr,
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CHARGED CONDUCTOR CHARGED CHARGED
QBJECT CHARGING QBJECT CONDUCTOR
(A (B)

Figure 12-2. If the conductor of Fig. 12-1 is momentarily grounded (A), the reganive charge will
bleed off and leave the conducior churged (B).

fore the free-space capacitance can be approximated by considering the
simple geometry of a sphere with the same surface arca as the object.
The capacitance between two concentric spheres (Hayt, 1974, p. 159) 15

4are

&= (1ir) = (1ir,)

where r, and r, arc the radii of the two spheres (r,>r)), and € is the
dicleetric constant of the region between the spheres,

For free spacc € =885 x 10 “ F/m. If the radius of the outer sphere is
allowed to go to infinity, Eq. 12-2 becomes

(12-2)

C=111r pF, (12-3)

where 7 is the radius of the sphere in meters. Equation 12-3 represents the
capacitance of an isolated body in space and can be used to estimate the
minimum capacitance of many objects. For example, a person has a surface
area approximately equivalent to that of a 1-m diameter sphere; therefore
Eq. 12-3 gives a capacitance for the human body of about 50 pF. The earth
has a free-space capacitance of slightly more than 700 xF, and an object the
size of & marble has a free-space capacitance of slightly more than 1 pF.
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Besides the capacitance given by Eq. 12-3, additional capacitance (paral-
lel plate capacitance) exists due to the proximity of an object to other
surrounding objects,

HUMAN BODY MODEL

Humans are a prime source of electrostatic discharge. A charged object
readily transfers its charge to a person’s conductive sk layer.

In addition to the 50 pF of free-spuce capacitance, the primary contri-
bution to the capacitance of the human body comes from the capacitance
between the soles of the feet and ground, as shown in Fig. 12-3. This is

AR

S000-10 ki

N

il 50pF

S0-100pF

NN

TUNTININ

S

S

J= =g 4F

Figure 12-3, Human body copaciiance and resistance,

-
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typically 100 pF. An additional capacitance from 30 to H{) pF may exist due
to the proximity of the person to some surrounding objects, such as walls.
Therefore the capacitance of the human body is the combination of free-
space capacitance plus parallel-plate capacitance, and it varies from about 50
to 230 pF.

A model for electrostatic discharge from a human body is shown in Fig,
12-4. The charge is stored in the body capacitance. The discharge occurs
through a resister, which represents the resistance of the body. The induct-
ance, although often left out of the model, Is important in determining the
rise me of the discharge current and should be included.

The body resistance can vary from about 300 to 10,000 €2, depending on
which part of the body the discharge occurs. If the discharge is from the tip
of the finger, the resistance will be about 10,000 £2; if from the palm of the
hand, about 1000 £1: if from a metal object (e.g., & key) held in the hand, i
will be approximately 300{}. If the discharge occurs from a large moetal
object, such as g chair or shopping cart, the Tesistance can be as small as
S011.

The circuit of Fig, 12-4 can be used in testing, to simulate the humun
body discharge. There is no industry standard or agreement as to what
values should be used for the components of the circuit. Typical values used
by industry are given in Table 12-3.

The rise time and the energy of the discharpge are the primary parameters
that determing the severity of the evenl. Table 12-3 lists the energy in
millijoules for the various models.

Figure 12-3 shows a typical ESD current waveshape prodouced by oz
150-pF, 500-£2 humun body model when charged to 200000V, The peak
amplitude 15 40 A with a rise tme (10 o 90%) of 1ns and 4 fall tme of
100 ns. The rise time 15 determined by the inductance in series with the

RAMGE OF VALUES

Co 50 to 250 pF
Fh 500 2 to 10 K
Vi 0 to 20 kW

Figure 124, Electrossatic discharge model of the human bady.
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Table 12-3 Typleal Human Body Model Component Values

Source O (pF) R (i WV o(volts) Encrgy (ml)
1EC 801-2 130 L5t 13, (K 16.49
SAE 200 250 15,000 235
DOD-HIDBK-263 100 LS00 15,000 11.3
Company A 230 LiMp0 20,000 Al
Company I3 150 500 20,000 30
Compuny sl 10,000 20,000 10
Company D 300 30H) 13,00 338
Company E 350 Lo L5000 w4
Company F 100 500 10,000 5.0

discharge probe. Minimizing this inductance is one of the primary concerns
in the design of ESD testers. Tts value should be kept to less than (L] pH,

Two of the more commenly used models are 150 pF, 150 {1, specified in
the International Electrotechnical Commission (1EC Standard 801-2, 1984,
and 100 pF, 15000 specified in DOD-HDBE-263.

Maore elaborate models that produce multiple discharges corresponding to
actual human discharges have also been proposed. Figure 12-6 shows such a
model. To date, however, only the simple R—L-C model of Fig. 12-4 has
been widely accepted for testing purposes.

A discharge from a voltage of less than 3500V will not be felt by the
person involved. Since many electronic devices are sensitive to damage
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Figure 12-5. Typical electrastanic discharge cirrent waveform.
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<01pH 150-15000
AN AAN—
L Fe
= 60kD Rk
Cd —— 150pF

Figure 12-6. Multiple dischorge, humoan body model,

from discharges of only a few hundred volts, component damage can oceur
from & discharge that is not felt, heard, or seen. At the other extremc,
discharges at potentials greater than 25kV are painful to the person
involved.

STATIC DISCHARGE

Charge accumulated on an object usually leaves the object by one of two
ways, leakage or arcing. Since it is better to avoid arcing, leakage is the
preferred way to discharge an object. Charge can leak off an object through
the air, due to humidity. The higher the humidity, the faster the charge will
leak off the object. The charge on an object can also be counteracted by
using an ionizer o i1l the air with an opposite charge. The jons will be
attracted to the object and will neutralize the charge on it. The more ions.
the faster the charge will be neutralized,

Leakage from a charged conductor can be made to occur by intentionally
grounding the object. This ground may be a “hard ground” (close to zeto
impedance) or a “'soft ground™ (a large impedance, typically a megohm, that
will limit the current How). Since the human body is conductive, grounding
it with a wrist strap, for cxample, will drain off the charge. However,
grounding @ person will not drain the static charge from his or her clothing
(nonconductors). of from a plastic object held in the hand, such as a
Styrofoam coffee cup. To remove the charge from these objects, ionization
or the application of high humidity can be used. When grounding & person,
a hard ground should be avoided because of the safety hazard thar would
exist if the person came in contact with an ac power line. The minimum
impedance used in grounding a person should be 250 K-} (wrist straps

|
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usually have 1 M) of resistance to ground), The higher the impedance to
ground, the longer it will take for the charge to bleed off the object.

Decay Time

Since the charge on an object may leak off over a period of time, an
important parameter is the decay time—the time it takes for the charge to
be reduced to a given percentage of its initial value. The decay time
(sometimes called the relaxation time) is equal to

==, (12-4)
T
where e is the dielectric constant for the matenal and o is the conductivity
(Moore 1973, p. 26, Eq. 15). The decay time can also be written in terms of
the resistivity p of the material and 1s
T=€p . {12-5)
From Eq. 12-5 we see that the decay time can be used as an indirect method
of measuring the resistivity of a material.

Since static electricity is a surface phenomenon, materials can be classi-
fied by their surface resistivity. Surface resistivity has the dimensions of
ohms per square. It is cguivalent to the resistance measurced across a sguare
section of the material, Surface resistivity is measured with a fixture having
two electrodes that form the opposite sides of a square. As long as the
length of the measuring electrodes is the sume as the spacing between the
clectrodes, the resistance measurment will be the same regardiess of the
length of the electrodes. That is, if the two electrodes are 1in. long, they
must be placed 1in. apart.

Based on the surface resistivity, DOD-HDBK-263 clussifies materials into
four categorics, as lsted in Table 12-4,

Table 12-4 Surface Resistivity of Various
Classes of Materlals

Surface Resistivity

Muterial (1) Square)
Conductive 0 to 10°
Static dissipative 107 ta IICI"I
Antistatic” 107 ta 1_ﬂ"
Insulative” =10t

24 surface resistivity of 10'% is high for the transition from
anlistatic to insulative, A& more realistic value would be
10" {1/ square.
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Materials with surface resistivities of 10° Q) per square or less can be
discharged rapidly by grounding. If a charge already exists on an object, it
should be discharged slowly in order to limit the current and avoid damage.

Conductive materials are the fastest to dissipate charge and can be
dangerous when used near an already charged device. If a charged device
should come in contact with a grounded conductive material, it will be
rapidly discharzed with a large peak current, and dumage may result.

Static-dissipative materials are preferred to conductive materials because
charge dissipation occurs at a slower, safer rate. Grounded static-dissipative
materials can be used to prevent charge builldup and to safely discharge
objects already charged.

Antistatic materials are the slowest to dissipate charge. Nevertheless,
they are useful because they can dissipate charge faster than it is generated
and therefore prevent an object from accumulating a charge. An example of
this 15 a pink polyethylene bag, To prevent triboelectric charging the surface
resistivity of the material should not exceed 10'° £2/square.

MNeither static-dissipative nor antistatic materials will charge when sepa-
rated from themselves or any other materials, They have similar applications
and are sometimes grouped together. They are the preferred materials 1o
use in an ESD-sensitive environment.

Insulators do not dissipate charge butl retain whatever charge they have,
Examples are a polyethylene bag and Styrofoam packing material. They
should not be allowed in an ESD-sensitive environment.

ESD PROTECTION IN EQUIPMENT DESIGN

Energy from a static discharge can be coupled to an electromic circuit in
three ways:

1. By direct conduction.
2. By capacitive coupling.
3. By inductlive coupling.

Direct conduction occurs when the discharge current flows directly through
the sensitive circuit. This often results in damage to the arcuit, Capacitive
and inductive couplings oceur when there is a discharge to a nearby metal
object or cable, and the resulting fields arc coupled to the susceprible
circuit.

A circuit or system may be protected from a static discharge by

1. Eliminating the static buildup on the source.
2. Insulating the produet to prevent a discharge.

EZD FROTECTION IN EQUIPMENT DESIGN e

3. Providing an alternative path for the discharge current to bypass the

circuit,

4. Shielding the circuit against the electric fields produced by the dis-
charge.

5. Protecting the circuit against the magnetic fields produced by the
discharge.

blost of what has been written on the subject of ESD discusses methods of
preventing charge buildup and/or preventing a discharge from occurring
(items 1 and 2 of the list). Although these methods are useful in protecting a
systern from ESD damage in the process of manufacturing, handling, and
shipping, they cannot be forced on the users of the product,

ESD-induced effects in clectronie cirenits can be divided into three
categories: hard errors, soft errors, and transient upset. Hard errors cause
actual damage to the hardware (e.g., destruction of an 1C). Soft errors
affect system operation but do not physically damage it (e.g., a changed
memory bit or a program locked in an infinite loop). Transient upset does
not cause an error, but it is perceptible (e.g., snow, rolling of « CRT
display, or the momentary Nashing of an indicator light). Electronic prod-
ucts and systems should be designed to tolerate an elecirostatic discharge
without damage (hard error) and often without soft error, Transicnt upsets
arce usually tolerated.

The first step in designing equipment to be immune to ESD is to prevent
the direct discharge current from flowing through the susceptible circuits.
This can be accomplished either by insulating the circuit or by providing an
alternative path for the current flow, If insulation is wsed, it must be
complete, since a spark will jump across an air gap at a discontinuity, such
as the ait sap between the plastic keys of a keyboard.

In order to divert the ESD current from sensitive circuits, all exposed
metallic components of the system must be grounded. Since the discharge
current follows a path that is dependent on the physical layout of the
product, the number and location of metallic structures and their ground ties
are very important.

The basic principle of ESD-protective grounding is 1o wse low inductance
multipoint grounds where ESD current flow is desired and single-point
grounds where discharge current flow is not wanted.

In the case of a grounded metallic enclosure, the housing can be used to
divert the discharge current to ground. To be effective, the case must be
electrically continuous: otherwise, a portion of the current may be forced to
flow through the internal circuitry, as shown in Fig. 12-7. Good high-
frequency electrical continuity (multipoint}) must be provided across all
joints, hinges, and so forth., For an ungrounded or improperly grounded
systerm, the ESD current paths are complex and unpredictable, flowing
through the capacitance among the parts of the system and between the
system and ity environment.
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Figure 12-7. Electrostatic discharge to g metallic enclosure thar does not have elepirical contact
across the seams.

Metallic Enclosures

Consider the situation shown in Fig. 12-8 of a circuit insulated from and
completely enclosed by # grounded metal box. The circuit has no connection
to anything outside the metallic enclosure. When a discharge occurs 1o the
box, the box rises in potential due to the inductance of the ground lead. In
the case of 4 20,000-V discharge, the box may rise in purgntia[ by a few
thousand volts. The circuit inside the box also rises to a few thousand volts
with the box, so there are no potential differences between points of the
cireuit or the circuit and the box. No damage will be done, provided the box
completely encloses the circuit.

‘ Discontinuities in the enclosure (e.g., seams or holes) can cause differen-
tial v?l_tagus to appear on the enclosure. These voltages, combined with the
parasitic capacitance between the portions of the enclosure and the circuir,
can produce voltages in the circuit that may affect its operation. There are
two approaches to solving this problem. The first is to muke the enclosure as
complete as possible. The second is to add an internal shield to block the
capacitive-coupling between the enclosure and the circuit. This second
shield should be connected to the circuit common, as shown in Fig. 12-9.
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Figure 12-8. Electrostatie discharge fo a merallic enclosure that completely encloses a circuit. The
circult huy no exlernal conneciions,

A more practical case is shown in Fig, 12-10, where the enclosed circuit
has a connection to an outside ground either through a cable (1/0 or power)
or through capacitance to ground (as the result of holes or discontinuities in
the enelosure). When a discharge occurs to the box, the box rises in
potential. The circuit, however, due to the external ground connection, will
remain #t the ground or close to it. There is now a large potential difference
between the box and the circuit, and this may causc a sccondary arc to occur
between them. This secondary arc occurs without the current-limiting body
resistance and produces currents much larger, and more destructive than the
primary arc.

A similar effect occurs if the metallic enclosure is ungrounded. However,
instead of rising to a few thousand volts, as in the case of a grounded
cnclosure, the enclosure may rise close to the potential of the source.
Therefore all exposed metal parts should be grounded to the green wire ac
power ground to limit this voltage rise,

The secondary arc can be prevented by providing sufficient space be-
tween all metal parts and the circuit or by connecting the circuit to the
metallic enclosure. The gap should be able to withstand about 1300V for a
grounded enclosure and at least 25,000V for an ungrounded enclosure. For
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engineering purposes the breakdown strength of air is considered to be
J0kViem (75kV/in.); therefore minimum spacing should be (.05 cm
(0.0200n.) for grounded metal parts, and (L84 em (abo:t 3/8in.) for un-
grounded metal parts.

Even without the secondary arc, the strong electric field produced
between the metal box and the circuit can cause & problem, Often a second
shield inside the metal box will be needed to break the electric field coupling
to the circuit. This second, unexposed shield should be connected to the
circuit ground, as was shown in Fig. 12-9. This could be a separate shield or
part of a ground plane on an existing printed wiring board.

If the circuit is connccted to the metallic enclosure, this connection
should be made at one point only to prevent the discharge currents from
flowing through the circuit. The configuration shown in Fig. 12-11 illustrates
the result. When a discharge occurs to the box, the box rises in potential.
However, since the circuit ground is ticd to the box, the circuit potential
rises with the box, and there is no potential difference between points on the
circuit or between the circuit and the box, What happens then to the
few-thousand-volts potential on the box? It 1% transferted as a common-
made voltage to the interface cables and applied to whatever is connected at
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Figure 12-11, Electrostatic discharge o a metallic enclosure containing a circuit with a single-

point cannection between the enclosure and the circudr.
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the other end of the cables. Therefore the problem is transferred from the
circuit in the enclosure to the circuit at the other end of the cables. If the
cable is the ac power line, momentarily applying a few thousand volts into it
will mot do any harm. But, if the cable is a signal cable connected to a logic
gate, the gate will be damaged.

The situation can also be reversed, with the discharge applicd to the
circuit at the end of the cable and the damage done to the circuit inside the
box. For a complete conductive enclosure, which is connected to the circuir
ground at one point, the primary ESD problem involves the interface
cables. These cables must be treated to prevent ESD damage.

Input/Qutput Cable Treatment

Interface cables can be protected from ESD by the following methods:

Use of cable shizlding.
Common-mode chokes,
Overvoltuge clamping devices.
Cable bypass filters.

Fu L Rd =

Figure 12-12 shows two metallic enclosures connected with a shielded cable.
This is an attempt to convert the two enclosures into one, by use of the
cable shield. The bonding of the shield to the enclosures is the .most
significant parameter that determines peformance during a discharge: The
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Figure 12-12. Two enclosures connected with q shiclled cable, in an aftempt ta ey the fwo into
ane conlinuaus enclosure.
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Tabla 12-5 The Effect of Shield Termination on ESD-Induced Voltage (from
Palmgren, 1881)

Shield Termination Method Indueed Signal Voltage

Mo shield, or shield not connected =300

lo cabinet
Drrain wire ground connection &
X

Shield soldered to connector; connoctor
in contact with cahinet through jack
scrows only

Shield =oldered to connecior; a 360° 1.25
contact hetween connector and cabinet
Shield clamped dirsctly to cabinet with a 0.6

3607 contact (mo conmeclorn)

data shown in Table 12-3 are from Palmgren (1981) and Hst the voltage
meusured between the cable signal conductor and ground in one box when a
10,000 V discharge oceurs to the other box. In all cases the shield has a 3607
bond to the box where the discharge occurs, whereas the shield termination
on the other end is varied,

A common-mode choke placed in the interface cable will cause the
transient discharge voltage to be dropped across the choke rather than
across the circuit connected to the other end. This is shown in Fig, 12-13.
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GHCIKE/ :

| y o
q | |
CIRCUIT Al M
| }

- 7 =
s L S -"“-._
SINGLE POINT GROUND
\ COMMECTION BETWEEN
CIRCUIT AND ENCLOSURE

Figure 12-13 A corenon-maode choke can be wsed on the fmerface cable to drop the ESD-
induced noise valtage (V)
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Figure 12-14. Impropsr connection between FWH and chigssis (A) farces ESD currents on cables
to flow through the FWR. Proper connection (1) diverss ESD current from PWE.

Due to the fust tise time of the ESD pulse, stray capacitance across this
choke must be minimized in order for it to be effective (see Chapter 3 for a
discussion of the effect of stray capacitance across a common-mode choke).
When the circuit is connected to the enclesure at only one point, this point
should be near where the cables enter the enclosure as shown in Fig. 12-14.

Bypass capacitors, on the order of 500 pF, or surge diodes may be placed
on the input leads to shunt the transient currents to ground. These devices
must be able to respond to the ESD pulse faster than the protected system
und should not interfere with the normal operation of the system. This
reguires that the protective device respond to a voltage transient in less than
4 nanosecond. These components should be placed so that the ground
currents they produce do not flow through the circuit ground; that is, they
should connect 1o a separate I/ O ground or to the chassis. This is shown in
Fig. 12-15.

The cable input protection methods just discussed will prevent compo-
nent damage but may not prevent soft errors or transient upset, since noisc
voltages may still be present on the inputs. In order to prevent soft errors,
noise signals must be controlled by building additional noise immunity into
the input circuitry. This can be done by additional filtering, use of balanced
inputs, strobed input circuitry, or by software design.

Insulated Enclosures

In the case of a metallic enclosure the chassis or enclosure is used as a low
inductance path to route the ESD current around the internal circuitry. In
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Figure 12-15, A capacitor { A) or surge diode (B} can be wied to bypass the ESD currenl from
the cahle to ground.

the case of a nonmetallic enclosure this low inductance path does not exist,
which mukes ESD meore difficult to control. Circuit ground can be used in
place of chassis ground to minimize the damage done by ESD, but this
usually results in soft errors,

If all cables, including power, enter the system in the same area and a
separate 1/O ground plane is used (see Chapter 11), this ground can be used
to bypass the ESD cable currents to the green wire ground. In this case the
technigues used for the metallic chassis are applicable, although they will
not be as effective, due to the larger inductance involved. It is an advantage
to have a large metal structure somewhere in the system to act as both a
reference potential and a low inductance path for ESD current flow.

Keyboards and Control Panels

Keyboards and control panels must be designed in such a way thatl a
discharge can go directly to ground without passing through the sensitive
electronics. In the case of an insulated keyboard a metal spark arrester can
be placed between the keys and the circuit to provide an alternative path for
the discharge current. This spark arrester should be grounded to the case or
frame ground, and not to circuit ground, as shown in Fig, 12-16. Other
protection methods shown in Fig. 12-16 are the use of an insulated shaft
and/or a large knob to prevent a discharge to a control or potentiometer
and the use of an insulator over the keyboard, with no air gaps.
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Circuit Design and Board Layout

Edge-triggered inputs are very susceptible to the transients caused by ESD:
therefore inputs should not he edge triggered but strobed and latched. This
way only a coincidence hetween the ESD event and the strobe cun cause an
EITOr,

I_L is best to avoid printed wiring board layouts that bring sensitive MOS
device leads directly to connector pins that are prone to ESD. If sensitive
Iemlis ate connected to connector pins, protection can be provided by adding
Serics resistance, shunts, or voltage clamps to these leads or by I:uuffen'né
Lh::r_n with less ESD-sensitive logic familics. Additional protection to MOS
d‘r:vlce§ can be provided by adding series resistance to the inputs, Most
CMOS gates can tolerate 1000 £ or more of series-input resistance.
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CMOS devices are not only sensitive to ESD damage, but also have the
additional problem of latch-up, Latch-up is due to the presence of a parasitic
prpn device to the substrate. This prpn device can behave like a silicon-
controlled rectifier (SCR). Additional information on CMOS lateh-up can
be found in RCA application note ICAN-6525. The parasitic SCR. can be
turned om by an input or output voltage transient that is ouwtside the
power-supply voltage levels. The 5CR can also be turned om by a large
dVide on the power supply. Once latch-up occurs, it produces a low-
impedance path between the power supply and ground, resulting in over-
heating and possibly device failure, Once the parasitic pnpn device is turned
on, the only way to turn it off is to remove power,

On printed wiring boards all loop areas should be kept as small as
possible because they are susceptible to the magnetic ficlds produced by the
transicnt ESID currents. This includes loop arcas formed between power and
ground as well as signal and ground.

The uct of plugging & printed winng board into a mother-board, or
hackplane, is a frequent cause of ESD damage. If the person handling the
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Figure 12-17, Guard ring on PWE wsed o protect hoard from ESI damiage when board iy
fundled and subsequendy plugged infa the svstem.
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board has acquired a static charge, it is transferred to the traces on the
board; then when the connector makes contact, a discharge occurs. This
problem can be minimized by using a guard ning around the board as shown
in Fig. 12-17. If the board is handled carefully by the edges or the faceplate.
the person’s charge is transferred to the guard ring since this is the closest
conductor to the hand, When the connector makes contact, the discharps
occurs through the guard ring and not through the circuitry on the board,
The spacing between the guard ring and any other circuitry on the board
should be a minimum of 0.05em (0.02in.) to prevent a voltage breakdown
when the guard ring rises in potential, as the discharge current flows through
its inductance. B

The guard ring is also useful in protecting a board after it is plugged inta
the system. If a charged person or object comes close to the board’s
periphery, any discharge that occurs will most likely be to the grounded
guard ring and not to the circuitry on the board.

SOFTWARE AND ESD PROTECTION

In minimizing ESD problems, the role of properly designed software or
firmware should not be overlooked. Software should be designed in such a
way that if the program is upset by a transicnt, it does not “lock up™ but
recovers gracefully,

There are two basic steps involved in designing noise-immune software.
First. a fault must be detected, and second, the system must rccover
gracefully to a4 known and stable state. To do this, the software must be
regularly checking for abnormal conditions. The object is to detcet an error
as quickly as possible, before it has a chance to do any damage.

Software error-detecting techniques fall into three general categories: (1)
errors in program flow, (2) input-output errors, and (3) data memory errors.

Errors In Program Flow

The most important aspect of writing noise-tolerant software is to guarantee
the sanity of the program itself. Errors in program flow can be caused by
changes in either the internal registers of the microprocessor (e.g., the
program counter) or a memory bit that is part of the program instructions.
Consequently the problem may lock-up in an infinite loop from which it
cannot escape, it may try to address instructions in nonexistent memory, or
It may try to execute data as an instruction.

Detecting crrors in program flow consists of regularly checking the
program for either of twe conditions: Is the program taking too much time?
Or is the program operating in a valid range of memory? Checking for these
conditions is not difficult and may only require a few extra lines of code in
the program. Some of the techniques for checking include hardware timers,

'|
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software checkpoints, error traps, “no-op” codes, and the trapping of
unused interrupts, .

The most cffective protection against the infinite loop is an external
hardware timer. An external hardware counter connected to the syslem
clock is configured to count up to a specified number and then reset the
microprocessor. The software is designed to reset the timer by p::r':m_:licat.ljr
sending a sanity pulse, which prevents the counter from cver reaching its
final count unless the system is locked in an infinite loop. Often the samty
pulse code can be added to an existing subroutine that is constantly used by
the main program with only a few extra instructions. ‘

A retriggerable monostable multivibrator may also be used as a sanity
timer, as shown in Fig. 12-18. The timing on the first multivibrator (R, and
C,,) is sct to be much longer than the time between sanity pulses from the
microprocessor. Under normal operation this multivibrator is retriggered by
the sanity pulse before it times out. This input must be edge triggered, not
level triggered, since it may be possible for the sanity signal to lock up in
either a high or low state. .

If the sanity pulse is not received in time, the first multivibrator times out
and triggers the second multivibrator, The second multivibrator }s timed
(R,, and C,,) in such a way that its output pulsc is of a duration long
enough to guarantee the resetting of the microprocessor. .

Another, but less effective, techmique is the use of software checkpoints.
Hete a separate program periodically interrupts the operating program and
checks to see that certain checkpoints have been reached. If the checkpoints
arc incorrect, control is transferred to an error-handling program.

If a program is limited to only a certain range of memory. such as a
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Figure 12-18. A hardware sanity timer made from d dual rerriggerable mulivibrator.
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program in ROM. traps can be written into the software to prevent the
program from frying lo access instructions outside the valid range of
memory. Unused program memory locations should be filled with "no-op”
{or similar) instructions with a jump to an error-handling routine at the end.
This way, if an inadvertent jump to unused or nonexistent IMEMOTY OCCUTS,
the error-handling routine will be called,

Unused microprocessor interrupts are often the source of program-flow
errors. If & noise transient appears on an unused interrupt, it will force
jump to an interrupt vector location. If this location is in the middle of 3
program, unpredictable results can occur. The solution to this problem is to
put a jump to an error-handling routine in all unused interrupt vector
locations.

Once an error in program flow is deteeted, it becomes necessary to get
the system back to a known and stable state, with as little damage as
possible. This is accomplished by transferring control to an error-handling
routine. The simplest routine is a system reset, In some instance, however,
this brute force approach is unacceptable.

Error recovery consists of assessing the damage and then repairing the
program as necessary. How this can be dene depends on the specific system
in guestion and cannot be discussed in general.

Detecting Errors in Input/Qutput

Transient errors in the input or output can cause incorrect information to be
communicated in or out of the system. Output errors can be detected by
cchoing (reading back) the output and comparing the data to those that
Were scnt.

Input errors can be controlled by software filtering (de-bouncing) the
input data and by checking the data for reasonableness. A very simple
software-filtering  technique is to read the input data several times in
succession, with a delay between the readings. This way, a valid input can
be distinguished from a noise spike, For ESD protection a delay of a few
hundred nanoseconds between readings is sufficient. Figure 12-19 shows the
flow diagram of a subroutine that reads the input until N successive readings
match before accepting the data. This same routine also produces a sanity
pulse. By ignoring short noise transients. the program acts as a low-pass
filter for the data input.

Additional input data protection can be provided by checking the reason-
ableness of the data with a type and range check, before accepting the data.
This way. input errors can often be detected and flagged before they enter
the system and propagate through it.

Detecting Errors in Data Memory

Changes in data memory resulting from induced noise transients seldom
have immediate effect. However, left undeciceted, these errors can affeet the
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svstem at a later time. To detect this type of crror, all data taken from
memory must be validated before the data are used. Many useful techniques
exist for checking the validity of data. Some of these are the use of a parity
bit, checksums, cyclical redundancy checks, and use of error-correcting
codes. Most of these techniques detect the presence of an error but cannot
correct it. For example, by adding one parity bit per data word, all odd
number hit crrors can be detected. The system uses this information to fig
the data and question their validity.

Error-correcting codes, however, are capable of both detecting and
correcting certain types of errors. This is accomplished by adding extra data
bits to each memory word. For example, by adding six extra bits per
sixteen-bit word, single- or double-bit errors can be detected, and single-bit
errors can be corrected. The degree of data memory protection required is
something that must be determined as parl of the system specifications.

ESD VERSUS EMC

ESD is a special case of the overall subject of EMC control. The primary
difference between ESD and general EMC control is that with ESD much
larger currents and voltages are involved:; however, both can be controlled
by the same techniques. Notice the similarities between the methods used to
provide ESD protection, discussed in this chapter, and those used to control
common-mode emissions from /O cables (Chapter 11):

1. All 170 cables should be in one arca.
2. A separate I/O ground should be used.

3. The I/O ground should have a low-impedance connection to the
garth.

4. Cables should be bypassed to this separate I/O ground.
5. All loop areas should be kept as small as possible.

A systern propetly designed for ESD control will usually perform well with
respect to EMC susceptibility. Furthermore ESD testing can often be used
1o find flaws in the EMC design of a product (Mardiguian, 1985},

SUMMARY

e ESD protection should be part of the original system design.

o ESD hardening of a system involves the electrical, mechanical, and
software design of a system.

o All cxposed metal must be grounded to chassis ground.
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e Kevboards and control panels must be carefully designed to tolerate a
static discharge.

e Multipoint ground should be used where ESD current flow is desired,
and single-point ground should be used where discharge current flow 15
nol acceptable,

e Secondary shields may be needed between sensitive circuits and the
chassis to prevent capacitive coupling from upsetting the circuit.

e Inputs should not be edge triggered but latched and strobed.

e Layouts that put sensitive MOS leads directly to connector pins should
be avoided.

» All cables must be treated for ESD protection.

o If shielded cables are used, 3607 contact with the shield is essential.

e Cable bypassing must be done to the chassis or a separate 1/O ground,
not to circuit ground.

e Loop arcas on printed wiring boards should be kept as small as

. possible,

o A guard ring on plug-in printed wiring hoards should be provided.

® In minimizing ESD problems, the role of properly designed software,
or firmware, should not be overlooked.

e A hardware timer can be used to check the sanity of a microprocessor.

e Input errors can be minimized by software filtering.

e Hardening a system against ESD will also make it immune to most
other sources of radio-frequency interference.

BIBLIOGRAPHY

Anderson, D, €, “ESD Control: Te Prevent the Spark That Kills.” Eveluation
Engineering, July 1984

Bhar. T. M., and McMahon, E. I. Elecrrostatic Discharge Contral. Havden Book
Co., Mew York, 1983,

Calvin, H., Hvaut, H., and Mellberg, H. “A Closer Look at the Human ESD
Event.” EQS/ESD Symposium, 1981,

130D-HDBK-263. “Electrostatic Dizcharge Control Handbook.” Department of
Defense. May 2, 1980,

Cerke, [, and Kimmel, W. “Designing Noise Telerance into Microprocessor
Systems.” EMC Technology, March—April 1986,

Hayt, W. H. Engincering Electromagrerics. McGraw-Hill, New Yaork, 1974

1EC Specification 801-2, 1954,

Jowett, C. E. “Electrostatics in the Electronics Environment.” Halsted Press, New
York, 1976,

King. W. M., and Reynolds, D. “Personnel Electrostatic Discharge: Impulse
Waveforms Resulting from ESD of Humans Directly and through Small Hand-



350 12 - ELECTROSTATIC DISCHARGE

Held Metallic Objects Intervening in the Discharge Path.” IEEE EMOC Sym-
posivm Record, 1981.

Kutzavitch, W. G. “A Tulomal on Equipment Effects of Electrostatic Discharge, ™
Unpublished paper, 1982,

Mardiguian, M. *The ESD Simulator, an EMI Engineer’s Multi-Faceted Friend
EMC Technology, January—March 19435,

Mardiguian, M. “Electrostatic Discharge,” Interference Control Technologies, 1085

Moore, A. D.“Electrostatics and its Applications,” Wiley, NMew York, 1973

Palmgren, C. M. “Shielded Flat Cables [or EMI and ESD Reduction.” TEEE
Symposium on EMC, 1981,

RCA Integrated Circuit Application Note ICAN-6525. Guide o Better Handling
and Operation of CMOS [ntegrated Circuits.”

Wong, 5. W, “ESD Maturitv Test for a Desktop Digital System.” Fealuation
Engineering, October 1984,

TeEe

APPENDIX A
THE DECIBEL

One of the most commaonly used, but often misunderstood, terms in the field
of electrical engineering is the decibel, abbreviasted dB. The decibel 15 a
logarithmic unit expressing the ratio of two powers. It is defined as

P,
Number of dB = 1l log g {A-1)
1

The unit can be used to express a power gain (P, = P|) or loss (P, < F,).

Since the definition of the decibel involves logarithms, it is appropriate to
review some of their properties. The common logarithm ¥ of a number X is
the power to which 10 must be raised to equal that number. Therefore, if

Y=logX. (A-2)
then
X=10" (A-3)
Some useful identities involving logarithms are
log AB=log A+log B . (A-4)
log %= log A—log B, (A-5)
log A"=nlog A. (A-6)

USING THE DECIBEL FOR OTHER THAN POWER RATIOS

It hus become common practice to use dB to express voltage or current
ratios, The commonly used definitions for voltage and current ratios ex-
pressed as dB are

v,
dB voltage gain=20log 7 , (A-T)

1
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APPENDIX A
THE DECIBEL

One of the most commonly used, but often misunderstood, terms in the field
of clectrical engincering is the decibel, abbreviated dB. The decibel 15 a
logarithmic unit expressing the ratio of two powers. It is defined as

P,
Number of dB = 1l log F ; (A-1)
I

The unit can be used to express a power gain (P, > P} or loss (P, < P,).

Since the definition of the decibel involves logarithms, it is appropriate to
review some of their properties. The common logarithm ¥ of a number X is
the power to which 10 must be raised to equal that number. Therefore, if

Y=log X, (A-2)
then
X=10" (A-3)
Some useful identities involving logarithms are
log AB=logA+log B . (A4}
log %= log A—log B, (A-3)
log A"=nlog A. (A-6)

USING THE DECIBEL FOR OTHER THAN POWER RATIOS

It has become common practice to use dB to express voltage or current
ratios, The commonly used definitions for voltage and current ratios cx-
pressed as dB are

V.
dB voltage gain = 20 log F i (A-T)
1
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I
dB current gain = 20 log 7"
1

(A-8)

These equations are only correct when both voltages, or both currents, are
measured across equal impedances. Common usage, however, is to use the
definitions in Eqs. A-7 and A-8 regardless of the impedance levels,

The relationship between voltage gain and power gain can be determinged
by referring to Fig. A-1. The power into the amplifier is

P Y AL
TR, (A-T)
The power out of the amplifier is
Vi .
B=g (A-10)
The power gain G of the amplifier, expressed in dB is
b F, = (V: : R, ; .
G=10log ) = 1l log Vr) R, {A-11})

Using the identities of Eqs. A-4 and A-6. Eq. A-11 can be rewritten as

V.

G=EUIugﬁ' +lﬂlog§—:' i [ A=12)

Comparing Eq. A-12 with A-7 shows that the first term of the power gain
is the voltage gain, as defined in Eq. A-7. If R, = R,. then both the voltage
gain and the power gain, expressed in dB, are numerically equal. The values
of resistances R, and R, must be known, however, to determine the power
gain from a given voltage gain.

In a similar manner, the power gain of the circuit in Fig. A-1 can be
expressed as

L R,
G=20log 7 +10log 2 . (A-13)
1 1

P,
//

Figure A-1. Circuit for comparing power gain and voliage gain,

T

-l

e — e
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Motice that in this case the resistance tatio is the reciprocal of that in Eq.
A-12,

Example A-1. A circuit has a voltage gain of 0.5, an input impudan::fa qf
100 {1, and a load impedance of 10 {2, From Eq. A-7 the dB voltage gain 15
—6dB. From Eg. A-12
: 100
dB power gain= -6+ 10log T - 4 dB. (A-14)
Therefore in this casc the power gain in dB is positive while the voltage gain
in dB is negative.

POWER LOSS OR NEGATIVE POWER GAIN

Let us compute the power gain from point 1 to point 2 for the case where
the power at point 2 is less than the power at point 1. The power gain in dB
is

Py .
G=10log = . (A-15)
P'I
To express the power tatio P,/ P, as a number greater than 1, we can rewrite
Eg. A-15 as
Py ,
G =101log (F‘) (A-16)
From the identity of Eq. A-6 this becomes
P
G=-10log F[ - (A-17)

Therefore power loss is indicated by a negative dB power gain.

ABSOLUTE POWER LEVEL

The decibel may ulso be used to represent an absolute power level by
replacing the denominator of Eq. A-1 with a reference power Fy, such as
1 mW, This gives

F
Mumber of dB (absolute) = 101og P (A-18)
i

and represents the absolute power level above or below the reference
power. In this case the user must know the reference power, which is



354 APPENDIX & - THE DECIBEL

‘_F_able A-1 Reference Levels of Varlous dB Units

Unit  Type unil Reference Lise Remaurks

dBa Power mw W MNoise Measured with F1A -
weipghling

dBm Power 1 mW

dBrn Power 10 "w Naise Refercnee noisc power

dBrnc Power mn " w Moise Measured with

“C-message” weighting
dBY Voltage 1V
dBmV  Vollage 1mV
dBuY  Voltage | pV
dBw Power W
dBx Power {See Crosstalk Crosstalk  90dB of crosstalk coupling
Units Seclion) loss is the reference

expressed by adding additional letters to the abbreviation dB, For example,
dBm is used to signify a reference power of 1 mW. Table A-1 lists some of
the more commonly used dB units and their references level and abbrevia-
tions,

NOISE MEASUREMENTS

11? the telephone industry, noise on voice-frequency snalog communications
::_Jrcuits is measured in terms of the annoyance effects of the noise on the
listener. This is done by using a frequency weighting function, which
accounts for the listeners’ hearing as well as the frequency response of the
telephone receiver. For example, if a 500-Tlz interfering tone 15 deemed only
half as annoying as a 1000-Hz interfering tone, the weighting function would
assign only one half as much importancz to the 500-Hz tone as to the
H00-Hz tone. The weighting function is physically obtained by placing an
electric filter network in the noise meter. )

Weighting Functions

In the 1920s the Western Electric 144-type telephone hand set was used for
noise Interference experiments. This resulted in the 144 weighting” curve
shown in Fig, A-2. This curve is primarily determined by the frequency
response of the 144-type telephone hand ser, '

In the 1930s the 32-type telephone sét became previalent and led to
“F1A weighting.” As shown in Fig. A-2, the FIA welghting hus a wider
bandwidth than 144 weighting. This is because the 302 telephone set itsell
hac_i 2 wider response, and thus more noise could be transmitted through it
to impair specch transmission.

With the advent of the 300-type telephone set in the 1950s, a new

NOISE MEASUREMENTS Hee

C-M3G

AESPOMNSE-dB

| | | ] I | ]
A 0.2 0.4 DE 1 2 4 & 10

FREQUEMNCY KILOHERTZ
Flgure A-2. Various welghting funciions wied in noise measurcmenis,

—-50
a

weighting function was developed. This has a slightly wider bandwidth and
is known as “C-message weighting” (see Fig, A-2). C-message weighting is
now the standard used for noise measurements in the telephone industry,

Noise Units

When the carly noise measuring sets were designed, it was decided to define
noise in dB-type units compared to a reference noise power of 107" W, or

90 dBm. This amount of noise power (—90 dBm) is on the threshold of
detection by the ear, The noise unit is called dBm (dB reference noise).
Thus ) dBrn means a noise power of —90 dBm. Such early test sets read
0 dBrn if —90dBm of 1000-Hz power is measured, Due to the 144 weight-
ing, however, equal amounts of power at other frequencies give different
noise readings.

When the 302-type telephones became common, the 2B noise set incor-
porating F1A weighting was developed, The set’s designer decided to make
the 2B noise st give the same numerical reading as the early noise sets for
measurements of 0- to 3000-Hz bandlimited white noise. [Due to the
different weighting networks used, however, the 2B noise set reads 3-dB
lower than the early sets for 1000-Hz power, Thus the reference powcr [or
the 2B sct was raised to —85dBm (107" W) at 1000 Hz. The change in
reference power necessitated a change in units. The new unit was called dBa
(dBm adjusted). Thus 0 dBa is equal to —85 dBm of 1000-Hz power. This
unit dBa was used almost exclusively for 25 vears.

When the 500-type telephone sets became widely used, the 3A noisc
measuring sct was developed. This set incorporates “*C-message weighting.”
It was decided to return to the original —90 dBm of 1000 Hz as the reference
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Teble A-2 Comparison of Nolss Measurements Made with Various Weighting Funetions
Test Set Reading )

Western for 0 dBm Input
Elcctric

Moise Weighting 0-3kHz
Test Set Function 1000 Hz White Moise
Early 144 Y dBrn 82 dBrn
B FiA &5 dBa B2 dBa

IA L Y dBrnc B dBrme

level, with dBrnc as the unit. The unit dBme means dBrn using C-message
weighting, This refercnce level for the 3A noise measuring set was selected
because the modern transmission circuits had become guieter, and it was
thought that with a —83-db reference, negative dBa readings could occur
and cause confusion. Because of the different refercnce levels, the 3A set
reads 5-dB higher than the 2B set for 1000-Hz power. For most random
noises, however, the 3A set reads about 6 dB higher than the 2B set due to
the difference in weighting,

Table A-2 shows a comparison of readirgs from each of these three test
sets.

CROSSTALK UNITS

The unit of crosstalk is the dBx. This is an unusual unit since the reference is
not an ahsolute power level. The reference is 90 dB loss from the interfering
circuit to the circuit being interfered with. The unit is a measure of how
much the crosstalk coupling loss is above 90 dB of coupling loss. Therefore

dBx =90 — (crosstalk coupling loss in dB) (A-19)
For example, suppose that circuit B picks up a signal from circuit A, but at a
62 dB lower power level. The crosstalk from A to B, then, is 28 dBx.

SUMMING POWERS EXPRESSED IN DECIBELS

It 15 often necessary to determine the sum of two powers when the
individual powers arc expressed in dB with respect to some reference power
level (e.g., dBm). The individual powers could always be converted to
absolute power, added, and converted back to dB, but this is time-
consuming. The following procedure can be used when combining such
terms.

Y, and Y, arc two power levels expressed in dB above or below a
reference power level F,. P, and P, represent the absolute power levels

%

T
SUMMING POWERS EXPRESSED IN DECIBELS 35

corresponding to ¥, and Y5, respectively. Let us also assume that P, = P,.
From Egs, A-18 and A-3 we can wrile

% = (10)™" ta-20)
and
L (a2
PL"
therefore
% = (1)1 WEe)

Let us define the difference (D) between the two powers, capressed in dB

as
D=Y,-Y,. (A-23)
Therclore
P, = P,(10)777 (A-24)
Adding P, to both sides gives
P+ P,=Py1+ 107", (A-25)

Expressing the sum of the powers P, and P, in terms of dB referenced to £,
gives

Y;=10log ( PlP d) . (A-26)

This can be rewritten as

Yo=10log(P, + F,)—101log P, . (A-27)

Substituting from Eq. A-25 for P, + F, gives
Y, =10log[P,(1+10 7] —10log P, (A-28)
Y, =10log (%) +101og (1+ 10771, (A-29)

]
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The first term represents Y, the larger of the two individual powers
expressed in terms of dB. The second term represents how much ¥, must be
increased when the two are combined.

Thu_sum of two powers expressed in dB is therefore equal ta the larger
power increased by .

10log (1 + 1077

whelre D) equals the difference in dB between the two original powers. The
maximum value of this expression is 3 dB and occurs when D =0, Values of
this expression are tabulated in Table A-3.

Iahle A-3 Sum of Two Powers Expressed In dB
Amount I by Which

Amount by Which Larger Quantity

Tv:-nl Powers Is Increased
Differ (dB) to Odbtain Sum (di3)
0 3.00
0.5 2.77
1 2.54
1.5 2.32
2 2.12
3 1.76
r} 146
3 114
6 0.97
7 1,79
8 0.64
9 0.31
10 (.41
i1 (1,33
12 1,27
13 .14
20 .04

APPENDIX B

SUMMARY OF NOISE REDUCTION
TECHNIQUES

The check list that follows is intended to summarize, in short form, the more
commonly used noise reduction techniques. Those items with an asterisk are
essentially free of added cost and should be used whenever applicable. The
remaining techniques should be used whenever additional noise reduction is

required,

NOISE REDUCTION CHECK LIST

A. Suppressing Noise At Source

[l Enclose noise sources in a shielded enclosure.

O Filter all leads leaving a noisy environment.

O Limit pulse rise times.

L) Relay coils should be provided with some form of surge damping.
O Twist noisy leads together.”

0 Shield and twist noisy leads.

[J Ground both ends of shields used to suppress radiated interference
(shield does not need to be insulated),”

B. Eliminating Moise Coupling

[0 Twist low-level signal leads.*

O Place low-level leads near chassis (especially if the circuit impedance is
high}).

] Twist and shield signal leads (coaxial cable may be used at high
frequencies).

O Shielded cables used to protect low-frequency, low-level signal leads
should be grounded at one end only (coaxial cable may be used at high
frequencies with shield grounded at both ends).*

O Insulate shield on signal leads,

359
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APPENDIX B - SUMMARY OF NOISE REDLICTION TECHNIQUES

When low-level signal leads and noisy leads are in the same connector,
separate them and place the ground leads between them.®

Carry shield on signal leads through connectors on s separate pin,
Avoid common ground leads between high- and low-level cquipment.*
Keep hardware grounds separate from circuit grounds. *

Keep ground leads as short as possible *

Use conductive coatings in place of nonconductive coatings for protec-
tion of metallic surfaces,

Separate noisy and quiet leads,*

Ground low-frequency, low-level circuits at one point only (high
frequencies and digital logic are exceptions).®

Avoid questionable or accidental grounds.

For very sensitive applications, operate source and load balanced to
ground.

Place sensitive equipment in shielded enclosures.

Filter or decouple any leads entering enclosures containing sensitive
cquipment.

Keep the length of sensitive leads as short as possible. ™

Keep the length of leads extending beyond cable shiclds as short as
possible.*

Use low-impedance power distribution lines.

Avoid ground loops in low-frequency, low-level circuits, *
Consider using the following devices for breaking ground loops:
e Isolation transformers

e Common-mode chokes

e Optical couplers

e Differential amplifiers

o Guarded amplifiers

o Balanced circuits

e Hybrid ground

Reducing Noise at Receiver

Use only necessary bandwidth.

Use frequency-selective filters when applicable.

Provide proper power-supply decoupling.

Bypass electrolytic capacitors with small high-frequency capacitors,
Separate signal, noisy, and hardware grounds.*

Use shielded cnclosures,

With tubular capacitors, connect outside foil end to ground,*

[

s

NOISE AEDUCTION CHECK LIST
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D. Guidelines for Controliing Emissions in Digital Systems

[ Minimize ground inductance by using a ground plane or ground grid.

[0 Locate decoupling capacitors next to each IC in the system.

] Use the smallest value decoupling capacitor that will do the job.

[ Use a bulk decoupling capacitor to recharge the individual 1C decou-
pling capacitors. ‘

(] Clack signal loop areas should be kept as close to zero as possible.

1 All cables should be treated to minimize their common-mode current.

O All unused inputs on logic gates should be connected to either power
or ground.

[ 1/0O drivers should be located near where the cables leave the system.

] Use the lowest-frequency clock, and slowest rise time that will do the
job.

[] Keep clock circuits and leads away from the /O cables.
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MULTIPLE REFLECTIONS OF
MAGNETIC FIELDS IN THIN
SHIELDS

Consider the case of a magnetic field with a wave impedance Z| incident on
a thin shicld of characteristic impedance Z,. as shown in Chapter 6. Fig,
6-13. Since the shield is thin and the velocity of propagation is large, the
phase shift through the shicld can be neglected. Under these conditions the
total transmitted wave can be written as

Hypay = Ha + Hu+ Bt oo (C-1)
From Egs. 6-1{ and 6-15 we can write

1"‘7'1 H i ITE) Y
g ¢ o L)
where K cquals the transmission coefficient at the second interface from
medium 2 to medium 1 (Eq. 6-17).

We can now write for H,,,

= 2'Zl'hrlil —id _ =i _ —i/8 -
= Z.+2Z, (e " HI=K)e "N1-K)e U)K, (C-3)
which reduces to
= H‘r{r S L1 S . 3
i, = Z.+ 7. (™YK -2K%+ K7). (C-4)

Consider the case of a metallic shield where Z,<Z,, Then K-=1,
a ' a
K*=K, K'= K, etc. The total transmitted wave can then be writlen as

H.'{lmnl: e gHﬂK(E—r;‘B + E—.'Ir.'ﬁ + E—j;_-ui i 1] ] ::C__S:I
The infinite series in brackets in Eq. C-5 has the limit*

* Standard Matherarica! Tables, 21st edition, p. 343 {Chemical Rubber Co., 1973},

Je2
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_cosech(e/d) 1
2 2 2sinh (£/8)

= held
fl.fﬁl_f.?:.'ﬂ_‘_e KRR

(C-6]

Substituting Eq. 6-17 for K and Eq. C-6 for the infinite series in Eq. C-3,

gives
i} ﬂ&é[_ ! ] (C-7)
swtaly Z] Z2sinh (1/8) :
or
m, 21) ; (f) C-8
= — = iz, 2 sinh 3 (C-8)

rf torbad)

Shielding effectiveness is 20 times the log of Eq. C-8, or

z _ t
§=1201log E?]_ + 20 log [2 sinh (E)] . (C-9)
2

Replacing Z, with the impedance of the wave at the shild Z_, and replacing
Z, with the shield impedance Z,, gives

z (e
§=20log 7> +20log [z sinh (5)] (C-10)

The first term of Eq. C-10 is the reflection loss R, us defined by E:q. 622, To
caleulate the correction factor B, we must put Eq. C-10 into the form of Ey.
8. The second term of Eq. C-10 must therefore be cqual to A+ B Thus
we can write

f .
B=20log {Zsinh(j)] — A, (C-11)

Substituting for A, from Eq. 6-12a, gives

]

B=20 I:Jg{lsinh %) —2Wloge”. (C-12)
Combining terms

2 sinh (+/8) ] (C-13)

B=20log [ =
e
capressing the sinh (¢/8) as an cxponential, gives the correction factor B as

B=20log[1—e *°]. (C-14)
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Figure 6-14 is a1pl-::1t of Eq. C-14 as a function of /3. Note that the
correction factor B is always a negative number, indicating that less shield-

ing is obtained from a thin shield due to the multiple reflections,

Tabl_e C-1 lists values of B for very small values of #/8 which are not
shown in Fig. 6-14.

Table C-1 Reflection Less Correction
Factor (8) for Very Thin Shields

] BidB)
0,001 —54
0.002 ~48
(.00 —42
0,008 —38
0.003 =36
0.01 -34
.03 =20

—

APPENDIX D
PROBLEMS

PROBLEM 1-1

[F)

A

b — e e = —
==
a
=
]

= x>

THEAMOCOUPLE

Va

|

In the circuit shown, amplifiers @1 and (2, are used to amplify the
low-level signal from a thermocouple, A high-power load, perindically
operated by switch 51, is also powered from the same battery. Assuming the
circuit is wired as shown in the figure, identify potential noise sources,
coupling channels, and receptors.

PROBLEM 2-1

The stray capacitance between conductors 1 and 2 is 50 pF. Each conductor
has a capacitance to ground of 150 pF. Conductor 1 has a 10-V ac signal at a
frequency of 100 kHz on it. See figure at top of p. 366. What 15 the noise
voltage picked up by conductor 2 if it is terminated (R:):

a. In an infinite Tesistance?
b, In a 1000-00 resistance?
c. In a 50-0} resistance?

385
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COMDUCTOR 1

CONDUCTOR 2

10 WaLTS

PROBLEM 2-2

CONDUCTOR 1

COMDUCTOR 2

In the illustration, a grounded shield is placed around conductor 2. The
capacitance from conductor 2 to the shicld is 100 pE. The capacilance

PHOBLEMS 6T

between conductors 2 and 1 is 2 pF. and the capacitance between conductor
2 and ground is 5 pF. Conductor 1 has a 10-V ac signal at a frequency of
100 kHz on it. For this configuration, what is the noise voltage picked up by
conductor 2 if it is terminated (R..);

4. In an inlimte resistance?
b, In a 10MK-L) resistance?
c. Ima 30-00 resistance!
PROBLEM 2-3

p———
i

POWER ZUPPLY LEADS

-

SWITCHING-TYPE
POWER SUPPLY l

T

o B '
o | ]
6 o # ¢ =G

g S

ADJODINING CIRCUIT

Icm R @

fe—g

Due to the switching action of power transistors, a noise voltage 15 usually
inttoduced in switching-type power supplies between the power-supply
vutput leads and the case. This is V,, in the illustration. This noise voltage
can capacitively couple into adjoining circuit 2 as illustrated. C, is the
equivalent coupling capacitance between the case and the output power
leads.

a, For this circuit configuration, determine and sketch the ratio V,./V,,
as a function of frequency. (Neglect the capacitors C. shown dotted.)

Next, capacitors () arc added between the output power leads and the
case, as indicated.

b. How does this affect the noise coupling?

¢. How would shielding of the power-supply leads improve the noise
performance?
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PROBLEM 2-4

Two conductors, each 10-cm long and spaced 1-cm apart. form a circuit,
This circuit is located where there is a 10-gauss magnetic field at 60 Hz.

What is the maximum noise voltage coupled into the circuit due to the
magnetic field?

PROBLEM 2-5
W
H
o "
T llE O
=]
INPUT
20

Section of printed
eireit board

INPUT

PROBLEMS 369

Figure A in the illustration is a partial schematic for a low-level Lransistor
amplifier, A printed circuit lavout for the circuit is shown in Fig. B. The
circuit is located within a strong magnetic ficld.

What is the advantage of the alternate layout shown in Fig. C over that of
Fig. B?

PROBLEM 2-6

Calculate the mutual inductance per unit length between the two coplaner
parallel loops shown in the illustration.

PROBLEM 2-7
Using the results of Problem 2-6:

a. Calculate the mutual inductance per unit length between adjacent
pairs (first and second pair) of a ribbon cable having a conductor
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spacing of .03 in. Also calculate the mutual inductance between the

first and third pair. and between the Arst and fourth pair.

b. If the signal in one pair 15 a 10 MHz, 3V sine wave and the cable is
terminated with 500 {1, what is the voltage induced into the adjacent

pair?

PROBLEM 2-8

What is the maximum value of the mutual inductance between two citcuits?
PROBLEM 2-9

How docs the magnitude of the magnetic ficld vary versus distance from:

4. A single isolated conductor?
b. Closely spaced parallel conductors?

PROBLEM 3-1

[g=— I4

"‘u) W Ay

T, v

Ra

In the illustration, the shield is characterized by its inductance L and
resistance R, An equivalent ground resistance R, is also associated with

the arrangement.

a. Make an asymptotic plot of |[:/{,| versus frequency.
b. Above what frequency does 98% of the current I) return through the
shield?

PROBLEM 3-2

If a bead of magnetic material is placed on a shielded cable, what effect does
this have on the shicld cutoff frequency?

PROBLEMS 371

PROBLEM 3-3

A magnetic field induces a noise voltage into the above circuit.

a. What is the noise voltage at the amplificr input terminals #s a function
of R,7

b. How do you cxplain the answer to part “a” when compared to the
statement in the text that the impedance of the receplor circuil does
not affect the magnetic pickup?

b

PROBLEM 3-4

L LENTL AMALGE AMPLIFESY
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For the physical arrangement of a tape recorder shown in the preceding
illustration, design a grounding system.

PROBLEM 3-5

SOURCE SHIELD AMPLISIER SHIELD

Ag
QIFFERENT IAL
AMPLIFIER
M f g -
A §
TET — =
A =] o

Determine the optimum cabling and grounding arrangement for the circuit
illustrated. The circuit consists of a grounded, low-level, low-frequency,
signal source at location A: a differential amplifier at location B; and a
grounded load at location €. Do not use any transformers or guard shields.
The source at A and the load at C must remain grounded.

PROBLEM 3-6

A common-mode choke is placed in series with a transmission line connect-
ing a low-level source to a 900-0} load. The transmission-line conductors
cach have a resistance of 1 {1. Each winding of the common-mode choke has
an inductance of 0.044 H and a resistance of 411

a. Above what frequency will the choke have a negligible effect on the
signal transmission?

b. How much attenuation does the choke provide to a ground differential
noise veltage at 60, 180, and 300 Hz?

—

i —— U/
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PROBLEM 3-7

R =1 DHM

—AAN~

Req=1KILOHM

Ay ) Vg =10mV
J_,-“'II =
W
Az =1 OHM
7%
N L
Sz Vg=1 VOLT R

For the circuit illustrated, what restriction must there be on the value of R,
in order to keep the ground noise coupled into the differential amplifier to
less than 0.19% of the signal voltage (V)7

PROBLEM 3-8
1 OHM
1 KILCIHM
10 KILOHMS
v
3 1 OHM
¢ —N\M
? 200pF
- —
GROUND & GROUND B

The circuit in the illustration has 200 pF of parasitic capacitance from source
to ground. What is the noise voltage at the amplificr if the noise voltage
betwsen the two grounds is

a. 100 mV at 60 Hz?
b. 100 mY at 6000 Hz?
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PROBLEM 3-89
Ly Lz L3
%'—-fw P ey
INPUT :|: 4 T Cs CuTPUT
o 0
SCHEMATIC

GROUND o
OUTPUT o
INPUT

£) e )

PHYSICAL LAYOUT

The illustration shows the schematic and a physical layout for a high-
frequency, low-pass filter. The inductors are wound as solenoids on open
magnetic cores. The capacitors are tubular

a. List the disadvantages of the layout shown.
b. Proposs a new layout that overcomes these disadvaniages.
PROBLEM 3-10

A digital voltmeter with guard shicld is used to make a voltage measurement
in the following bridge circuit.

—
g

PROBLEMS 375

FUAHDED DG AL YOLTMETES

I —

LOW

2 %) '

T b GLIARTD
e

GROUND

a. What are the common-mode sources?
b. Where should the guard shicld be connected and why?

Nore: The correct solution to this problem requires careful thought and
analysis,
Hint: Take the Thevenin's equivalent circuit looking into terminals 1 and 2.

PROBLEM 4-1

MYLAR INSULATION
Q.015cm THICK

COPPER CONDUCTORS
0.25cm THICK

# //////’/V//I%///>
Y,

2om ———————m

The power bus arrangement shown in the illustration s used to transmit 5V
de to a 10-A load. The bus bar is 5m long.

a. What is the dc voltage drop in the distribution system?
b. What is the characteristic impedance of the line?

PROBLEM 5-1

Power is supplied to a two-stage high-frequency electronic circuit by a
20-gauge wire of length [{{ = 2in.) and via two feed-through capacitors, us
llustrated. Stage 2 of the circuit operates at a frequency of 25 MHz, and
cach stage is in a shielded enclosure to prevent coupling between the stages.
In this arrangement a resonant circuit 1s formed by the power line induct-
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ance and the two feed-through capacitors. This resomant circuit could
passibly provide a coupling path between the two circuits.

a. What is the resomant frequency and damping fuctor of this L-C
circuit? (Use wire data given in Table 5-4 on p. 151.)

b. If the noise source can be represented by an equivalent current source
I (few} in stage 2, as shown in the illusiration, derive an expression for
the noise voltage V,( jw) coupled into the first stage.

c. For I, =1mA and f=25MHz, determine |V, |.

d. Propose o way to reduce noise coupling between stages 1 and 2 by
using ferrite beads with the characteristics given in Fig. 5-16 of the
text, Consider both beads 1 and 2. What effect does the bead have on
the de voltage of both stages?

. Repeat part “c” of this problem for your proposed, improved arrange-
ment. What is the damping factor?

PROBLEM 5-2
o é VAl 0

CICH#FT QuUTRPUT

O - o

INPUT

What is the attenuation at 5 MHz of a filter consisting of two ferrite beads
(bead 2 in Fig. 5-16) and a 0.01-pF capacitor connected as shown.

PROBLEM 5-3

Make a table of the ratio of the ac resistance to the de resistance of a
22-gauge copper conductor at the following frequencaies: 0.2, 0.5, 1, 2, 5, 10,
and 30 MHz.
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PROBLEM 5-4
A copper conductor has a rectangular cross section of (1.5 % 2em.

a. Calculate the dc resistance per 100 ft of conductor length,
b. Calculate the 1-MHz resistance per 100 ft of conductor length.

PROBLEM 6-1

What is the magnitude of the charactenistic impedance of silver. brass. and
stainless steel at 10 kHz?

PROBLEM 6-2

Calculate the skin depth and absorption loss for a brass shield 0.062-in, thick
at the following frequencies:

a. 0.1 kHz. ¢, W kHz.
b, 1.0kHz, d. 100 kHz.
PROBLEM 6-3

Considering absorption loss only, discuss the design of 4 shicld to provide
30 dB of attenuation against a 60-Hz field.

PROELEM 6&-4

a. What is the reflection loss of a 0.001-in. thick copper shicld to a
1000-Hz electric field?

b. If the thickness is increased to 0.011in., what is the reflection loss?
PROBLEM 6-5

Calculate the shielding effectiveness of a 0.015-in. thick copper shield
located 2.5 cm from the source of a 10-kHz magnetic field.

PROBLEM 6-6

What would be the shiclding effectiveness of the shield of the previous
problem if it were located in the far field?
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PROBLEM 6&-7

What 1s the shielding effectiveness of a 0.032-in. thick aluminum shicld
located 1 ft away from the source of a 10-kHz electric ficld?
PROBLEM &6-8

A shield is located 6in. from the source of an electric or magnetic field,
Above what frequency should the far-field cquations be used?

PROBLEM 6-9

Calculate the absorption loss of three different copper shiclds, 0.020-in.,
0.040-1n., and 0.060-in. thick, to a 1-kHz magnetic field.

PROBLEM 6-10

List as many reasons as you can why a “paint can’ would make a poad
medium- to high-frequency shield,

PROBLEM &-11

A shield contaiming 40 identical slots is required to have 20 dB of shielding

effcctiveness at 100 MHz. What is the maximum linear dimension of onc
slot?

PROBLEM 7-1

A 1-H, 400-0) relay coil is to be operated from a 30-V de supply. The switch
controlling the relay has plantinum contacts. Design a contact-protection
network for this circuit.

PROBLEM 7-2

For the zener diode protection circuit of Fig. 7-13E, plot the following three
waveshapes when the contact closes and then opens. Assume no contact
breakdown,

— g b R

FRAOBLEME arg

a. The voltage across the load (V) )
b. The current through the load (7).
c. The voltage across the contact (V).

PROBLEM 8-1

Calculate the noise voltage produced by a J000-02 resistor in a system with a
10-kHz bandwidth, at a temperature of:

a. 27°C (300°K).
b. 100°C (373°K).

PROBLEM 8-2
1 KILOHA
10 KILOHMS g 5 KILOHMS

Calculate the thermal neise voltage per square root of bandwidth for the
illustrated circuit at room temperature.

PROBLEM 8-3
NOISELESS
1 KILOHM = AMFPLIFIER 100 OHMS
GAIN =100

2=

Determine the noise voltage at the amplifier output for the citcuit illus-
trated. Assume the amplifier has a frequency response cquivalent to:
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a. An ideal low-pass filter with a cutoff frequency of 2 kHe.
b, An ideal bandpass filter with cutoff frequencies of 99 and 1)l kHz.

PROBLEM 8-4

N

9.9 VOLTS 100 OHMS
l
il
i : o
10 VOLTS

What is the total noise voltage across the output terminals of the illustrated
circuit? Caleulate the effect of shot noise as well as thermal noise for a
bandwidth of 2.5kHz. The diode is operated in the temperature-limited
Tegion,

PROBLEM 8-5

Ai=
25 KILOHMS

Determine the noise voltage per square oot of bandwidth generated across
terminals A-A for the circuit illustrated at room temperature and at =
frequency of 13590 Hz.

L=1 HENRY

R 5 KILOHMS

—A\ AN 000 —

— )

PROBLEM 9-1

Derive Eq. 9-3 (in text) from Eqg. 9-1.

PROBLEM 9-2

Which device produces the least equivalent input device noise (V, V' B)?

|

PROBLEMS as1

a. A bipolar transistor with a noise figure of 10dB measured at R, =
10° 0.
b. An FET with a noise figure of 6 dB measured at &, = 10° 0.

PROBLEM 8-3

A transistor has a noise figure of 3 dB measured with a source resistunce of
1.0MEO. What is the output power—signal-to-noise ratio if this transistor is
used in a circuit with an input signal of 0.1 mV and & source resistance of
L0 MO? Assume the system hus an equivalent noise bandwidth of 10 kHz.

PROBLEM 9-4

The noise of an FET is specified as follows. Equivalent input noise voltage is
0.06 % 107" ViV Hez, and the equivalent input noise current is (.2
107" ANz,

a. If the FET s wsed in a circait with a source resistance of 100 k{0 and
an equivalent noise bandwidth of 10 kHz, what is the noise figure?

b What value of R, will produce the lowest noise figure, and what is the
noise fisure with this value of R 7

PROBLEM 9-5

A low-noise preamplifier is 1o be driven from a 10-01 source. Data supplied
by the manufacturer specify V¥, and [, at the operating frequency as

¥, g =
=10 Vv Hz,

S

7 = et
ﬁ =107" A/ Hz.

a. Determine the input-transformer turns ratio to provide optimum noise
performance.

b. Calculate the noise figure for the circuit using the transformer of part
g

c. What would be the noise figure with the preamplifier directly coupled
to the 10-{1 source?

d. What would be the signal-to-noise improvement factor (SN1) for this
citcuit?
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PROBLEM 9-6

-4 -7

T5-0HM COAXIAL CABLE o

IE]D

F&  BECEIVER

The illustration shows an FM antenna connected to an FM receiver by g
section of 73-0) matched coaxial cable. The required signul-to-noise ratio at
the input terminals to the set for good quality reception is 18 dB, and the
noise figure of the receiver is 8 dB.

a, If the cable connecting the receiver to the antenna has 6dB of
insertion loss, what signal voltage is required at the point where the
antenna connects to the cable, to provide good quality reception? The
noise bandwidth of the receiver is 50 kHz,

b. Why is the voltage considerably less than that required in the case of »
TV set as worked out on p. 259 of the text?

PROBLEM 8-7
Find the noise figure for a system with a noise temperature (7.) equal to
290°K.

PROBLEM S-8
A transistor is operated at a frequency (=€ . The transistor parameters are
ri= 504} and B, = 100, Calculate the minimum noise factor and the value of

source tesistance for which it oceurs when collector current is

a. 10 pA.
b, 1.0mA,

Note: v, =26/1-(mA)

PROBLEM 9-9

A junction FET has the following parameters measured at 100 MH::
£, = 1500 107" mhos and g, = 800 x 107" mhos. If the transistor is to be
used in a circuit with a source resistance of 1000 £}, what is the noise figure?

E——
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PROBLEM 9-10

Derive Ey. 9-37. Start with the equivalent circuit of Fig. 9-4 and Eq. 9-1.

PROBLEM 9-11

Derve Eq. 9-40, Start with the equivalent circuit of Fig. 9-4,

PROBLEM 10-1

An IC requires 33 mA of current for 3 ns when it switches. The total trace
length on the printed wiring board between the IC power and ground pins
and the decoupling capacitor is 1 in.

a. To limit the voltage transient of the IC to 0.01 V, what is the minimum
value decoupling capacitor that should be used?

]

self-resonant frequeney of the capacitor, printed wiring board trace
combination?

b. For the value of capacitor determined in part “a’ estimate the

PROBLEM 10-2

At what frequency will o 470 pf decoupling capacitor be most effective, if it
15 used in series with 35 nH of inductance?

PROBLEM 11-1

A 3-ft long nibbon cable 1s carrying a 5-MHz, 5-ns nise time clock signal. The
signal flows down one conductor and returns on the adjacent conductor
(conductor spacing is 0.05in.). Assume the peak current is 25 mA,

a. Determine the radiated field strength in dB pV/m at the fundamental
frequency, at a distance of 3 m from the cable.

b. Using the tesult of part “a,” plot the envelupe of the radiated
cmission from 5 to 500 MHz.

c. Calculate the radiated emission due to the 17th harmonic.

d. Compare the results of part “b” to the FCC Class B limit for
computing devices.
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PROBLEM 11-2

A 12-in. long backplane has a 9-MHz clock signal running its entire length.
The ground-return conductor is located lin. from the clock signal. The
clock has a 4-ns mise time and & peak current of 25mA. Calculate the
radiated emission at a distance of 3 m from the backplane and compare it
the FCC limit for a Class A computing device.

PROBLEM 11-3
What is the maximum length cable that can be connected to a system with
25mV of ground noise at 94 MHz, without exceeding the FCU radiated
emission limit for a Class A computing device? Assume the cable has 3
common-mode impedance of 200 £,

PROBLEM 12-1
Calculate the free-space capacitance for the following:

a. A }inch diameter ball bearing.

b. A 5-ft diameter Mylar balloon.

PROBLEM 12-2

Il polyester and aluminum are rubbed together and then separated, what
will be the polarity of the charge on cach material?

appenDix E
ANSWERS TO PROBLEMS

Note: For some of these problems, a single unique solution may not exist,
Therefore solutions other than the ones listed here may also be acceptable.

PROBLEM 1-1
Source Coupling Channel Receptor
T
Radiation o1
Arcin ()2
switch
Radization o1
+ conduction 2
i
Radiation ol
a2
Trans Common battery resistance ot
B aeaE = conduction ‘QE
load current
Common impedance 1
of ground o2
Radiation 01
+ conduction o2
Steady-state Common impedance a1
load current of ground 02
e
Miigmetic Radiation Qé
field of 9
inductor Radiation (1
+ conduction 02

*Thermocouple,

385



. If capacitors € are added, it has the effect of increasing C,,, which

decreases the maximum coupling while keeping the breakpoint con-
stant. This is shown as the middle curve in the plot.
. Shielding cable 1 reduces C,, to a value Cj;. This lowers the maximum
u:::ruplmg further and also increases the break frequency. This is shown
a5 the bottom curve in the plot. A second cffect of shielding is to
increase capacitance -, which further deereases the coupling.

a: 28N 4. 187 mV.
b, 314 mV. b. 12.6 mV.

c. 15.7 mV. c. 628 puV.
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PROBLEM 2-1 PROBLEM 2-2 a. The asymtotic plot of ¥y,/Vy, is shown as the top curve in the plot.

I crossover, thereby canceling the noise voltage.

PROBLEM 2-3
PROBLEM 2-4
@ @ 377 V.
Cr } Ciz '{
||| [| L
f’l l | PROBLEM 2-5
W e
L g jl:zc“f ICEG A ‘Jrluz . The magnetic field pickup is of opposite polarity on either side of the

T
PROBLEM 2-6

An equivalent circuit of the noise coupling is shown here. A reasonable
assumption to simplify the problem is that 2C,; = C,.

l PROBLEM 2-7
Cra Cr
G1z=Cag [?ﬁ-.u+ﬂn:| PART () QRIGINAL s A0, iR
—————————————— CIRCINT 1_1' = !.U I'If

|
Ciz o | | 6% 10 " Him.
Cya+Cag| 215 +C1+Cx | :
|
S,
B : PART (B} WITH PHDELEM 2-8

R | CAEACTORS

1' : The mutual inductance is less than, or equal to, the self-inductance of the

I g T circuit producing the magnetic flux.

oo 1 o PART (T ST
W= =
e | ke capLe
]

1 e
FREQUEMGY 1ir. b. 1/¢
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INFLT SHIELD AMPLIFIER SHIELD @ Stray capacitance across L, is increased due to conductor between L
and ,, and the conductor between L, and C, being close to and

parallel to L,.
|_ @ e Long lead connecting /., to C, increases the inductance in series with

B+

a C,. thus lowering its self-resonant frequency.
DIFFERENT1AL R

[ ) ] LMPLIFIER ]

L Question b.

/ COMMON ?—A gﬁl See the following figure.
A\

WO COMNECTICN
S CAMN BE ELIMINATED
(NPT G { ] Ly )

e - IF “E7 15 BHOAT

e |||[

: i O
gl %

GROUND ° DED

e Input shield grounded at source.
e Only one ground on input shicld.

o Amplifier shicld connected to amplifier common. (0

e Output shield connected to load ground. EEE':_,L:L H

e Only one ground on output shield,

e Protection against ground noise differential is obtained by large input
impedance of amplifier.

COUTPUT o

PROBLEM 3-6 PROBLEM 3-7 PROBLEM 3-10
#4, Y0.4 Hz. R, = 100 ML
b. 10.8 dB at 60 Hz,
20 dB at 180 Hz. i
24dB at 300 Hz. gy
: % AVAVAY & ——== TO METER “HIGH"
PROEBLEM 3-8 PROBLEM 3-8
a 685%107°V, Question a. Vs A Rs
b. 6.85x107" V. Rz+Rs
AVAYAY & ——=TO METER "LOW"
A
s Maximum coupling exists between L, and L, since they are close A a
together and parallel. Y = (H EH "R dH )u
e Larpe capacitance exists between input and output leads. B e o
e Ground lead is common to both the input and the output. | / Wy fH—H"n_) Wy
2+Hy

s Outside foil (banded) end of capacitors €, and C, are not grounded.
(See Fig. 53-4.) )
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a. Vj; and that portion of V, that appears across R, (V7).
b. Thevenin’s ‘equivalent circuit looking into terminals 1 and 2 is shown
here. The ideal guard connection is to point A. Point 4, however

does not exist in the actual circuit. There are therefore twor possible
alternatives,

1. Conncet guard shield to point B,

-1 het-’[‘er sulutifm, if required, is to generate a new point at the same
potennzgl as point A, and then connect the guard to this point. This is
shown in the following figure, in which R. and &, must satisfy the

It

following:
RE s R.'.
RE'FR&_R;+R:' B Rfﬁ_Rf-‘{éR-‘—kR?ﬁ
COMNMECT

GUARD HERE “

PROBLEM 4-1

. 34.5mv,
b. 1.2610,

PROBLEM 5-1

2o 8= 160 %1077 fuse up tediithnce when cal i " .
factor), calculating the damping

f,=25MHz.
b.

I
Vn = — 2]
2jwCl{ jo)' LCI2+ juRCI2+1]
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c. ¥V, =438mv

d. Use ferrite bead number 1 on the power line between the two
feed-through capacitors.

e. Using bead 1, which represents a 75-f) resistor at 25 MHz,

V, =0.14 mV.

The damping factor is { = 5.8,

PROBLEM 5-2
21.2dB.
PROBLEM 5-3
For d =0.02531n,
Frequency o
(MHz) RJR,.
0.2 1.35
(0.5 1.98
1 2.69
2 3.7
5 570
10 7.95
30 17.47
PROBLEM 5-4
a. R, =525x10 " per 1001t
b By, =0.317 0 per 100 ft.

PROBLEM 6-1

Silver: IZ,|=3.6 10" 0.
Brass: |Z|=72%107" 0.
Stainless: |Z,|=58 107" .



PROBLEM &-2
Frequency  Skin Depth
pth
D))
0.1 Cest
1.1} .16
L] 0,03
100 .02
PROBLEM 6-3

Using nonferrous material, th
more; this is impractical.,
Using steel, however, th
considerably more reaso
metal could

¢ shield waould ha
e nable. A high-
2150 be used—in this case ¢
than the 0,12 in. required for sieel.

permesbility material such
he required thickness would be Joss

APFENDIX E - ANSWERS TO FROBLEMS

Ahsnrp:iL: LE&I
__ (dB)
o
4.3
10.6

18 would require s shield thickness of 1.2in. or

Ve to be 0,12, thick: this is

A5 mu-

PROBLEM &-4 PROBLEM &-5
4. 138 dB.
b. 138 dB. 0
PROBLEM &-5 PROBLEM 6.7
133 dR, 218 dB
PROBLEM &-8
Greater than 313 M.
PROBLEM 6-9
Thiu?kness Tbsm‘anu Ln;
) B '
0.020 BT |
211
U.ﬂ-‘l_{i' 4,23
_ 1060 0.34

ANSWERS TO PROBLEMS

PROBLEM 6-10
o Steel walls—pgood absorption loss.

s Tin plate—increases reflection loss.

e Multiple layer shield (tin-stesl-tin).
o Soldered seams.

e Pressure contact lid.

PROBLEM 6-11

1in.
PROBLEM 71
27011 in series with 0.1 wF across the load or the contact.

PROELEM 7-2

Approximate waveshapes are shown in the following figures:

CONTACT
OPENS
CONTACT
CLOSES ]
Wy \J
v, 0 2
L TIME rd
Yol I ff

I f

1 !

1 I

!

1 ]

| =—— VOLTAGE WITHOUT

4 DIODES
(R |

lll !

I
1L--
II'II&

TIME

395
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PROBLEM 3-6
My v Vs V
a. 5 uV.
Ve Vg | b. The inherent noise immunity of FM allows operation at a lower
o sipnal-to-noise ratio, and the 73-£) trunsmission line has less thermal
TIME noise than a 300-0Q system. Also the smaller bandwidth allows less
noise into the system.
PROBLEM 8-1 PROBLEM 8-2
—a PROBLEM 9-7 PROELEM 9-8
a. 091 x107" V. 8.33x 107" vV Hz
b, 1L.01x107°V 3dB. a. F=1.11, R, =26,5000.
b. F=1.25, R.=5721).
PROBLEM 8-3 PROBLEM 8-4
PROBLEM 9-9 PROBLEM 10-1
a. 179 uV. 110x107" v,
b, 179 uv. = NF=6dB. a. 0.01 wF.
b. 13 MHz,
PROBLEM 8-5 | PROBLEM 10-2
10 % 107" vivTHz. : 39,2 MHz.
PROBLEM g9-2 PROBLEM 11-1
o Bipolar; 3.8 % 10 " v Hz. a. 12dB pV/m.
o FET: 7x 107% ViV Hz.
Thleref‘ure the bipolar transistor produces the least equivalent input device Il £
noise, =
| 1
E 342 i
PROBLEM 9-3 PROBLEM 9-4 | g |
E |
14.9.dB, a. NF=5.4dB. = i
b. R, =300kQ. g ]
¥ _— E:
PROBLEM 9-5 YEERIRE, 2 | |
= I I
a. Turns ratio = 100, l l l
: : 5 85 500
b. NF=0.5dB. LOG FREQUENEY (MHz)
T
c. NF=279dB. ¢, 34dB pVim,
d. 8NI = 536.

d. 6dB margin.
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PROBLEM 11-2

56.3dB pV/m.

PROBLEM 12-1

a. 1.4pF.
b. 169 pF,

APPENDIX E + ANSWERS TO PROBLEMS [
PROBLEM 11-3

41m,

PROBLEM 12-2

Polyester: ncgative,
Aluminum: positive.

APPENDIX

ELECTROMAGNETIC
COMPATIBILITY
TESTING PROCEDURES

The measurement procedures used by the FCC to determine compliance
with the radiated and conducted emission requirements of the Computing
Device Rules (Part 15, Subpart 1) arce described in FCC Measurement
Procedure MP-4 (1983)%. An edited version of the text of MP-4 is repro-
duced in this appendix. Some figures have been renumbered.

FCC METHODS OF MEASURMENTS OF RADIO NOISE EMISSIONS
FROM COMPUTING DEVICES

1.0 SCOPE

This standard sets forth uniform methods of measurement of radio noise
emitted from computing devices defined in Section 15.4 of the FCC Rules.
The technical standards for computing devices are set forth in Subpart J of
Part 15 of the FCC Rules (47 CFR Part 151). Methods for the measurement
of radiated and power-line-conducted radio noise are covered hercin. These
methods of measurement will be used by the FCC in testing computing
systems, computing devices, and peripheral devices intended to be used with
computing devices, Applicants for certification of Class B computing devices
should employ these methods. Parties required to conduct verification
testing of computing systems should take note of these procedures insofar as
they apply to testing of such systems. This will ensure that the tests they
conduct can be expected to provide reasonable assurance that the resulting
technical data will correlate with the results of tests conducted in accordance
with this standard on such computing systems. Sampling testing of certified
or verified computing devices of systems by the FCC will be conducted in
accordunce with these methods of measurement.

*Since the FOU may make chenges o these procedures, the most current jssue should be
referred to when making compliance neasurements.

399
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2.0 REFERENCE STANDARD

The following will form a part of this standard to the extent applicable:
American National Standard Specifications for Electromagnetic-Interference
and Ficld Strength Instrumentation, 10 kHz to 10 GHz, ANSI C63.2 (1980).

3.0 DEFINITIONS

The definitions in Parts 2 and 15 of the FCC Rules and the following
definitions will apply to the use of this standard.

3.1 Equipment under Test (EUT)

A representative computing device or system, peripheral, etc., being tested
or cvaluated,

3.2 Ambient Level

The magnitude of radiated or conducted signals and noise existing at a
specific test location and time.

3.3 Emission

Electromagmetic energy produced by a device that is radiated into Space or
conducted along wires and is capable of being measured.

3.4 Ground Plane

A conducting surfuce used to provide uniform reflection of an impinging
electromagnetic wave. Also the common teference point for clectrical
potentials.

3.5 Line-impedance Stabilization Network (LISN)

A network (sometimes called & mains network) inserted in the supply mains
lead of the EUT that provides a specified measuring impedance for radio-
nojse voltage measurement and isolates the EUT and the measuring equip-
ment from the supply mains at radio frequencies.

3.6 Radio Noise

Electromagnetic energy in the radio-frequency range that may be superim-
posed upon a wanted signal.

GEMERAL TEST CONDITIONS 401

3.7 Radiated Radio Noise

Radio noise radiated into space. Such noise may include both the radiation
and induction components of the field.

3.8 Conducied Radio Moise

Radio noise propagated from the device back into public clectrical power
nerwork via the supply cord.

3.9 Random Noise

Electromagnetic disturbance (noise) originated in a large number of discrete
disturbances with random occurences in time and amplitude. The term is
most frequently applied to the limiting case where the number of transient
disturbances per umit time is large, so that the spectral characteristics are the
same as those of thermal noise (thermal noisc and shot noise are specific
cases of random noise).

3.10 Marrowband Radio Noise

Radio noise having a spectrum exhibiting one or more sharp peaks, narrow
in width compared to the nominal bandwidth of the measuring instrument,
and far enough apart in frequency to be resolvable by the instrument.

3.11 Broadband Radio Noise

Radio noise having a spectrum broad in width as compared to the nominal
bandwidth of the measuring instrument, and whose spectral components are
sulficiently close together in frequency that the measuring instrument cannot
resolve them.

4.0 GENERAL TEST CONDITIONS

4.1 Test Sites

An environment which ensures valid, repeatable measurement results is
required, A measurement is valid to the extent that it is a true representa-
tion of the characteristic being measured, and when the same measurement
procedure yields repeatable results. For radiated measurements on repre-
sentative samples of an equipment type, testing is normally conducted in an
open field (see Section 4.1.1). Other alternatives are permitted (see Sections
4.1.1.1 and 4.1.1.2}. For equipment that can only be tested in its place of
use, and the conditions of 4.1.1.1 cannot be satisfied, then the conditions of
Section 4.1,2 will apply. A description of the test facility wsed for testing
computing devices subject to certification shall be filed with the Commis-
sion, pursuant to Section 15.38 of the FCC Rules (47 CFR Section 15.38).
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4.1.1 Open Field Tests. Measurements of radiated radio noise should be
made in an open, flat arca characteristic of cleared, level terrain, For details
on how to set up a suitable site, see FCC Bulletin OST 55- Characteristics of
Open Ficld Test Sites, available from the FCC Consumer Assistance Office,
Washington, D.C. 20554. Mcasurements made by the Commission will be
performed on an open field test site.

4.1.1.1 Tests at Laboratory, Factory, or Other Facilities. Compliance with
the FCC limits for computing devices shall he based on tests being made on
an open field test site, or cquivalent, unless measurements are made at the
user's premises for a unique installation as per Section 4.1.2. Where it can
be shown that the results of tests made in a laboratory, factory, anechoic
room, dedicated factory site, or other tacility are correlatable to those made
in an open field site, such test results will be considered acceptable.
Sufficient tests over the entire frequency range of 30 to 1000 MHz shall be
made to demonstrate that the alternative site produces results that correlate
with the results of tests made in an open field. In the event that the
Commission tests a sample device, measurements will be made in an open
field and the results obtained will determine compliance,

4.1.1.2 Testing in a Shielded Enclosure. Radiation measurcments made in
a shielded enclosure are suitable only for determining the frequency profile
of an EUT,; they are not suitable for determining the actual levels of the
cmissions, unless it can be shown that the results of tests made in the
enclosure are correlatable to those made in an apen field, Conducted radio

noise measurements made in a shiclded enclosure are acceptable and in fact
are preferable,

4.1.2 Testing at User's Installation (On-Premises Testing). Testing is
permitted at the end user's premises, where the conditions of Sections 4.1.1
or 4.1.1.1 cannot be satisfied. In this case both the equipment and its
location are considered the EUT. The radiated emission results are unigue
to the installation site because site-containment properties affect the meas-
urement. The conducted emanation results also may be unique to the
installation. However, where testing of 2 given system has been ac-
complished at three or more representative locations, the results can be
considered representative of all sites for purposes of determining compliance
with emission requirements. See Sections 4.7 and 6.3,

4.1.3 Individual Equipment Test Requirements. In some cases it may be
necessary to develop a set of explicit requirements specifying the test
conditions, EUT operation, etc.. to be used in testing a specific EUT or a
specific class of EUTSs for radio noise emissions. Such requirements shall be
documented in the report of measurements for the EUT and may be used in
determining compliance with FCC limits. It would be advisable to obtain
concurrence from the Commission that the special requircments and proce-

403
GEMERAL TEST CONDITIONS
dures to be followed are satisfactory before actually performing the mea-
surement.

4.2 Measurement Instrumentation

Measurements of radiated and conducted radio nuisel shall E:e made with a
radio noise meter conforming to the Amer‘lcan.}{urmnal Standard Speci-
fications for Electromagnetic Interference and Ficld Strength Instrumenta-
tion 10kHz to 10 GHz, C63.2 (1980). A]ternati}re!}; a spectrum anaiyszr
may be used as the measuring instrument, prﬂlwded rhzltt it 1s u:l-'.f::r;li. 1I=.-h+_2
necessary, with appropriate accessories to provide sufficient sensitivity anu
overload protection to ensure accurate, rcpeatable rr_masuremegts of at
emissions over the specified frequency range. Other instruments may lj"'
used for certain restricted and specialized meusuraipt.:nts. whf:n_daia 50
measured are correlated to data achieved with C63.2 lnstrumentaﬂ:.:un. .

Note: Accessories needed would depend on the measurement mtuat:{an
and could include preamplifiers for sensitivity improvement, filters and.: o1
attenuators for overload protection, and ad_di.tim?al q]l.lam—peuk dr.:ltuutmn
circuitry. Overload is defined as harmqnic d1§tumon, 1nturrr_mdulat1clukr or1
gain compression of spectrum analyzer input signals. Prﬂcautl_ons may favr_
to be taken to cnsure that the spectrum analyze_r operat::s linearly hc.c:_ure
taking final measurements. Consult the appropriate uscr's manu;‘al ,fm.. lLI:l—
structions and guidance. Application notes on the use of spectrum analyzers
and other instruments are also available from several manufacturers.

4.2.1 Measuring Instrument Calibration. The calibration of the mcasur-
ing instrument, including any accessories that may affect such ca.lll_'fmtlhl:unf
shall be checked frequently enough to ensure its accuracy. Aldjua.trm_,nb,
shall be made and correction factors appticd_ in accordance with instructions
contained in the manual for the measuring instrument.

4.2.2. Detector Function Selection and Bandwidth. During r?d?tzd
emission testing, radio noise meters, or spectrum :_malyzers which EII_SUP ]_:
weighting circuits, shall have the detector function set to the e
quasi-peak function. The 6-dB bandwidth of the measuring instrument sha .
not be less than 100 kHz for field strength measurements over the frfaquenlc.}
range of 30 to 1000 MHz. Duning conductad vmitugf: testing, rad\m ?é;ﬁ
measuring instruments shall have the detector function set to the C SH
quasi-peak function. The 6-dB bandwidth of the necessary measuring in-
strument shall not be less than 9 kHz over the frquencg,rl range 450 kHz o
30 MHz. Post detector video filters, if used, shall be wide enﬂugh\nut tf;
affect the peak detector reading. ﬂltr:rfmtl}fely,lﬁelfj strength meters an
spectrum analyzers without CISPR weighting circuits may be employed,
provided measurements are made on the peak basis anFI are recorded as
observed (without any presumed correction for the difference between
CISPR quasi-peak and peak detector function).
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MNotes

L. The bandwidths specified here have tolerances as prescribed in ANSI
standard Ca3.2-1980,

- If bandwidths greater than those expresscd in Section 4.2.2 are used,
higher readings may result for EUTs with broadband emanstions.

3, Data taken with measuring instrumentation that employs logarithmic
amplifiers when using the average function will represent the average
of the logarithm of the voltage level. If the emanation observed is
pulsed. broadband observed values will be materially lower than the
true average of voltage. Instrument overload is likely to occur with
lincar IF systems if the emission pulse duty cyele is less than that for
which the measuring instrumentation is rated. Data correction for
spectrum analyzer observation should include corrections for the pulse
descnsitization factor; with this correction applied to peak indications,
if the duty cycle is known or can be measured, average values of
cemanation can be calculated,

4. For line-conducted tests, if the equipment exhibits emissions that
cxceed the limit under the above-specified conditions. the following
option may be cxercised. The measurements may be made in the
average mode within 3 9-kHz minimum bandwidth. If the signal level
in average mode is significantly less than in peak or quasi-peak mode,
the emission is considered broadband, and the yuasi-peak value may
be reduced by 13 dB for comparison o the lmit.

I~

4.2.3 Units of Measurement. Measurements of radiated interference shall
be reported in terms of microvolts per meter, or dB {#V/m) at a specified
distance. The indicated readings on the tadio noise meter or spectrum
analyzer shall be converted to microvolts per meter, or dB ( wV/m) by use of
uppropriate conversion factors, Measurcments of conducted interference
shall be reported in terms of microvolts or dB (W),

4.2.4. Antennas. A calibrated, tuned, half-wave dipole antenna is pre-
ferred for measuring the level of radiated emissions. Other lingarly polar-
ized antennas are acceptable, provided the results obtained with such
antennas arc correlatable to levels obtained with a tuned dipole. The
antenna shall be capable of measuring both horizontal and vertical
polarizations. Over the frequency range of 30 to 1000 MHz, the Commission
will use tuned half-wave dipole antennas for compliance testing.

4.2.4.1 Antenna-to-Test Unit Distance. The distance between the EUT
and the measurcment antecnna may by 3 to 30m. An EUT subject to a
radiated limit at 3m shall be measured at a distance of 3m, unless
impractical becausc of size of the equipment, location, etc., in which case
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measurements may be made at a futher distance up to 30 m, and. the rcsiuhg
extrapolated inward, utilizing an inverse distance extrapolation factor (ie.,
20 dB/decade). Equipment subject to a limit at 30 m may be measured at a
distance of from 3 to 301a, provided that the results are EX!IEIEO!EIFEKJ to
equivalent signal at 30 m, wtilizing an inverse distance extrapolation factor
(20 dB/decade). ,

The horzontal distance between the measuring set antenna and the EUT
shall be measured from the closest pbint of the device or system, as
determined by the boundary defined by an imaginary straight line periphery
deseribing a simple geometrie configuration enclosing I}w EUT system. A_ll
intrasystems cables and connecting devices shall be included within this
boundary.

4.2.4.2 Antenna Height Variation. The measurement antenna must be var-
ied in height above ground to obtain the maximum signal Rt}‘ength. For
measurement distances up to and including 100 m, the antenna height shall be
varied from 1 to 4 m. Beyond 10 m, the height shall be varied from E_m F_.um.
These height scans apply for both horizontal an_d vertical pol;_mzanon,
except that for vertical polarization the minimum h‘?lght should be increased
so that the lowest point of the bottom end of the dipole (or ﬂfthcr ame:_ma],
at any frequency, clears the site ground surface by apprqmmately 25 cm.

At sites other than open field, alternative scanning heights snd proce-
dures may be used, provided that it can be shown that cquivalent results are
obtaincd.

4.2.5 Preliminary Testing and Monitoring. 11 is often valuable to I]:r‘erfunn
preliminary radiated measurements at a closer dis?:ﬂr}ce than specificd for
complisnce to determine the emission charactenstics nf_the ELTT._ At
closc-in distances it is easier to determine the spectrum signature of the
EUT and, if applicable, the EUT configuration that produces the maximum
level of cmissions as discussed in Section 4.5.1. A site other than an open
field may be wsed for this purpose, but the test engineer should be aware
that the alternate site may not produce precisely correlatable results, Where
a radio noise meter is used for this spectrum search, it is recommended that
either 4 handset or loudspeaker be connected as an aid in detecting ambient
signals and finding frequencies of significant cmission_ fl'pnl the EUT.

Preliminary testing is optional. However, if preliminary tests are not
performed. the steps outlined above (spectrum signature, EUT arrange-
ment) must be accounted for when making tests at the distance used on the
open ficld site.

4.3 Frequency Range to Be Scanned

For rudiation measurements, the frequency range from 30 to 1000 MHz shall
be searched. For conducted measurements, the frequency range from
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450 kHz to 30 3 |
. apprgprjatidjrjlz'hhﬂﬂ be searched. The six highest emissions relative to
e S . mmit shall be measureq and reported, To lacilitate testi
bt 15::r”nmsa II'LGTIEr, the ’Ifr::q_ucnc} range covered in the pzul‘ticulu;'f!ﬂg
e Ldl;ﬂﬁd while monitoring with s headset or loudspeaker, [f i)
ed peaks appcar while scanni g ; s
e Vil mng, readings shall be taken
o jve J;SS rx:;]_cre lh_ey occur. The scan rate shall be such that :-mise ;;nﬂlle
: 10 nose meter sensitivipe ‘ ot
o itivity threshold are not omitted from
Note:  Automatic i
: scan techniques ars acceptab| i
W e _ = ptable but the maximgm
ap o mmited by 1:]1{. response time of the measuring system apd :'CE“
pp e) the repetition rate of the radio noise to be measured e
ad.

4.4 Data-Reporting Format

The measurement res i
_ ; sults expressed in accordunce wi i
e X decordance with Section 4.2.3 .
HAE F;:!z?;::zlfz :.a?cre applicable, shall be presented in tabular o gia;lﬂf
i atively as recorder charts or ph 3
o=} iy 1 pPhotographs of 3 spec
s g;;i L;mplay, s_hma.mg the level versus frequency. Si;ncc alter:::t::rtuml
slmmemurif p!mwdcdf test data must identify the methods  gsed Iﬂﬂ
s rn._, mstrument attenuator and bandwidth setting, detectar ’Ir'unrf-
aits ,a” mhe:l;iig;z‘letn;s._ a4 rsa;npln: calculation with gl caﬁ;'ersiun fau:mr:-
nt details sh i i : :
oy il be included along with the measurement
The justification fo i
; r sclecting a particular CUT 1 i
to produce maximized emissions | i
S5100s must be docume i :
i r ented in the test
" report should also show precisely how the interface cable TIEP'E:J‘L s
rill:ged vi'hen the measurements were made -
ofe: ) i i :
(Sontiers ?n 9:}!;& deze of devices required 1o he certified, refer also to Part 2
S50 ]5;'; lé 4|_;-, iid Zi*:il:ﬁ%}an;i ﬁ.lﬂ;}g} and Part 15 {Sections 15 "58‘_
(1 oo, 10:4b and 15795 of the FOC Rules § .
applicable o all applications for certification ™ ot general R

4.5 Configuration of Equipment under Test (EUT)

It is recomme
ended that all muylti-un;

; ner -umit systems he ¢ irst as i
el &1 ested first as a hay
ity f;:s::zg \:ft ;h[eh.aystum controller plus one petipheral of each t:i;:f

: i at controller. Additional i e
Bupneed ] 7 dtional peripherals m: z
o CL 'u.lr}I: the busic system. as 3 host system, or E»'ith a birt:?r[mﬂ” o

TCiser. T Ci i - : b
e h“ rﬁ']ﬁ iz;:_t{.r case the simulator or exerciser should first be t?:rtﬂdr
S emur;ta t;; 'i 15;..Jdmg, v_aEF,, 4re adequale to ensure that jis cu:nnn'ihu:ice:n
R dntlo I?h:: ]j:LlTasimu]ator combination are insignificant, If
o o ”Eg : ;wc_e J.‘} designed to be connected 1o multiple pci:jpherdls : 1l

' ; laentical, it is only necess: s

2 . _ LT g . : i
peripheral of that type connected. % BB e e
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4.5.1 Test Conditions and Configurations of EUT. The equipment
under test (EUT) shall be configured and operated in a manner that tends to
maximize its emission characteristics in a typical application. Power and
signal distribution, grounding, interconnecting cabling, and physical place-
ment of equipment or equipments of a test system shall simulate the typical
application and usage insofar as practicable. The EUT shall be furnished
with rated (nominal) voltage as specified in the individual-equipment power
requirements. The power supplied to the EUT may need to be filtered to
meet the requirments of Section 4.6.1. See Fig. F-1.

The configuration that tends to maximize emissions is not usually intui-
tively obvious, and in most instances selection will involve some trial-and-
error testing. For example, interface cables may be shifted or equipment
reoriented during initial stages of testing and the effect on results observed.
For large systems with numerous cables, trial-and-error type tests may
better yield to experience and knowledge about the characteristics of the
EUT. Only those configurations that are within the range of positions likely
to oceur in normal wse need be considered. In any event there must be a
definite justification for selecting a particular configuration.

4.5.2 Operating Conditions. The EUT shall be operated at the specified
load conditions (mechanical and/or electrical) for which it is designed,
Loads may be actual or simulated, as deseribed in the individual equipment

requirments.

ANTENMA
EQUIFMENT
le—" UNDER TEST {D AADID WOISE
| METER
L
= 'I;:l - POWER SUBPLY
OFTIONAL 1 | FORRADIO
LiSN (o EETEEL NDISE METER
SHIELDED 1]
il ety VDLTAGE
OFTIONAL { IFUSED | pZnrPe o OFTIONAL
" FILTER = FILTER
I J’
U POWER LEAD =1 g 0 AEH
=t PRI
_'_,-""'-'-Ar Jj 180” RCE
PCWER RECEPTACLE ‘ — =

(MINIRELIBY

MOTE: ALL LEADS MUST BE RESTING
om THE GROUND OR UNDER
GROUMND,

Vigure F-1. Suppested power distribution layout for open field tests,
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4.5.3 Conditioning of the EUT. The EUT shall be operated for a suffici-
ent period of time to approximate normal operating conditions.

4.5.4 Interfacing Units and Simulators. In case the EUT is reguired to
interact functionally with other units, either the actual interfacing units or
simulators may be used to provide representative operating conditions,
provided the effects of the simulator can be isolated or identified. It is
important that any simulator used in lieu of an actual interfacing unit
properly represents the electrical, and in some cases the mechanical,
characteristics of the interfacing units, especially concerning tf signals and
impedances.

Because of the added degree of uncertainty when a simulator is used,
such use should be avoided if possible. If 1 device is designed to be usad
with a specific host computer or peripheral subject to mandatory com-
pliance, it must be tested with that computer or peripheral.

If the EUT is a peripheral device being scparately measured for com-
pliance to a limit on radio noise, the EUT must be tested with at least onc
host computer or simulator in a typical configuration. It is not necessary to

test the EUT with all possible host compuiers or in all potential configu-
rations.

4.5.4.1 Interface Cables. Tt is imperative that interface cables be connected
to available interfuce ports on the EUT. This includes. but it is not limited
to, standard interface bus ports (IEEE 488, R5-232-C, etc.) provided on
computers and peripherals. The cifect of varying position of the cables must
be investigated to find the configuration that produces maximum emissions.
The configuration must be precisely noted in the test report,

Interconnecting cables should be of the type and length specified in the
individual equipment requirements. If the length may vary, the test engineer
should select the length that in his/her judgment will most likely produce
maximum cmissions. In general, this decision should be based on some
trial-and-error tests. If the cables will be purchased separately by the
consumer, and shielded or special cables are used during FCC tests to
achicve compliance, then a note must be included in the instruction manual
advising the need to use shielded cables.* See FCU Rule Sections 15.81%
and 15.838,

Excess lengths of cables should be bundled at the approximate center of

*FCC Public Notice #6378, Clarificaion of Rules for Testing Compuring Devices (September
18, 1486), states the following: A personal computer or peripheral tested with a special cable,
such s a shielded cable, or other special accessories required for compliance and not readily
available, will NOT be granted centification, unless the application specifies that the special
eahle or feature will be sold with the computer or peripheral, and the instructions to the
operator indicate that such special cable or feature mist be used.”

——

A B
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the cable with the bundles 30 to 40 cm in length. If it is ':nj_pra::‘iical to do Sr.}
because of cable bulk or stiffness, or becausc lhE_t testing is being d.umlz at 4
user installation. disposition of the cxcess cable is Ieft to the test Lngll‘{E.ET.
Where there are multiple interface poris u._ll of the same type, CCIHT'I.E.LTEI'!.E
a cable to just one port of that type is sufﬁumnt, provided it can. be 51-I|_u1m ;:
that the additional cables would not significantly affer:lt the resu_ltf. eIe
again, the test engineer must use judgment as to what is appropriaie for a
icular EUT.
Farli‘lrcc:gicts that provide a unique interface port for peripherals that arfaunml
yet available may be tested by attaching a cable, extended 1m vertically
above the device and left unterminated.

4.5.5 EUT Grounding. The EUT shall be gmupded in accordance wmh_thlc;
manufacturer’s requirements and conditions of intended use. I the EU{!" ‘13
operated without a ground connection, it shall be ta-‘smd ungrounded .\‘-J'. hen
the EUT is furnished with a grounded terminal or Ememuny grounded lead
that is to be connected in actual installation conditions, the g}-punc_l lead or
connection shall be connected to the gmu_n_d plane (qr facility for eairfli
ground), simulating actual installation conditions. Arl}r mter_mﬂly grmu:u Ld
lcad included in the plug end of the line F:Drd of the EUT :WIH. be C?H;L;.If

to ground through the utility power service (see also Sections 5,1 and 5.4).

4.6 Test Environment

The environment at the test site should satisfy the following conditions:

4.6.1 Amblent Radio Noise and Signals. 1t is desirable that the con-
ducted and radiated ambient radio noise and signal levels, measurufi at t;m
test site with the test sample de-energized, be at least 6dB L‘nami.v L1e~
allowable limit of the applicable specification or standard. LI—{aweve]—_ in tth
event that the measuring levels of the ambient plus EUT rud_m noise
emnissions ate not above the applicable limit, the EUT shall be considered to
i dance with the limit. _

>e 11;1 :itf:u;ubicnt field or power-line ambient level at some fre::llur:nqes
within the specific measurement ranges exceeds the upph\cahlﬂ SFELIﬁCﬂtFE‘t:.tEI
limit(s), other test methods may be used to show EUT1 corr:p iance.
following would constitute some of the acceptable alternativis:

¢ Perform measurements at closer than tl?e @ﬂciﬁed I?Ij.stunl.:v.ras imd
extrapolate the resuli(s) to the specified limit distance, using an IOVETSe
distance linear attenuation factor.

e Perform measurements of critical frequency bar]ds during hours when
broadcast stations may be off the air and industrial ambients are lower.
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e Resort to measurement in an enclosure or anechoic room (see Sections
4.1.1.1 and 4.1.1.2 for conditions of use). Measurements made in a
shielded (metal) enclosure are normally not acceptable for the purpose
of determining compliance. However, observations may be made in
such an enclosure to determine the rclative levels of the emissions
affected by ambient interference and also other EUT emissions in the
same general frequency range. These observations taken together with
measurements on the test site (at reduced bandwidth where necessary)
may cnable reasonably accurate determination of the strength of the
EUT emission affected by ambient interference,

o Insert line filters between the power source and the LISN or between

the power source and the EUT. as appropriate, for the particular
measurement.

Note:  In orienting the axis of a test site. it is desirable to consider the
directions of strong ambicent signals so that the orientation of the receiving
antenna on the site discriminates against such signals insofar as possible.

4.6.2 Temperature. The ambicnt temperature of the testing location
should preferably be within the range of 10°C to 40°C (50°F to 1(4°F),
unless the individual cquipment requiremenrs specify testing over a wider
temperature range. Measurements made in temperatures outside these
limits may be accepted, provided the EUT, radio noise meters, all indicating
devices, and equipment are at the testing location sufficiently long that their
temperature becomes stabilized. Evidence shall be given that the calibra-

tions of the measuring instruments used are accurate at the temperatures at
which they are used.

4.7 Test Platform

An EUT that is normally operated on a table shall be placed on a
nonconducting table having a height of 1 m above test site ground level. For
ease of testing, the table may be placed on a rotatable platform, in which
case the total height of the table plus the platform shall be approximately
1m above test site ground level. If the platform is elevated, it should be
nonconducting to the maximum extent practicable.

Measurements made on a test table of 80-cm height, as called for in some
international measurement standards, will be accepted for venfication or
certification of compliance. Although the results will probably be only
marginally different than with the 1-m height. the risk for discrepancies lies
with the manufacturer. FCC tests will be performed at a height of 1 m.

In the event that all the units or peripherals of an EUT system will not fit
on the table, one or more may be placed on nonconductive shelves below
the table top, using the minimum spacing below the top for their placement.

In selecting units for placement on the shelf, first preference should be given
to those normally not requiring frequent attention.
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For an EUT normally located on the floor, the equipment should, 'Et'
practicable, be placed on a rotatable platform. If the ptatf_orm is clevated, it
chould be nonconducting to the maximum extent practicable and have &
height of not more than (1.3 m above ground level, The EUT shall be located
in the center of the platform. If the EUT consists of two or more UDITS,
these units shall be arranged around the center of the platform consistent

with actual use.

4.8 Ground Plana

A pround screen is desirable, but not mandatory, for rad%atud Emissions
tests. It is pointed out, however, that open field sites are likely tﬂlnuud a
ground screen when any of the following conditions exist at the stt_e:_the
terrain is discontinuous, the terrain is subject to extreme seasonal variations
in ground conductivity, there are unburied power or control cables, or the
site is located on pavement.

For conducted power-line measurements, a ground plane shall be psed,
as discussed in Section 3.1

4.8.1 Testing at the User's Installation (On-Premises '.'_'esting}. A
ground plane need not be installed for testing at a user’s installation unless it
is to be u permanent part of the installation.

5.0 CONDUCTED POWER-LINE MEAUREMENTS

Unless otherwise specified, measurements shall be mlﬂdr-.: Lo dejrai-mine the
line-to-ground radio noise voltage that is conducted from the EUT power-
input terminals directly connected to a public power network, The mea-
surements are to be made with the EUT connected to such a network
through a nominal, standardized rf impedance, which is to _hc pruvir.l’iud 1}]!’ i
line-impedance stabilization network. A network must be inserted in series
with each current-carrying conduetor in the EUT power cord.

Note: Tt is recommended that conducted power-line measurements bc
made before measurements of radiated emissions becausc this procedure,
which is carried out indoors, requires rather little time as compared to
radiated meusurements and can give some assurance thal the _ﬁhir:lading_ of
the EUT is reasonably cffective (at least at the lower frequencies),

5.1 Conducted Power-Line Test Configurations

The EUT shall be placed 4C cm from an earth-grounded conducting surface
2m’ (e.g., the floor of the test chamber) and shall be Ik&pi at least 80 cm
from any other earthed conducting surface. Floor-standing cquipment may
of course be mounted on an earth-grounded floor.

If the EUT is supplied without a fexible power lead, it chall be placed at
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used) and connected to the LISNs by a lead of not greater than 1m in
length.

If the EUT is supplied with a flexible lead, the voltage shall be measured
at the plug end of the lead. The length of the lead in excess of the 80 cm I
separating the EUT from the LISNs (or mains outlet where L1SNs cannot be I

I
|
a distance of 80 cm from the LISNs (or mains outlet where LISNs cannot be 5

&0

— g o e — —— — e ] =+ P

uscd) shall be folded back and forth to form a bundle not exceeding 30 to
40cm in length.

If the EUT is normally operated in the hand, measurements shall be
made as if it is normally operated while placed on a table or desk, 3
Measurements of power-line conducted cmanations are not required for
devices capable of being operated only from internal batteries. If the EUT is
fitted with a connection for operation directly or via separate transformer or
power supply [rom public utility lines. meassurements of power-line con-
ducted emanations shall be made. 20

When computing devices or their peripherals have their own provision for |
connection to i power line, line-conducted tests must be performed sepa- it
rately for each device. s
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A line probe may be wsed for voltage messurements under certain condi-
tions (sce Section 3.6). If an appropriate LISN that satisfies the impedance e ;
requirements of Fig. F-2, and has the curment capacity of the EUT, is not Figure F-2. fmpedance versus frequency characteristios of line impedance stabilization nerwark
commercially available, the method showr in Fig. F-3 may bc used, The (LISN), Allowable tolerance =20%.

measurements should be made between each current-carrying. conductor in
the supply mains and the ground conductor with a blocking capucitor C and
a resistor such that the total resistunce between line und ground is 1500 £},
Since the line probe attenuates the radio noise voltage, appropriate calibra-
tion factors must be added to the measured values. Measurement results

with the appropriate LISN shall take precedence over the method shown in
Fig. -3,

FREGIUENCY (MHz)

AC SUPPLY MAINS
._

o
Ko< 16000
5.3 Line-Impedance Stabilization Network

A line-impedance stabilization network (LISN) having an impedance g (1500-R)0
characteristic within the limits shown in Fig. F-2 is required for conducted

radio noise measurements, Figure F-4 shows a network that will provide the
specified impedance over the frequency range .45 to 30 MHz. A coaxial- &
type connector shall be provided for connecting of the measuring in-

strumentation by means of a 50-0 terminating resistance across the 1000-0 Hg?é%
resistor. Provisions shall be made for electrically bonding the LISN enclo- XL=R R ® ;ETEF{
sure to the ground plane used (see Section 5.1). If a direct bond is not

possible, for instance, with concrete floors, = metal sheet approximately 2 m” . _
shall be placed under the LISN and elecrically bonded to the LISN by a A e i
short low-impedance connection.

Figure F-3. Line probe for conducted emission tests al wser's instadlation.

413
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Figure F-4. Circuit dingram af LISN fo provide the impedance of Fig. F-2.

Note:  LISNs designed to comply with the impedance characteristic of
Fig. F-2, have limited availability on the market. As an interim measure.
S-phenry LISNs may be used, provided that the readings obtained using
these networks are increased by adding a correction to obtain a valuc
cquivalent to that which would have resulted had a 50- whenry network been
used in the measurement. This correction vaties from +10 dB at 450 kHz to
0dB at 9 MHz; values for frequencies between these limits may be obtained
by reference to Fig. F-5. No correction is required above 9 MHz. This
correction is based on the relative impedance values of the 50- and 5-phenry
LISN neworks in the range 450 kHz to 30 MHz, and a presumption that the
source impedance of the EUT power conductors in the tange is low as
compared to that of the networks, The correction has limited validity due to
wide variation in EUT impedances, so measurements should be made with
the 50-phenry LISN. if at all possible.

5.4 Grounding

The LISN housing, mcasuring instrumentation case, ground plane, etc.,

shall be electrically bonded together in such a manner that they are at the
same rf potential.

5.5 Measurement Procedure

Measurements of power-line conducted radio noise shall he expressed as the
voltage developed across the 50-00 port terminated by a 50-f1 measuring

L
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Figure F-5. Correction foctors to be added to regdings obiained with o 5 u 0 LISN o obiain
volues egquivalent to those that would be obtained with o 50 o H LISN,

instrument. All voltage measurements shall be made at the plug end of the
EUT power cord (c.g., by the use of mating plugs and receptacles on the
EUT and LISN). Investigation shall be made to determine whether the
position of interface cables affects the test results, and if it does, the cables
should be positioned so as to produce maximum emission results,

551 EUT Power Leads. All EUT input power leads, except ground
leads, shall be individually connected through LISNs to the input power
source. All unused 30-00 conncctors of the LISNs shall be resistively
terminated m 50-{} when not connected to the measuring instrument,

5.5.2 Shielded Power Leads. Equipment normally used with unshiclded
power leads shall be connected to the LISN and tested with unshielded
leads. If the EUT is normally operated with shielded or armored leads, the
test shall be made using such leads.

56 Conducted Emission Tests at User's Installation
{On-Premises Testing)

Testing for power-line conducted radio noise is permitted at the user's
installation site. provided that no disturbance to the normal EUT in-
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stallation exists, except t0 make provisions for connecting the 1500-01 line
probe specified in Section 3.2 and Fig. [F-3. Special precautions must be
taken to establish a reference ground for the measurements. No LISN shall
be wsed. The measurements are dependent cn the impedance presented by
the supply mains and may vary with time and location due to variations in
the supply-mains impedance. (It may be necessary to perform repeated
measurements over a suitable period of time to determine the variation in
measured values. The time period should be sufficient to cover all significant
variations due to operating conditions at the installation.) Such mea-
surement results should be regarded as unique to that EUT and installation
enviranment.

6.0 RADIATED-EMISSION MEASUREMENTS

Measurements of radiated radio noise shall be made using the measuring
instrumentation and antennac specificd in Sections 4.2 and 4.2.4, respee-
tively. Radiation from the EUT, including radiation from all signal and
power cabling, shall be measured. Consistent with Section 4, the EUT shall
be set up and operated in a manner representative of actual use.

6.1 Determination of Test Radial

Radiated-emission magnitudes shall be obtained in the azimuthal dircction
of maximum ficld strength for cach predominate emission.

Tt is preferable to rotate the EUT to determine the direction of maximum
field strength. A turntable arrangement may be used for convenience.

For large, heavy, and stationary electric squipment not readily rotated,
the measuring instrument and test antenna may be moved around the EUT
gl as many points as are necessary to determine the direction of maximum
field strength for each predominate emission. Parties making measurements
on lest sites where the EUT is not rotated should understand that the
minimum clearances for a test site with rotatable platform are not applicable
(sce FCC Bulletin OST 55); instead, the minimum clearance distance for a
test site without a platform is a circular area centered on the EUT location
and having a diameter of 3 times the maximom distance between the
measuring set antenna and closest point of the EUT.

Where the EUT is not totated on the site, measurements should be made
of the strength of each of the emissions noted in the preliminary tests in the
azimuthal direction determined in those tests.

6.2 Radiated Radio Moise Tests

Radiated radio noise measurements shall be made at one of the test sites
deseribed in Section 4.1, The EUT shall be rotated as per Section 6.1, and

HADIATED-EMISSION MEASUREMENTS a7

measurement antenna height varied as preseribed in Section 4.2.4.2 in order
to oblain a maximum reading on the measurement instrument. Tests shall
be made in both horizontal and vertical planes of polarization.

The frequency range 30 MHz to 1 GHz shall be investigated. For record-
keeping purposes only the six highest emanations observed during the tests
need be recorded and maintained in the permanent record files.

6.3 Radiated-Emission Tests at User’s Installation (On-Premises
Testing)

Testing of the installed EUT may be performed at the end user’s in-
stallation, with the results generally regarded as unigue to the EUT and
installation environment. However, where testing has been accomplished at
three or more representative locations, the results can be considered
representative of all sites for purposes of determining compliance with
cmanation limits, If no detailed instructions are given in the individual
cyuipment requirements, measurements shall be made to locate the radial of
maximum emission at a distance 30 m from the equipment being tested.
Where measurements at the 30-m distance from the EUT are impractical,
measurements may be made at lesser distances and extrapolated to the 30-m
distance from the EUT. A LISN shall not be used for testing at the uscr's
installation in order that the measured radio noise voltage be representative
of the specific site.
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Absarption loss, 163, 166, 178, 179, 182
AC resistance of conductors, 150
Active device noise, 244
Addition:
of noise voltages, 240
of nojse power in dB, 336
Alodine, 85, 191, 193
Aluminum foil shiclds, 46, 62
Amplificrs:
decoypling, 129 B
ditferential, Y1, 102, 108, 118
oscillation in, 130
paramelric, 229
shielding of, B3
single-ended, 86, B8, B9, 102
Anechoic room, 402
Anodize, 86, 190, 193
Anicnna:
loop, 60, 162, 298
menopals, 313
pattern, K
rod, 166, 313
slof, 183
straight wire, 160, 313
tuned dipole, 404
Amtistalic materials, 332
Aperture, 187, 334
muitiple, 154
AT
ac vy do, 206
energy, 206, 210
metal vapor, 204, 214
sreondary, 333
Arc discharpge, 204, 214, 221
Arcing, 330
Arcing current, 203
Arching voltags, 2035
Availahle circuit voltage, 213
Awailable nojze power, 232

Backplanes, 304

Balanced:

circuit, 62, 91, 63,03, 116, 119

teansformer, 102, 21, 145
Balun, 96
Banded end, capacitor, 140
Randwidih:

naoise, 234

svslem, 134

Beads, ferrite, 152, 208, 288, 304, 315

Biot-Savart law, 40

Bipolar transistor, see Transistor

Bollamann's constant, 223
Bounee, contact, 209, 219, 223
Beaided shiglds, 62
Breakdown:

contact, 203

voltege of air, 337
Buorst noise, 239
Bus bar, 126

Cable:
hraided, 62

roaxial, 54, 5B, &0, 61,92, 114, 310

decoupling, 316
low noise, 25
ribbon, 67, 312

shiclded, 54, 58, 60, 92, [18, 310, 312, 214

terminalion, 312
triaxial, 55, 61
tri-lead, 311

twisted pair, 39, 57, 61, 91, 118, 311

Cadmium, 191
Capacitance:
fres space, 323, 327
transformer, 145

Capacitive coupling, 29, 30, 60, 61, 11§, 140

Capacitor:
aluminum, 137, 288
banded end, 140
bulk decoupling, 238
ceramic, 140, 288

419
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Capacitor (Continwed)
chip, 293
decoupling, 230, 286
electrolytic, 137, 285
equivalent circuit of, 137
failure modes, 141
feed-through, 133, 141, 153
metallized, 141
mica, 140
multilayer ceramic, 283, 252
mvlar, 140
paralleling, 142
paper, 14
polarized, 138
pelvearbonate, 288
polvityrene, 141
ripple voltage, 138
self-resonance, 137, 141
tantalem, [40, 288
Capacitator contast protection network, 214,
219
Cascads stage:
naize factor of, 257
naise temperature of, 261
Cavity resonance, 193
Cerrification,
Characieristic impadance:
of conducrars, 124
of free space, 163
of shield, 163
of transmission lines, 124, 309
Charrer, contact, 209, 219, 223
Check list, noise reduction, 359
Choke, common mode, 5§, %4, 96, 104, 313,
317,319
Chromate, 86, 190, 193
CISPR, 12
Clack leads, 306, 310
CMRRE, [19,2
Coaxial cahle, 54, 58, 60, 61, 92, 118, 310
Common impedance coupling, 22, 54, 62
Common-maode:
choke, 51, 94, 95, 100, 315, 317, 319
currenl, 96, 313, 315, 313
voltage, 98, 100, 116, 119
Common mode rejection ratio, 119, 294
Componenis:
capacitors, 137
conductors, 149
ferrite beads, 152
inductors, 143
passive, 137
resistors, 146
transfarmers, 145

INDEX

Computing device, 8, 299
Caonducted cmission measurements, 41|
Condnstion overlap, 279
Conductive coatings, 8, 190, 195, 196, 197
Condustive finish, 86, 190, 195, 198, 197
Conductive gaskets, 193
Conductive materials, 332
Conductive windows, 193
Condnctivity:
of copper, 162
relstive, 163
Conductor motion, 25
Conduciors:
ac mesistance of, 130
characteristic impedance of, 124
de rezsistance of, 123, 130
indecrance of, 149, 280
Contact;
breakdown, 203
chatter, 208, 219, 223
life. 207
materials, 207
noise, 148, 238, 262
prowection, 203
&z gircuirs, 206, 218
capacitive loads, 208
eramples, 224
fundamentals, 211
inductive load, 209, 212, 216, 219, 222
lamp loads, 208
motor (oads, 208, 210
reststive load, 223
profection network:
capacitor, 214, 219
dicde, 218, 223
resistor, 208, 216
resistor-capacitor, 218, 21%, 224
resistor-capacitor—diode, 222, 224
varislor, 218
zener diode, 218
prarcetion selection puids, 224
Contact rating, 207
Correlation coctficient, 241
Corrosion, 23, 25, 86
Coupling channel, 16
Crest facror, 231, 241
Crossialk, 29, 99 356
Cureent, arcing, 205
Cutoff freguency:
shield, 46, 51, 36, 97
waveguide, 192

Damgine factor, 128, 2738
Decay time, 331

INDEX

Drecibed, 351
Decounling:
amplifier, 129
cable, 316
capacitors, 122, 126, 130, 133, 280, 286, 248,
290, 307
filter, 126, 133, 139
logic circuits, 286
puwer supplies, 122, 286
Driglectric constant, 125, 162
Differential amplifier, 91, 102, 108, 116
[¥fferential voltape probe, 204
Digital circuits, 274, 298
Diode, contact protection network, 218, 223
Diode, noise, 238, 247
Discharge:
are, 204, 214
clectrostatic, 322
gas, 203, 206, 211
plaw, see Cras discharge
vacuum, 204
Discontinuities, shield, 187
Dissipaticn factor, 137
[Missipative filters, 124
[Yocumentaiion, engineering, 319
DORD-HDBE-263, 324, 329, 331

Earth ground, 73, 89, 90,91
Electric field, 160, 172, 174, 298, 313
Elcerric ficld coupling, 29, 30, 641, &1, 118, 140
Electraless plating, 198
Electralytic action, 25
Clectrolytic capacitor, 137
Electroanagnetic:

compatibilicy, 1, 4

interferenee, 1

radiation, 7, 14, 18,23, 30, 159, 298
Electrostatic discharge, 322
Electrostatic shield, 143
EMC testing, 399
EMI gasket, 193
Emission:

conducted, 11,411

radiated, 8, 298, 416
Emitter follower, 130
Energy, arc, 206, 210
Engineering documentarion, 319
Equivalent circuin:

capacitor, 138

electric coupling, 20, 40

induestor, 144

magnetic coupling, 21,40

resistor, 146
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Equivalent input noise voltage, 249, 251, 264,
266, 268
Example:
balanced circuit, 120
contact protection, 224
decoupling capacitor, 239
ditferential amplifier, 103
ground isolation, &7
guarded meter, 110
guard shicld, 108
maximum loop area, 301
mutual inductance, 41
noize bandwidth, 236
noise factor of cascaded stages, 257
power bus impedance, 124
power supply noise, 275
radiated emizsion, 301, 304, 319
selective shiclding, 60
self-resonant, 289
static voltage, 323
use of noise factor, 259
Exoess noise, 148, 239
Exemptions, FOO, 13

I/F nojze, 230, 262, 2635, 266
Faraday shield, 145
Faraday's law, 38
Far field, 23, 30, 154, 161, 172
FCC, 6,274, 301, 305, 319, 399
exemptions, 13
measurement procedure, 199
reguiations, &
Federal Communications Commission, see
FCC
Feed-through capacitor, 133, 141, 135
Ferrite bead, 152, 208, 288, 308, 315
Fiher optics, 94, 312
Field effect transistor;
naise, 264
naise factor, 265
noise model, 265
tofal input neise veltage, 266
V-1, modcel, 266
Field emission, 204
Filled plastics, 1€
Filter:
damping, 12§
decoupling, 126, 130, 133, 154
dissipative, 129
high frequency, 133, 31a
L-C, 128, 154, 317
pin connecior, 317
B-C, 126, 133, 154, 317
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Filter (Continugd)
reactive, 129
resonance, 128
of, 133, 316
Flamc/arc spray, 197
Flicker noise, 239
Floating:
power supply, 86, 295
source, 86, #Y
Fourier:
coelficients, 275, 314
series, 302
Free space capacitance, 325, 327
Frequency:
capacitor resonant, 128, 137, 277, 279, 289,
292
filter resonant, 128
shicld cutoff, 46, 51, 56, 97

Galvanic:
action, 23
series, 24
Cias discharge, 203, 206, 211
Gasket, EMI, 193
Gaussian disteibution, 233, 238, 239
Glow dischargs, 203, 206, 211, 221
Ciold plated contacts, 207
Ciraund!
ac power, 73, 77, §3, 317
amplifier shield, 58
cable shield, 33, 42, 51, 55, 58, §2, 103, 310,
312,316
definilion, 75, 76
digital eircuit, 277, 283
carth, 73, 89, 90, 91
erid, 283, 307
hardware, 83, 84
hybrid, 76, 81, 93, 106
L0, 316, 340, 341
loop, 54, 57, 59, 85, 93, 105, 122
multipoine, 76, 79, 283, 286, 333
nolsy, 77, 82, 277, 280, 315, 316
plang, 9, 12, 39, 50, 79, 123, 283, 307, 308,
310
quiet, 82,85, 316
safery, 73, 77, 83, 317
signal, 75
single point, 76, 77, 8O, 82, 84, 89, 105, 274,
333
Grounding, 73
ol shields, 199
Cvard ring, 344
Guard shield, 106
Guarded meters, 110

INDEX

Hard errors, 333

Hard ground, 330

Hardware grousnd, 83, 84
Holes in shield, 187

Human bodv model, 327
Hybrid zround, 76, 81, 93, 106

IEC—801-2, 329
Immunity, %
Impedancs:
charaeteristic, 124, 162, 309
coupling, 22, 54, 61, 62, 80, 277
shizld, 163
wave, 159, 162
Inductance:
conductor, 145, 250
extermal, 149
ground, 277
minimizing, 281, 280
mutugl, 20, 38, 40, 44, 282, 286
partiad mueual, 40
self, 37, 280
Induction field, 155
Inductive charging, 328
Inductive coupling, 29, 37, 41, 45
Industive kick, 209
Inductorn, equivalent circuir, 143
Inndustrial, scientific and medical equipment, 7
Informetion technology equipment, 14
Imsulatoss, 162, 332
Integrated noise fuctor, 246
Interfercnce, definition, 4
International harmomnizalion, 13
Intrinsic noise source, 4, 228
I/Cr ground, 116, 340, 34§
ISM equipment, 7
[zelation transformer, 93, 121, 143

Johnson noize, 228
Joints in shiclds, 190

Latch-up, 343

L-Cfilter, 128, 154, 317

Leakage 330

Line impedance stabilization neework, 11, 40,
412

LISM, 11, 400, 412

Logarithms, properties of, 351

Logic circuit decoupling, 286

Logic families, 275, 2935

Longitudinal choke, 96

Loop, ground, 54, 57, 59, §5, 93, 105, 122

Loop antenna, 60, 162, 208

Loopare, 38, 52, 57, 60, 285, 298, 30], 143

INDEX

Low frequency ground, B2
Low noise cable, 25

Magnetic field, 162, 172, 174, 293
Maznetic fisld coupling, 29, 37, 42, 47, 50, 52,
56, 118, 144
Magnetic material as a shield, 162
Maxwell’s equations, 19, 20
Measurement:
of noise, 241, 354
of nojse factar, 2446
of noise volrage, 294
of V-1, 253
of white noise, 241
Measurement procedures:
FCC, 9, 11,399
MP-4, 199
Measurements:
comman-mode current, 318
conducted emission, 11, 411
radiated emission, 9, 416
Measuring noise voltage, 284
Metal [oil linings, 198
Metallic:
current, 96
voliage, 119
Metal vapor are, 204, 214, 221
Meter:
average responding, 241
difTerential voltage probe, 294
oscilloscope, 242, 294
peak reading, 241
true rms, 241
Microsirip, 300
Military regulations, EMC, 16
Minimum noise factor, 254, 255, 263
Modulation systems, 134
Multilayer shields, 183
Multiple rellections, 178, 362
Multipoint zround, 76, 79, 283, 286, 331
Mumetal, 163, 167, 182, 186
Muotual inductance, 20, 33, 40, 44, 282, 286

National Electrical Code, 74
Mear [1eld, 23, 30, 159, 161, 172, 179
Metwark theory, use of, 19, 29
Mautralizing transformer, 96
Mickel, 191
Moike:

aclive devies, 244

addition of, 240, 358

burst, 239

camputer, 274, 208

contact, 148, 238, 262

definition, 4

digital circuit, 274, 298
cxooss, 148, 239

141, 239, 262, 263, 266

ficld effect transistor, se Field effoct transis-

tor
flicker, 239
Gaussian, 233, 233, 239
ground, 280
integrated circuit, see Op-amp
intrinsic, 4, 228
Johnsan, 228
low frequency, 239
man-mads, £
megsurement, 241, 354
op-amp, seg Op-amp
popcorn, 2349
resistance, 228
resistor, 147, 229
shot, 147, 238, 247
thermal, 147, 228, 232, 244, 255, 262,
264
transistor, see Transistor
white, 232, 238, 247
Maoise handwidih, 234
Moise coupling:
common impedance, 22, 54, 55, 62
conductive, 22
eleciromagnetic, 23
Moise dinde, 238, 247
Modse factor:
pyerape, 246
calculating, 233
cascaded stage, 237
definition, 244
ficld effect transistor, 265
measuremeant, 246
minimuny, 254, 255, 263
ap-amp, 270
optimum, 234, 255, 263
spiog, 246
transistor, 262
Maise [pure, 246
Mowse margin, 276
Moise models:
ficld cffect transistor, 263
interrated circwit, 269, 271
mezsurement, 233
resistor, 237
transistor, 263
Moise path, typical, 16
Maoise power, addition of, 240, 356
Maisc reduction checklist, 3349
Muise lemperalure, 260
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Maoise vollage:
and current madel {V,-1.), 250, 253, 264,
20, 268
devige, 249 251
equivalent input, 249, 251, 264, 266, 268
medsurement, 2494
Woisy ground, 77, 82, 277, 280, 315, 316
Mwquist noise, 228

Op-ainp:

nomse, 267

noise factor, 270

toral input nolse vallage, 268

V-1, naise maodel, 268
Open ficld test site, 9, 16, 401
Optical coupler, 94
Cptimum nnise factor, 234, 253, 263
Oprimum source resistance, 255
Orientation, ciccult, 31, 3%
Oscillarion:

in amplifiers, 130

swilching conlacts, 213
Oscilloscope, 242, 294

Farametric amplilier, 229
Penetration loss, 163
Permeability, 149, 162, 163, 182
Pigtail, 63, 310, 312
Fink polvethylene, 332
Plane wave, 162, 171, 172, 178
Popoorn nolse, 239
Power entry [iller, 308
Printed wicing boards:
layour, 283, 290, 306
multilayer, 2583, 308
Probability dersity funcrion, 233
Propagation delay, 308
Fulse rise time., 275

Cruiet ground, 82, 83, 3114

Radizied emission envelope:
common-mode, 314
differential-mode, 304, 305

Radiated emission megsurcments, 9, 416

Radizrion:
comman-mode, 295, 213, 315
controlling, 304, 315
differential-mode, 294, 306
digital circuit, 298
field, 139

Radio [requency device, 7, 274

Kandom access memuory, 289

R-C Filier, 126, 133, 154,317

INDEX

R-C potection neowork, 218, 219, 224
R-C-D proteetion network, 222, 224
Reactive [ilter, 129
Reflection loss, 165, 169, [82
electric field, 171, 174, 179
generalized cquation, 175
magaetic ficld, 174, 179
planc wave, 172, 178
Regulstions:
FCC, 6, 274, 301, 103, 319, 399
miliary, 16
Eelay:
coil, 216
reledse tine, 218
Resizstance:
ac, 150
de, 123, 150
opiimum saurce, 235
Rezistivity, 123, 331
Resiztor;
egunalent cireuit, 146
nois= in, 147, 228
power rating, 1458
variahle, 149
Besistor-capacitor conlacl protection netwark,
218, 219, 224
Resilor-capacitor-diode contact prolection
network, 222, 224
Resistor contact protection netwark, 208, 216
Fesomance, cavity, 198
Resonant cirenit, 215, 221
Resomant [reguency:
capecitor, 128, 137, 277, 279, 289, 2492
filter, 128
Restricted radiation device, 7
RE, filiering, 133, 316
Ribbon cable, 67, 312
Ripplevoltage, capacitor, 138
BEMS neter, trg, 241
Rod antenmna, 160, 313

Safetyground, 73, 77, §3, 317
Sanitytimer, 345
Saruralion, magnelic material, 182
Sereening, 194
Seamsin ghields, 190
Secondary arc, 333
Sclection guide, contac protection, 224
Selective shielding, 60
Sell inductance, 37, 280
Self resonance, capacitar, 137, 141
Series cesonance, 137, 277, 279, 289, 202
Shield:

cutolf frequency, 46, 51, 56, 97

INDEX

Faraday, 145
cuard, 106, 110
termnnation, 53, 310, 312
Shielded cable, 54, 58, 60,92, 118, 310, 312,
k3 [
Shielded room, 16, 402
Shielding effectivensss, 164, 173, [80, |85,
187, 189, 192
Shiciding, of amplificrs, 88
Shields:
aluminum foil, 46, 62
grounding af, 199
merallic, 159
muliiple reflections in, 176, 362
Shield transter impedanee, 33, 62
Shol noise, 147, 238, 247
Signal ground, 75
Signal-io-noise improverient factor, 256
Signal-te-naize ratio, 244, 245
Single-endad amplifier, 86, 58, §9, 102

Single point ground, 76, 77, &0, B2, 86, 89, 105,

274,333
Skin denth, 29, 166
effect, 61, 149, 150
Slorantenna, 188
SH1, 256
Soft errors, 323
Soft ground, 330
Software:
checkpoings, 345
design, 344
lileering, 346
Source resislance:
for minimum noisc factor, 234, 235, 263
pptimum, 255
Spark arrester, 341
Spot noise factor, 246
Standards:
CISPR-22,13
DOD-HDBE-263, 324, 329, 33]
IEC-801-2, 329
MIL-STD-4611, L&
MIL-STD, 462, 16
SAFE, 329
Static-dissipative malerials, 332
Straight wire antenna, 164, 313
Strip ling, 39
Summery of noise reduction techniques, 359
Summirg, noise power, 240, 356
Surflace resislivity, 196, 331
Suscepribility:
conducted, 16
definition, 5
of inductors, 144
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radiated, 15, 16

regulations, 15
Switching contaces, 203
System bandwidth, 134

Table:
arcing current, 206
dreing vallage, 206
capacitor [affure modes, 141
capacitar self-resomant [requency, 141
conducrive finishes for merals, 191
conductivily, 162, 163
crest factor, 234
dB unils, 354
diglectric constant, 123, 162
elecirostatic vollapss, 324
FCOC radiated emussion limits, 10
FOC conducted emission limics, 12
galvanic series, 24
pround noise voltags, 245
human hody model valoes, 329
mnpedance of PWD wrace, 280
inductance of conductors, 151
maximum slot length, 1940
MIL-STD-4618 requircmenis, 18
noise handwidth, 237
niise meters, 242
noise weighling function, 356
pecsneability, 162, 163, 183
of steel versus frequeney, 183
gualitative summary of shiciding, 201
reflection loss constants, 176
resistance of conductors, 151
resistor impedance vs, frequency, 147
rise time of logic, 273
shicld cutoff frequency, 47
shield termination effect, 325
skin depth, 167
suem of powers i 4D, 358
surface resistiviey, 331
thin shicld correction facter, 364
triboelectric series, 323
Temperature, noise, 264
Testing:
anechoic room, 402
conducted emission, 11,411
EME, 9, 11, 399
open field, 9, 14, 4
radiared cmission, 9, 416
shiclded room, 16, 402
Thermal noise, 147, 228, 232, 244, 255, I62,
26
Tin, 151
Tormoid, 99, 144
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Totem pole oulput circuit, 279
Townsend discharge, 203
Transfor impedance, shicld, 55, 62
Transformer:

halanced, 102, 121, 145

capacitance, 143

isolatipn, 93, 121, 143

newirelizing, 96
Transicnt upset, 333
Transisior:

noise, 261

noise factor, 262

noise model, 263

swiich, 222

total inpul noise voltags, 264

¥ -1, noise moded, 264
Transmiszion line, 121, 122, 124, 303

microstrip, 309

propagation delay, 308

atrip-line, 309
Triaxizl cable, 55, 61
Triboelectric:

charging, 322, 332

effecr, 25, 322

serics, 323

Tri-lead, 311

True rms meter, 241

Tuned dipole, 404
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