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PREFACE -.
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-, CHAPTER 1

INTRODUCTION AND SUMMARY

The U. S. Naval Surface Weapons Center - Dahigren Laboratory (NSWC/Dahlgren)

I is tasked to provide electromagnetic compatibility (EMC) guidance for designers

of electronic systems that must operate in high power electromagnetic environments.

The program involves the development of technology in the following areas:

a. the susceptibility of discrete semiconductor components to /.~Pc
I j .  ~~~P .i~’r 

..‘ .. ‘ 0/7

microwave si gnals , S
~’ / Icni:.,,. ’ ’ 

b. the susceptibility of integrated circuits (IC’s) to microwave ~~
‘ 

.

- ~~~~~~~
-. 

Si gn al 5 , 
). .. ~~ . ~~~~~ .~

c. the electromagnetic environment , I -. - .~~~~~~~~~~~~ ./

d. electromagnetic pickup (coupling) and shield ing. /
• All of the technology developed under this program will be included in MIL-HDBK— .1~

253 (Appendix) which will be publishe d by U. S. Navy.

The McDonnel l Douglas Astrone~itics Company (MDAC), under contract to NSWC/

Dahl gren, has developed the technology on the susceptibility of -integrated circuits

to microwave signals. This report describes the work performed in the last of

three increments wh i ch together form the third and last phase of this program.

The primary output of the Integrated Circuit Electromagnetic Susceptibility

(ICES) Investigation has been the ICES Handbook1 , which was published 1 August 1978.

The handbook suninarizes the susceptibilities of integrated circuits In a simplified

format for use by electronics des i gners and others concerned with electromagnetic

U compatibili ty of electronic systems.~ Approximately 500 copies of the handbook were

U distributed to persons who have show~ interest in the IC susceptibility program,

and another 200 copies were mailed directly to NSWC/Dahlgren.

‘ [ 1

~
[J
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Several modifications were incorporated in the IC Handbook that were not

incl uded in earlier draft versions. The handbook contains additional measured

susceptibility data, with significant expansions in the data for line dri vers and

receivers , comparators and voltage regulators. The modeling sections of the

handbook were greatly expanded, and include examples of model ing interference in

UI NAND gates and bipolar operational ampl ifiers. A brief chapter was added

which discussed coupling and shield ing phenomena to make the handbook more nearly

a se1f—contained reference for EFIC applications. Chapter 2 of this report

describes the handbook revisions in detail.

Chapter 3 describes the IC susceptibility measurements that were made during

this increment. Testing was performed on op amps, l ine drivers and receivers,

voltage regulators, and comparators. Susceptibility data from the tests were

incl uded in the handbook susceptibility section.

Much modelin g acti vity, ranging from models of rectification in PN junctions

to interference models of complete integrated circuits , occurred during this

increment. This work is described in Chapter 4. RectifIcation in PN junctions - -

is described with two methods: a Fourier technique, and a much simpler circuit

model . Detailed accounts of modeling interference in integrated circuit NAND 
-
~~

gates and op amps are also gi ven. An analysis of signal quality In data trans- .1
mission systems invol ving line dri vers and receivers is described, which shows that

data transmission rates may have to be reduced in order to ensure quality data

transmission in intense electromagnetic envi ronments. j
Two electromagnetic susceptibility seminars were hel d during this increment ,

sponsored jointly by MDAC and NSWC/Dahlgren. Chapter 5 briefly describes these .1
seminars. i1~

2
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1 - CHAPTER 2

IC SUSCEPTIBILITY HANDBOOK REVISION

In August 1978, the final version of the Integrated Circuit Electromagnetic

Susceptib i l ity Handbook1 was completed and mailed to approximately 500 users.

NSWC/Dahlgren received an additional 200 copies. This report sumarized all of

the susceptibility information which had been obtained during this contract in a

handbook format for ready use by EMC engineers and system designers. Coments

recei ved from earl ier versions of this handbook were incorporated wherever

possible .
- - 

The latest Handbook version used a revised format over earlier versions.

- 
Separate chapters were devoted to component susceptibility data , modeling informa-

• tion , coupling and shielding information , and information on interference

reduction techniques. The system hardening task flow chart, shown in Fi gure 2.1

(Figure 2.2 in the Handbook) was modified to reflect the Handbook reorganization .

The new flowchart shows clearly where different sections of the handbook are best

- 

used in the system hardening task.

The chapter on coupling and shielding considerations was added as an aid to

users of the Handbook, since in a typical hardening task the expected pickup

level s and expected shielding must be measured or estimated in order to evaluate

system susceptibility to external RF fields. Enough information is presented to
• allow the system designer to make an initial estimate of pickup levels in his

system using the relationship Ae 
= 0.13 X2 for the effective aperture of unshielded

wi res. This relationship is a good approximation for frequencies from 1 to 10 GHz.

The statistical aspects of both coupling and shielding are also stressed to

describe the variations of pickup with wi re position and aspect angle. Shielding

H 3
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Figure 2.1. System Hardening Task Flow -j 
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effectiveness is treated as a shi ft i n the probability density function of the

pickup level of a wi re with and without shielding.

- The final version of the handbook contains much susceptibility information
I :

not contained in earlier versions . A short discussion of package effects was
- 

added which explicitly states that no package type shows any signifi cant advantage

in susceptibility reduction over other types. (This information was not incl uded

in earlier versions of the Handbook), New susceptibility data is presented for

l ine drivers and recei vers, voltage regulators , and comparators. In addition ,

theoretical information on signal quality vs. data rate for di gital data

transmission systems illustrates that reduced data rates may be necessary to

ensure quality signals when interference is present. A slight revision in the

worst case op amp susceptibility curve was made to incl ude new susceptibility data

at 9.1 GHz (which l owered the worst case l evels at this frequency by about 4 dB),

From the modeling efforts, theor~tica11y predi cted worst case levels were developed

for TTL devices, and these levels were added to the TTL worst case susceptibility

graph. These changes are descri bed in detail in later sections of this report.

• A considerable amount of new modeling information was added to the final

- 
version of the Handbook. While the diode rectification model and modified Ebers-

I ! Mol l transistor model remai ned unchanged , the theoretical ranges of the model

- parameters were modified. (Worst case information which was devel oped too l ate

to be incl uded in the Handbook is contained in Section 4.3 of this report). Also

added was a worst case study of interference in a 7400 NAND gate. The study used

previously developed rectifi cation models and the program SPICE to calculate the

minimum RF power levels at which interference is possible. The program is also

~ T1
used to compare the susceptibilities of the standard TTL family to the low power

(74L00) and high speed (74H00) TTL families. A modeling simulation of

‘ H
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interference in a 741 op amp was performed using ISPICE , a commerciall y

available timesharing version of SPICE , and macromodel ing techn iq ues to analyze

• interference at the input termi nals of an op amp , and compare these resul ts to

those obtained when a simple offset model is used.

The Handbook chapter on interference reduction techniques was expanded. The

effectiveness of component screening to choose less susceptible devices is

discussed , with the ultimate conclusion that component screening can be used , but

shoul d be used only after more conventional i nterference reduction schemes are

attempted (shielding, fi l tering, etc.). The Handboo k also contains an expanded

section on less suscepti bl e circuit designs , which describes many of the options

available to the circuit designer to reduce the susceptibility of electronic

• circuits.

ii
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• CHAPTER 3

IC SUSCEPTIBILITY MEASUREMENTS

During thi s increment, additional testing was performed on several types of
- 

integrated ci rcuits to verify, and refine wherever possible , previously publis hed

• 
minimum susceptibility levels. The results of tests involving op amps , line

- .  dri vers and recei vers, voltage regulators , and comparators are incl uded in this

• - chapter. Where necessary, special test techniques were used in order to assess

• the ability of the integrated circuit to function with RE stimulus. For some

devices, only a modicum of susceptibility information was previously available ,

so these tests have contributed signifi cantly to the availabl e body of suscepti-

• bility information. Much of the data presented in this chapter is also contained

• in the Integrated Circuit Electromagnetic Susceptibility Handbook 1 .

3.1 Interference in Op Amps

Five types of op amps were tested for RF susceptibility during this increment.

Table 3.1 lists the types that were tested, All were tested in an inverting

Table 3.1. op Amps Tested

NATIONAL LM1O8A
• NATIONAL LM2O1A

NATIONAL LM207
NATIONAL LHOO42C

SIGN ETICS NE531

ampl i fier confi guration at the frequencies 0.22, 3.0, 5.6, and 9.1 GHz. Fi ve

El devices of each type were tested. As in previ ous tests, the most susceptible

condition was found to occur when RF was conducted into the input terminals , where

the input offset vol tage was used as the measure of susceptibi l ity . In all cases

at 0.22, 3.0 and 5.6 GHz, the minimum susceptibility levels were greater than

L * CDO~~~~~L L ODUOL AS ASTRONAUTICS CO*I~~AN V • S7~ LOUIS DIV1SSON
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previously published minimum susceptibility data. However, at 9.1 GHz, the

minimum susceptibility level was approximately 4 dB below the previously published

data. At this frequency , the type 207 op amps were found the most susceptible ,

with only 42.6 mW sufficient to cause a 0.05 volt input voltage offset. Figure 3.1

shows the complete graph of worst case susceptibility values for op amps , including

all data taken to date.

1000

• - MEASURED
______WORST CASE ______100 
- A = 0.05V

• 

- 

B v 11 0.1OV ç
- 

C v 11 0.15V
- D v 11 = 0.20V

10 
- 

—

1

E
— a

Ui -~~

_ _ _ _ _ _ _  

i i .

~~~~~ :~
0.001

0.1 1 10
FREQUENCY — GHz

Figure 3.1. Worst Case Susceptibility Values for Op Amp s

8
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• - 3.2 Interference in Line Dri vers and Receivers

Line drivers and receivers are fairly common in aerospace systems, where they

are used to transmi t di gital data over lon g system i nterconnect cables. Thi s

V section describes tests that were performed on several types of line drivers and

receivers -in order to determine their susceptibility to RF energy. The dri vers

and receivers were tested i ndependently in order to single out those characteris-

-- tics of each which , when al tered by RF, would adversely affect system performance

(such as decreasing the system noise margin).

Table 3.2 lists the line dri vers and receivers that were tested. Five devices

Table 3.2 Li~ie Drivers and Receivers Teste d

- - LINE DRIVERS LINE RECEIVERS

• NATIONAL DS8830 NATIONAL DS8820

SIGNETICS DM8830 SIGNETICS DM8820
FAIRCHILD 9614 FAIRCHILD 9615
FAIRCHILD 551O9 FAIRCHILD 551O7A
TEXAS INSTRUMENTS SN551 10 TEXAS INSTRUMENTS SN55107A

of each type were tested. In this section , the tests of the line dri vers are

described fi rst, then the tests of the line receivers . The minimum susceptibilities

of each are combined at the end of the section to yield estimates of the minimum

susceptibility of line driver and receiver pairs .

All of the line dri vers listed in Table 3.2 are differential line drivers , i.e.,

P each dri ves two complementary output lines. The 8830 and 9614 line dri vers were

tested in the confi guration shown in Figures 3.2 and 3.3. A resistor placed in

• [j shunt across the output terminals simulated the line terminating resistors on

r the 8820 and 9615 line receivers . The type 55109 and 55110 line dri vers have open

LI collec tor (current type) outputs and require pu llup resistors on each output

• II terminal (the 8830 and 9614 contain active pul lups). The pullup resistors were

• U MCDO NNELL DOUGLAS A~STRONAijyI~~ 5 COMPANY- CT. LOUIS DIVISION

L. 4
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Figure 3.2. Test Configuration for Type 8830 Line Drivers

_

~~

1 2
OUT Vi

_ _ _ _ _ _ _  ~~~130~75 -L’V IN
6 

- L4
:

~~~~~ 

~ OUT V2
5V ___t\/\~

t I ~‘ 

_______ 

•

Figure 3.3. Test Confi guration for Type 9614 Line Drivers

chosen to give approxi mately zero vol ts output voltage when the output transistor

was “on” . Figure 3.4 illustrates the test configuration for the 55109 and 55110

line dri vers. 
- .

Susceptibil ity criteri a were established for the 8830 and 961 5 line dri vers

based on manufacturers ’ spec ifications for the output voltage at each output

terminal . When the output was in a nominal low state , voltage thresholds of

0.4 , 0.8, and 2.0 volts defined increasing degrees of interference. When the J
output was in a nominal high state , increasing interfe rence was defi ned by 2.4 ,

2,0 , and 0.8 vol t thresholds. Each output te rminal was considere d separately,

and the device was considered susceptible if either output crossed the appropr Iate ]
interfe rence threshold.

:i
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+5V +5V

VIN 
R 

OUT V2

- . R = 1260~ FOR 55109

10 
R = 450~2 FOR 55110

+5V

• • Figure 3.4. Test Configuration for Type 55109 and 55110 Line Drivers

Due to the current outputs of the 55109 and 55110 line drivers , the

susceptibility criteri a were chosen somewhat differently for these devices . The

nominal low output current was discovered to vary from device to device due to

normal process variations , so the susceptibility criteria were based on changes in

the output voltages rather than on absol ute voltage thresholds. Changes of 0.4 ,

0.8, and 2.0 volts from the no RF low state output voltage (which was near zero

volts in the ci rcuit of Figure 3.4) defined increasing low state interference .

The high state susceptibilities we re defi ned in terms of absolute voltage thresholds

at 2.4 , 2.0 and 0.8 volts . Therefore , the vol tages at which interference occurs

for the 55109 and 55110 are approximately the same as the thresholds defi ned for

Ii the’ 8830 and 9614.

Figure 3.5 illustrates the worst case susceptibility values measure d for

line dri vers . Inspection of Figure 3.5 shows the dri vers susceptible to a

fl minimum of 12 mW at 220 MHz , using the 0.4 - 2.4 volt output voltage threshold.

MCDO NNELL DOUGLAS AST ONAUT ICS COMPANY - ST. LOUIS DIVISION
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1000

H

~~~102 - LEGEND
- 

LOW HIGH
- STATE STATE

LIMIT LIMIT
A 0.4V OR 2.4V GUARANTEED SPEC LIMIT

- B 0.SV OR 2.OV EDGE OF NOISE MARGIN
C 2.OV OR 0.8V GUARANTEED STATE SWITCH

1

• 
1 ~ _ _ _ _ _ _ _ _ _ _

FREQUENCY — GHz

Figure 3.5. Worst Case Susceptibility Values for Line Drivers

For the type 8830 dri vers the outputs and ground were found the most susceptible

terminals; for the 9614 the power supply and ground were the most susceptible

terminals ; and for the 55109 and 55110 dri vers the input termi nals we re found the

most susceptible. J
Receive r susceptibilities were defined in terms of changes in the input

MCDONN ELL DOUGLAS ASTRONAUTICS COMPANY-ST. LOUIS DIVISION ]
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voltage threshold which determi nes the recei ver switchpoint. As an example ,

Figure 3.6 illustrates the input—output transfer curve for a type 9615 line

6

~ 5
I-
-I

• _ _  _  _ _ _ _

0
—0.2 —0.1 0 0.1 0.2

INPUT VOLTAGE — VOLTS

Figure 3.6. Typical Inpu t—Output Transfer Characteristic for
9615 Line Receiver

• receiver. At input voltages (differential i nput voltage between the two input

terminals) below -0.08 vol ts, the receiver output voltage is 5.0 vol ts , which is a

- 
high state output. When the input voltage is greater than -0.08 volts , the output

• I vol tage is 0.2 vol ts , a low state output . The input voltage at which the output

changes state , -0.08 volts , is called the input threshold voltage . Manufacturer
Li specifications guarantee this threshold wil l  lie between -0.5 and +0.5 volts. A

threshold outside this range reduces the noise margin of the device and may

cause bit errors in noisy envi ronments.

Ii In testing line rece ivers , it was found that conducted RF energy could cause

the input threshol d vol tage to change . Threshold changes of 0.5 , 1.0 , 2.0, and
II 5.0 volts were used for the susceptibility criteria during the testing. The

if test procedure was as follows (to test for a 0. 5 volt threshold change): fi rst a

MCDONNEL L DOUGL AS ASTRONAUTICS COMPANY • ST. LOUIS DIVISION
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vol tage of +0.5 vol ts was applied differentially across the input terminals , and

• increasing amounts of RF power were conducted into the device until an output

voltage change was noted (indicating susceptibility), or un ti l the max imum RF

power limi t was reached. Then the input voltage was changed to -0.5 volts (wh ich

switches the output to the other state) , and the procedure was repeated. If

increasing RF induces a state change when either a positive or negative voltage is

applied at the input terminals, the effect is that of an apparent input threshold

change of magnitude 0.5 volts or more. The same procedure was used in testing

for 1.0, 2.0, and 5.0 volt threshold changes. During the tests, the common—mode

voltage at the inputs was zero . Thus, for 0.5 volts applied differentially at

the input terminals , the (+) input was held at +0.25 volts with respect to ground ,

and the (- . ) input was held at -0.25 volts with respect to ground. Threshold

voltage changes reduce the noise immunity of the circuit , and may cause poor

operation in certain envi ronments. Threshold changes of 0.5, 1.0 , and 2.0 vo lts

represent decreasing system noise margins. A 5.0 volt threshold change denotes

zero no i se mar gi n, and probable mal functior~ of the devi ce.

Figure 37 shows the minimum susceptibility levels for line receivers , all

points of wh i ch were measured when RF was conducted into the strobe or response

control terminal s which were the most susceptible ports. The susceptibili ty levels j
for the 2.0 and 5.0 volt thresholds are nearly the same , so on ly three curves are

shown . The devices were susceptible to a minimum of 1.0 mW of RE power at 220 MHz

using the 0.5 volt th reshold change criterion. Greater powers were required to I -,

cause susceptibility at higher frequencies. Interestingly, the susceptibility

levels are nearly the same at 910 MHz and 3.0 GHz. The devices were tested at

5.6 GHz, but no susceptibility was noted at RE powers less than 400 mW .

To determi ne why susceptibility occurs at the strobe and response control , ~
refer to Fi gure 3.8 which is a schematic diagram of a National DS 8820 recei ver.

14 .1
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I • Figure 3.7. Worst Case Susceptibility Values for Line Receivers
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RESPONSE-TIME
CONTROL

—, —V2

167 I
5K 

~~3K 15K

NON-INVERTING 

5K 

~~~~~

INPUT

J 

5K 
Qi ~~~~— —~~~~~~ Q2 

1.5K 

~~
t____

~

..___ OUTPUT

TERMINAT iON -W’- -VW
1K 1K 750

167

INVERTING 5K 167

INPUT STROBES 
•

Figure 3.8. Schematic Diagram of National DM 8820 Line Receiver

Transistor Q5 is connected as a diode , with its base and collector shorted. In

testing, the response control was left open , whi le the strobe was connec ted to

the 5 volt supply. The most susceptible case at 220 MHz occurred when RF was

conducted into the response control while a positive voltage was applied at the

input , which causes the output voltage to be high (the transfer curve for this

device is different than for the 9615). RE conducted into the response control :1

is probably rectified at the base-emi tter j unction of transistor Q6 , or at the

base-collector j unction of Q2. The base-emitter j unction of Q5 is reve rse biased .1
by about 4. 5 volts , so would not rectify low power RF signals. If rectification -,
occurred at the base—emitter junction of Q6, the rectified current coul d be enough

to turn on transistor Q7 an d Q8, switching the output to a low . If recti fication
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occurred at the base—collector j unction of transistor Q2 , the effect would be the

same as RF entering a NAND gate output with output low : the collector voltage

would increase , and may become high enough to turn on Q6 , Q7 , and Q8, switching the

• output. Higher RF power levels we re required at the strobe to swi tch the output ,

presumably because the RF energy has to pass through Q5 in order to reach Q2 and

• Q6, with a resulting loss. It is inte restina to note that at higher frequencies

• the strobe becomes more susceptible than the response control.

The s trobe and response con trols , unlike the inputs , are rarely connec ted to

- - sys tem in terconnec t l ines , which may be the major receptors of RE energy. Thus ,

the susceptibilities of the input ports may be more important than the

- susceptibilities of the other terminals. Figure 3.9 shows the minimum suscepti-

bilities of the receivers consider ing only RF conducted into the input terminals.

Comparison wi th Figure 3.7 shows the inputs roughly 5 dB less susceptible than

the response and strobe te rminals . At 220 MHz , a minimum 2.5 n~4 was required to

cause interfe rence , using the 0.5 vol t threshold change as a cri teri on. The

interference effect is due to a rectified offset voltage at the input terminals.

Figure 3.10 shows the schematic diagram for a Fairchild 55107A receiver. The

inputs are connected directly to a diffe rential pair , which is similar to the

input circuit of an op amp . RF can be rectified by the base-emitter junction of

either of the input transistors , which would induce an offset voltage at the input

• terminal and change the input threshold voltage . The 5~l07A receivers we re more

• 
• susceptible than either the 9615 or 8820’s, because the latter have resistors

between the input terminals and the rest of the circuitry . The schematic diagram

• for a Fairchild 9615 is shown in Figure 3.11 , while the schematic for a

National DS8820 was shown in Figure 3.8. The effect of the input resistors is to

• Ii attenuate the RF signal before it reaches the input transistors , where rectifica-

tion can occur. 
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Figure 3.9. Worst Case Susceptibility Values for Line Receivers with
RF Entering Input Terminals Only

• I General ly, l ine dri vers are used in conjunction with line receivers .

“1 Comparison of Figures 3.5 and 3.7 shows line receivers roughly 7 dB more

susceptible than line dri vers. (Line driver susceptibility lies within rough ly i
0.5 dB of receiver susceptibility at 910 MHz, however). If a line dri ver and 1

J ITT TTTTT COMPAN~~~~~~~Lou~~ DIVISION ]



INTEGRATEDCIRCUIT 5USCEPTIBILITy REPORT MDC E1998
5 JANUARY 1979

- All

_____ ___________ 

1 20~Vcc+ 0~—

~R1 R2 1 1
~1k~2 1k~ I I

R8 —n - 
- 
010

4.2Kg .1 R12

A1G~~ ~~~~~ Q1 Q

4O0~

012

~ A20- -- + 
2~4-~ Zi 

• 

Z2 R7 
08 

09 OUT A

_______ 
760

INPUTS
Q5 Q6 

~~~GNO

~R13
_______ 

3.9kfzR3 R4 

014 

STROBE A

Q15~ j 
3k~ 3k~2

I • 

~~~ STROBE

016~1 017 
____

3k~ 3k~Z
_ __  _  T ~~

INPUTS R20 R2 STROBE B
B2o-~- 02202

~ B1O-~- 018 019 Z3 Z4 76O~~
1 kU’ 029 

OUT B

R14 

4.2 kg Q24 

- 

~~~~~~~~~~~~ Q28
027RiB R21 R2fL

iK~l 1IUZ 
_ _ _ _ _ _ _ _ _ _ _

R15

R24
120S2

Figure 3.10. Schematic Diagram of Fairchild 55107A Line Receiver
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receive r are considered as a system , the susceptibility of the pair is adequately

described by the susceptibility of the receivers only, as shown in Figu re 3.7.

For all frequenc ies tes ted , power level s sufficient to cause interference in line

dri vers are also sufficient to cause interference in line receivers. Thus

Figure 3.7 was used to defi ne the susceptibility levels of line dri vers and

rece iver pairs in the Integrated Circuit Electromagnetic Susceptibility Handbook ,

whe re it was relabeled “Worst Case Susceptibility Val ues for Line Dri vers and

Line Receive rs ”. The rece iver differential input voltage thresholds we re retained

as the susceptibility criteria. Knowledge of the differential input voltage

threshol d allow s the signal quality (jitter) to be estimated for a given line

length and data rate from info rmation presented in Section 4.7 of this report.
I

3.3 Interference in Voltage Regulators

During this increment , sus ceptibility tests of integrated circuit voltage

regul ators were performe d to supplement earlier published susceptibility data.

Testing was done on 3-pin voltage regul ators having a nominal output vol tage of

5 volts (earlier testing had concentrated on these regulators), and on 8-pin

devi ces. Table 3.3 lists the manufacture rs and types that were tested.

Table 3.3. Voltage Regulators Tested

3-PIN (5 VOLTS ) 8-PIN
— 

NATIONAL LM309 FAIRCHILD 1tA305
MOTOROLA MLM3O9 MOTOROLA MLM3O5 J
MOTOROLA 78M05 NATIONAL LM305

FAIRCHILD 78M05 NATIONAL LM300 j
The 3-pin regulators were tested with a 7 volt input vol tage and six j

• 
different load conditions: output currents of 1 mA , 20 nA, 50 mA , 100 mA , 150 mA ,

and 200 mA~ The susceptibility cri terion was an output voltage below 4.75 vol ts .1

or above 5.25 volts. RE was conducted into each of the three pins individually; ]
A 20
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RF en terin g the out put was foun d to be the most susceptible case. At 220 MHz ,

devices were found susceptible to 1.3 mW minimum power. The susceptibility levels

increase at hig her frequencies. A plot of the susceptibilities of 3-pin

regula tors is shown i n Fi gure 3.12.

The 8-pin regulators were tested in the confi guration shown in Figure 3.13.

The input vol tage was 18 volts , and the output voltage divi der was chosen to

yield a nominal 12 vol ts output vol tage. As the actual output voltage varied

somewhat for different types due to manufacturing variations , the susceptibility

criterion was a 0.25 vol t change in the output voltage from the no RF case for

that devi ce. Figure 3.12 shows the minimum susceptibilities for the 8-pin devi ces.

The most susceptible cases occurred for RI conducted into the reference bypass and

feedback terminals.

Exami nation of Fi gure 3.12 indicates that the 8-pin vol tage regulators are

quite susceptible. At 220 MHz , only 0.07 mW of RF power is required to cause

inte rfe rence . The susceptibility values approach those of op amps , which have

been shown to be sensitive to RF powers as low as 1 pW , Analysis of the regulator

circuit reveals why this iS so. Fi gure 3.14 is a functional diagram of the basic

regul ator ci rcuit. In multi-pin regulators the op amp , series pass element , and

voltage reference are internal to the chip, while the voltage divide r consisting

• of R1 an d R2 is external . A feedback circuit is fo rmed that dri ves the voltage

across res istor R2 to the val ue of the refe rence voltage . The output voltage is

then determined by the values of resistors R1 and R2. The presence of the op amp ,

however, causes the devi ce susceptibility to be quite high. When RF is conducted

into the pins corresponding to the op amp inputs , the signal is recti fied , and

an offset voltage appears at the amplifier input terminals. The offset voltage

upsets the op amp ’s abi l ity to compare the vol tage across R2 to the reference

voltage , resulting in a devi ation in the output voltage . The offset voltage

21
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4. Figure 3.12. Worst Case Susceptibility Values for Voltag e Regulators.
Output Voltag e Change of 0.25 Volt is Susceptibility Criterion.

observed at the amplifier input in multi-pin regu l ators could be modeled in the

same manner as the input offset voltage for op amps by placing an offset generator

in series with the input terminals. I
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In 3-pin regul ators , the resistive divider is built directly on the chip, so
• the ampl ifier inputs are inaccessible at the regul ator terminals. Hence , RF

cannot directly enter the op amp inputs , and the devic,.~ susceptibility is much

l ower. As shown in Figure 3.12 , 3-pin regulators are about 12 dB less susceptible

than multi -p in regulators . The difference in susceptibilities of the two types

may be significant to designers and EMC engineers .

• In the 8-pin regulator testing, the compensation and bypass capacitors were

located outside the RE test fixture , so that they had no effect on the incoming

RF energy. However , in an actual application these capacitors may offer a degree

of protection by shunting the RE energy away from the amplifier inputs .

3.4 Interference in Comparators

Measurements were made during this increment of the RF susceptibility of

several types of voltage comparators . Table 3.4 lists the types that were tested.

Table 3.4. Comparators Tested

NATIONAL LM306

NATIONAL LM360

FAIRCHILD pA760

NATIONAL LM31 1

SIGNETICS LM311

MOTOROLA MLM311

FAIRCHILD 1tA3 ll
SIGNETICS pA7 lO
MOTOROLA MC171O

FAIRCHILD pA7 lO

Susceptibility was defined in terms of changes in the input-output voltage II
transfer curve of the comparator. Fi gure 3.15 illustrates a typical transfer *

curve for a 710 type comparator. The output swi tches between high and low va’ues

at an input voltage between —1.0 mV and +1.0 mV. Manufacture r specifi cations II
guarantee that this switching will occur at input voltages between —3.0 mV and

.
~~ +3.0 mV. 
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Figure 3.15. Typical Voltag e Transfer Curve for Type 710 Comparator

RF energy conducted into the comparator can cause the transfer curve to

change so that the comparator swi tchpoint changes. An offset in the comparator

swi tchpoint has an adverse effect on the comparator ’s accuracy when used to

detect voltage level s in circuits . Switchpoint offsets of +0.05, +0.10, +0.20,

and +0.50 volt were the susceptibility criteria used in the testing. The testing

was performed (using the +0.05 volt offset case as an example) by applying

r +0.05 volt between the comparator input terminals and increasing the RE power

level until either an output state change occurred , or the max imum RE power l evel

was reached. Then —0.05 vol t was applied at the input and the process repeated.

If the comparator output voltage fails to indicate the correct state , then

j an offset of magnitude greater than or equal to 0.05 volt has occurred in the
- I comparator swi tchpoint , and the device is susceptible. The procedure is similar

when testing for swi tchpoints of +0.10, ±0.20, and ±0.50 volt. Table 3.5 shows

the maximum low state output voltage and the minimum high state output vol tage
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Table 3.5. Limits on Output State Voltag es for Determining State Changes

COMPARATOR SUPPLY VOLTAGES MAXIMUM LOW STATE MAXIMUM HIGH STATE
TYPE (VOLTS) VOLTAGE VOLTAGE

____________  _______________  

(VOLTS)1 (VOLTS)
306 +12,—6 0.4 2.5

— 

311 +5 0.4 4.0

311 +15, —15 1.0 14.0

360 +5, —5 0.4 2.5

710 +12, —6 0.0 2.5

760 +5, —5 0.4 2.5

which  were used to determi ne if the comparator was in the correct state . These

limits were based on manufacturers ’ specifi cations for these devices. Table 3.5

also lists the supply voltages at which these devices were tested. Note that the

type 311 comparators were tested at two supply vol tage combinations.

Fi gure 3.16 illustrates the minimum susceptibility values observed for

comparators . The devices were susceptible to a minimum of 0.025 mW at 220 MHz ,

using the 0.05 volt offset criterion as the definition of susceptibility . Type 360 
- :

comparators were the most susceptible , while the type 311 comparators appeared the

least susceptible. The devices were the most susceptible to RE conducted into the

input terminals. This is expected , since comparators contain a differential

pair input stage similar to that contained in op amps, wh i ch are known to be very

sensitive to RF power conducted i nto the inputs. An offset voltage appears at

the input terminal into which the RI is conducted , which causes a similar effect

to occur in the comparator switchpoint. Modeling this effect utilizes previously LI

proposed methods for modeling interference effects in op amps 1 .

26
MCDONNELL OOUGL AS ASTRONAUTICS COMPANY - ST. LOUIS DIVISION

_ _ _ _ _ _ _  _ _ _



- INTEGRATED CIRCUIT SUSCEPTIBILITY REPOR T MDC E1998
• 5 JANUARY 1979

• : .  1000 I
- LEGEND:

- - 

COMPARATOR INPUT SWITCH POINT
- 1 .  - VOLTAGE

- - A—— 0.05 V
- B—— 0.1OV 

*
C—— 0.20V

100 D— — 0.50 V ______

*

*

~~~10

H

0.1

- 

* NOT SUSCEPTIBLE AT HIGHER
FREQUENCIES WITH MAXIMUM

- 
1 

- 

A RF POWER OF 400mW.

0.01 I I I  I I I I
0.1 1 10

FREQUENCY —GH z
n

• 

• 

L Figure 3.16. Worst Case Susceptibility Values for Comparators
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CHAPTER 4

I NTERFERENCE EFFECTS

During this increment , much effort was spent in modeling the interference

effects which occur in integrated circuits . This chapter descrIbes the work that

was performed in this area, incl uding detailed investigations into the basic

mechanisms involved. Sections 4.1 through 4.3 are concerned with the rectifi cation

properties of PN j unctions. In Section 4.1 , the results of a series of

r rectification measurements are described for several common diodes. Section 4.2

expands the existing rectifi cation theory by using a Fourier expansion technique ,

and incl udes predictions of the rectifi cation efficiencies of several diodes which

agree closely with the data presented in Section 4.1. Section 4.3 takes an

existing model for rectifi cation in PN junctions and predicts the expected range

of the model parameters for use in worst case analyses.
- 

Sections 4.4 through 4.6 of this chapter descri be the modeling of complete

- 

integrated circuits . Most of the circuits were modeled in conjunction with

special computer programs for circuit analysis. In Section 4.4, interfe rence is

simulated in 7400 NAND gates using the computer program SPICE , an d a compar i son

is made of the rel ative susceptibilities of the standard , high speed , and low

power IlL versions of this gate. A worst case analysis of this circuit is

presen ted in Section 4. 5, using the worst case rectification information from

-*  
Section 4.3. In Section 4.6, several approaches to modeling i nterference in 741

op amps are presen ted , i ncl udi n g a very simp le an d conven ie nt of fset genera tor

model . The programs ISPICE and SPICE2 are used in the calculations .
L Section 4.7 describes an analytical approach to eval uating signal quality in

[j data transmission systems using li ne dr ivers and rece i vers . The si gnal quality

is inversely related to the “jitter” which may occur in a transmi tted signal and
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this section presents a means of evaluating this quantity . Susceptibility

information from Section 3.2 can be combined with the results of this section to

yield signal quality information in terms of RF frequency and power level.

4.1 Diode Rectification Measurements

Recti fication of RE signal s by PN junctions has been determined to be the

principal source of interference in modern electronic circuits. However , because

of the nonlinear nature of semiconductor junctions , an analytical approach to

studying rectification becomes quite invol ved , except for the small signal case

where simplif ying assumptions can be made. A study of diode rectification was

undertaken during this increment to measure some of the rectification properties of

semi conductors .

The current rectification efficiency of several diodes was measured versus

bias voltage , RF power level , and frequency . Figure 4.1 illustrates a typical

test setup that was used in the testing. The diode under test was placed in an

HP l1602B transistor test fixture . The cathode of the diode was placed at RF 
-
•

ground by locating a coaxial short in the RE line an appropriate distance beyond

the test fixture socket. The diode was biased with a power suppl y, and the dc

component of diode current was measured with an electrometer. The RF power level

was measured with a power meter and directional coupler. 
- j

The current rectification efficiency , ~ (eta), is defined as

= 
~‘RF 

- ‘no RF~’~RF ’ 
(4.1)

where ‘RF is the dc component of diode current when the RE si gnal is present ,

1 no RI jS the diode current when no RI signal is applied , and

~RF is the RF power level which causes iRF to flow. ]
The current recitfication efficiency was measured for diode bias voltages of 0, ‘

- 1 0.25, 0.50, and 0.60 volts. Frequencies of 220 MHz, 450 MHz , 1 GHz , an d 2 GHz ]
were used in the testing.
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Figure 4.1. Typica l Test Setup to Measure Current Rectification in Diodes

Figure 4.2 shows the rectification efficiency measured for a 1N718 diode

versus bi as vol tage , frequency, an d RF power level. For low RF power levels , the

rectifi cation efficiency remains constant with RE power and depends only on bias
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Figure 4.2. Rectification Efficiency Measured for 1N718 Diode versus Frequency, Bias
Voltage, and RF Power Level.

ii
vol tage and frequency. This is the small signal (square law) region. At hi gher

power level s , the rectification efficiency becomes greatly dependent on RF power :1
level , as the rectification becomes a large signal phenomenon. With increasing -i
frequency, the rectification efficiency decreases. For the lN718 , recti fication

ef ficiency decreases by an order of ma gn itude between frequenc ies of 1 GHz and 1
2 GHz . Also , the diode recti fication obeys a square law dependence over a wider

range of power as the frequency increases . For the lN7l8, the square law reg ion j
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includes RE powers less than approximately l0~~ watt at 220 MHz , but extends to

io 2 watt at 2 GHz.

Fi gure 4.3 shows the rectification efficiency measured for a 1N965B diode.
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Figure 4.3. Rectification Efficiency Measured for 1 N965B Diode versus Frequency, Bias
Voltage , and RF Power Level.

These curves are s imi lar  i n sha pe to those shown i n Fi gure 4.2 for the 1N7l8. As

with the lN7l8, the 1N965B does not enter the large signal region at the power

level s that were used in the testing . It is interesting to note the very large

ran ge ove r whi ch the rec~ification efficiency varies with bias voltage : for bias

- - 

- 
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voltages between 0 and 0.60 volts , the rectification efficiency varies by a factor

of ~~~
Fi gure 4.4 shows the rectifi cation efficiency measured for a lN914 diode.
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Figure 4.4. Rectification Efficiency Measured for 1 N914 Diode Versus Frequency, Bias ]Voltage , and RF Power Level. - -

These curves are similar in shape to those shown in Figures 4.2 and 4.3. However ,

the 1N914 shows more clearly the large si gnal rectifi cation region which occurs

at the higher RF power levels. In this region , the rectification efficiencies for

different bias voltages approach each other asymptotically (on a log plot) and LI ~34
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become proporti onal to 
~~RF~~~~• 

The rectified current is then proportional to

• • ~~RF~
112

’ w h i c h  is the r e l a t ion  used in large si gnal interference models of diodes

and bipolar transistors 1. At a bias voltage of 0 .5 or 0.6 volts , the lN9l4 is in

the large si gnal region at RE powers greater than 1 mW at a frequency of 220 MHz ,

and at RF powers greater than 4 mW at 1 GHz.

- . 
An unusual phenomenon occurs at 1 GHz and 2 GHz for the 1N914 diode that was

not observed to occur with the other diodes. The rectification efficiency appears

- - discontinuous at certain va l ues of RE power. At 2 GHz , a discontinuity occurred
I

at approximately 5 mW at a bias of 0.25 volts , and at approximate ly~40 mW at a

bias of 0 volts. These discontinuities appeared to have a hystersis effect: the

• discontinuit ies occurred at different power levels depending on whether the RI

power was being increased or decreased through the region . Closer examination of

the rectifi cation characteristics of this diode yiel d some insight i nto the cause

of these discontinuities.

Figure 4.5 shows the IV characteristics measured for the 1N914 diode at a

frequency of 2 GHz for power levels of 4.5 mW (6.56 dBm), 5.1 mW (7.06 dBm), and

5.7 mW (7.56 dBm). These curves show that a negative resistance region exists in

the lN9l 4 diode characteristic. References [2] and [3] descri be similar

observations for germanium rectifiers. The reason that the negative resistance

region occurs is not entirely clear. Torrey and Whitme r, in Reference [2], show

that sufficient conditions for a negative resistance region to occur are :

1) the diode is representable by a nonlinear resistance in shunt with a voltage

var i able capac it ance , 2) the spreading resistance of the diode must be small , and

• 3) the constant component of shunt capacitance must be small. However , they also

.
~~~~~~ 

conclude that the diode series inductance has some infl uence on the appearance of

the negative resistance region.

An anal ytical approach to studying recti fication using a Fourier expansion

35
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H __

0 
o 0.02 0.04 0.06 0.08 0.10

I -mA
Figure 4.5. Current-Volta ge Characteristic Measured for 1N914 Diode Showing Negative

Resistance Region Which Occurs When RF is Conducted into Diode at 2 GHz.

technique is described in the next section. The method predicts curves of similar

shape versus RF power as those shown in Figures 4.2 through 4.4 , and appears to

be a fairly good representation of the rectification phenomenon because it 
-

encompasses both the large and small signal regions. (However, as presently J
formula ted, the method does not predict the existence of a negative resistance

reg ion i n the IC charac ter isti cs) .

4.2 Rectifi cation Theory Using Fourier Analysis I
Earl ier studi es4 have shown that rectification in a diode can be calculated 

-

by a time domain method: the junction current and voltage waveforms are calculated , j
then averaged over a period to obtain their dc values. This method is very time

consuming, requiring the solution of nonlinear differential equations if diode

capacitance is included. Small signal cal culations are convenient , but can be used

36
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• only where RF power levels are quite small. A Fourier expansion method is much

more convenient than the time domain method and is applicable over a wider range of

r power levels than the small signal approach. The theory is presented in this

section.

-. Fi gure 4.6 illustrates a simple circuit for the study of diode rectification .

- R E

I -
~~~~~~~~~ II

I (LARGE)

V5cos wt  

~~~ ~~~~~VDC 
~~/~D

Figure 4.6. Circuit for Study of Diode Rectification

The relationship between the diode current , i0, and the diode voltage , v0, is
Qv D= IDS~~ 

— 1), (4.2)

where 
~~ 

is the diode reverse saturation current , and Q is a constant having

dimension (volts )~~. The RE source is assumed to contain a series resistance , R5.

The diode current and voltage can be written in terms of their harmonic

componen ts:

= 

~~ 
+ I

~ 
cos wt + ‘2 Cos 2wt + 13 CO5 3wt + . - . , (4.3)

and

v D = V0c + (V
~ 

- 1 1 R5) CO5 w t  - 12R5 COS 2wt I3R5 cos 3u)t - . . . (4.4)
- - (The inductor is assumed large so that is passes only dc current , and the capacitor

is assumed large so that it passes all ac components of current). Substitute for

‘
-

~~ vD in equation (4.2) to obtain
- 

Qv Q( V - 11R ) cos wt - QI R cos 2~t
. - 

f~

_

~ 

1
0 

I05(e DCe s S 2 S 
- • - ‘OS.
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De fine:

= Q(V 5 — liRs )

= _ QI 2Rs
= _QI

3Rs, etc.

Then the diode current can be written

QV DC X 1 cos wt X2 cos 2wt X3 cos 3wt
= 105e (e e e •)  - (4.5)

The quantity eXC0S ~ can be expanded in terms of its Fourier components :

e 0
~~

t [I (X) + 2 ~ I (X) cos nwt],

where I~(X) is a modi fied Bes:el function of the first kind of order n and

argument X. The diode current can then be written

= _ I
DS + I0Se

D lo( X i ) + 2 
n=l 

1(X 1) co-s n~t] :
[10(X 2) + 2~~ i~ (X 2 ) cos 2nwtj

[10(X 3) + 2
n!l 

In (X 3) cos 3nc~t]

etc. (4.6)

As a simpl i fi cation , assume that the higher harmonic components of current

and voltage are s-mall , ~.e., that X2, X3, X4, etc. are small , then

1 10(x2) 10(x 3) 1
0

( x
4

) =

and

0 I~ ( X~) I n ( X 3) I~ (x 4 ) .

for all n > 0. Then equation (4.6) simpl i fies to 1
‘D ~~

‘DS + IDSe 10(X 1) + 2! 
~~~~ 

cos nwtj. (4.7) :
~

By Comparing (4.7) with (4.3), it is apparent that
QV oc

= 

~
1
~ s + I0~

e 1 (X 1) j
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I ~~~~

and
~ ¶ 1 QVDCIl = 1DS~ 

211 (X 1 ).

The functions 10(X)  an d 11 (X) can be written as series expansions:

2 4 6
- 

~~~~~ 2 2~~~ 2 2 ~~~2 2 4 2 4 ~ 6
3 5_ X X x

2 4 2 ~ 4 •6

-. The resul t is three equations in three unknowns 
~‘DC’ 

I~ , X 1 ) :

QV
~~

• 
DC~~~~0S DSe o l

QV DCI~ = 2I0~ 
11(x 1 ) (4 .11)

. X1 
= Q(v 5 - l i Rs ).  (4 .12)

These equations can be solved numerica lly (using equations (4.8) and (4.9)) to

find the dc current that results for a give n RF source amplitude , V5.

- Fi gure 4.7 shows the ‘DC vs. VDC curves which are predicted by equations (4.10)

(4.12). The diode was assumed to have ‘DS = 1 x l0~~ amps and Q = l/(.026 volt),
- and the RI source resistance was 50c~. The shape of the curves is similar to those

measured in  the lab and predicted by time domain calculations.

Figure 4.8 compare s an ‘DC vs. V DC curve calcul ated by the Fourier expansion

method wi th one calcul ated with the time domain method. The Fourier method

predicts a curve that is a fairly good representation of that predicted by the

more accurate time domain method . The difference between the curves is due to the

j] simplifying assumptions. Greater accuracy can be obtained by including the next

several harmonic components in the calculations , but this would increase the

difficulty of solution . Fi gure 4.8 illustrates that good accuracy can be obtained

- - by sol ving equations (4.10) — (4.12), with much less effort that is required wi th

I

: - a time domain calculation.
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40
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V—VOLTS
Figure 4.7 Predicted Diode Rectification Using Fourier Expansi on Method
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A — TIME DOMAIN METHOD
B — FOURIER EXPANSION METHOD
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Figure 4.8. Comparison of Methods for Predicting Junc tion Rectification
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This method can be app lied to the more general circuit shown in Fi gure 4.9.
I ,

- 
RS (LARGE ) 

____

-
. 

I
4 .  

I ~~(LARGE ) +

1’ c _ _ _ _

.. AMPLITUDE = V~ (— ) ~ R L \/ ~D
FREQUENCY = w T

I 

E7VDC 
_ _ _ _ _  

—

• 
Figure 4.9. General Circuit for Study of Diode Rectification

-

- 

Here , the diode capacitance is represented as the sum of a constant capacitance

- term , C0, and a voltage-vari able term:
~~~

. Qv0
- C = C0 + K1 05e , (4.13)

- where K is a constant with units farads/amp .

• The development is similar to the earlier case and , as before, the higher
- - 

harmonic components are assumed small . The result is 4 equations in 4 unknowns:
. QV01DC = 1DS + IDSe 10( X 1 ) (4.14)

= QV 1 (4.15)

t • .  2 QV0 2 QVD 2Vs = [V~ + 2 RSIDSe i1 (x 1 )] + [wV i Rs( C o + 2KI05e 11 ( X 1 )/X 1 )] (4.16)

- - 
VD 

= VDC - IDC RL . (4.1 7)

In this case , the dc component of voltage across the diode is V0, an d V DC is

t . the dc suppl y vol tage . These equa ti ons can be solve d nume r i ca ll y to yield the dc

components of current and voltage resulting from the RE signal .

Predictions were made of the rectification efficiencies of several diodes.

Figures 4.10 and 4.11 show the rectification efficiencies that were predicted for

types lN718 and 1N965B diodes , respectively. The parameters used in the

calcul ations were measured in the l aboratory for particular diodes , and are listed
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Figure 4.10. Predicted Rectification Efficiency for 1N718 Diode

in Table 4.1. The incident RF power level , 
~RF’ 

was gi ven by 
~RF = V5

2/400c~. The

diode was assumed biased wi th a voltage source , so RL = 0.

Comparison of Fi gures 4.10 and 4.11 with the measured data in Fi gures 4.2 1
and 4.3 shows the method to be fairly accurate in predicting the wide variations

in rectification effi ciency that occur with bias voltage and power level . In the j
A 1N7l8 data the rectification efficiency of the V0c 

= .6 volt case was measured

to be higher (by a factor of 10) than predicted. Also , the power levels where

the rectifi cation efficiency enters the large signal regime vary somewhat (about
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- - Figure 4.11. Predicted Rectification Efficiency for IN965B Diode

Table 4.1. Diode Parameters for Rectification Efficiency Calculations

_________________  

IN7 18 IN965B
Q (VOLTS—l) 22.45 31.14

1DS (AMPS) 3.63x10 1° 2.82x10- l3

I K (FARADS/AMP) 2.289x10 6 3.215x10 6

CD (pF) 47.3 97.0
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3 dB) between the predicted and measured curves. This may occur because, in this

region , the assumption of small higher harmonics may become invalid. A more

elabora te mode l , includ in g ser ies res istance and i n ductance , may give more accurate

results. - -

4.3 Worst Case Analysis of Junction Rectifi cation

Models of rectification in PN junctions are the basic elements from which

interference models for comp lete circui ts are built. A model wh i ch approximates

the RE induced IV characteristics of the diode in a piecewise l i nea r  manner is

descri bed in this section . The model is much simpler than the one described in

the previous section , and is similar to the diode rectification mode l described

in the Handbook~ and used in models of interference in TTL devices and op amps .

The model parameters depend on the electrical properties of the diode itself , and

those of the RI dri ving source as seen from the diode . In general , the RF

driving impedance will be an unknown complex quantity . When evaluating circuit

res ponses t h rou gh an in terference s imula tio n , the effect of all possible values

of RF impedance must be considered , and the most detrimental circuit response

should be found.

A model of a di ode dri ven by an RF Thevenin source is shown in Fi gure 4.12.

The diode is represented by an ideal diode with a parallel capacitance , C ( assume d

constant) , and series resistance rS. The capacitor represents the junction

capacitance and any parasitic capacitance which shunts the diode junction .

Resistor rS incl udes lossy elements within the diode itsel f, such as bul k

resistance , an d those external to the dio de, such as the losses associated with

cables , printed circuit wiring, etc. The RF Thevenin source is represented by a ]
voltage generator V 5 s in  cut of frequency ~~~~

- and amplitude V~ (peak voltage , not

RMS ) with series impe dance R5 + jX5. The dc bias voltage for the diode is *

supplied by voltage source V0. A large capacitor and inductor fo rm a b i a s i n g  ]
44

*I000 NNEL L DOUGL . AS ASTRONAUTICS COMPANY - ST. LOUIS DIVIS ION ]
IL-____________________ 

_______ ______ ___________

— -~~ 
~~— .~~~~~.A.l S -  

-

_______ _____ __________



_ _ _ _ _ _  
________ _ _ _ _ _  

_ _ _

~~~~~~~~~~~~~

H
INTEGRATED CIRCU I TSU SCEPT IBI LI TY REPORT MDCE 1998

5 JANUARY 1979
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DIODE D

_
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_
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V
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I__I

THEVENIN EQUIVALENT DIODE MODEL
RFSOURCE

— .. Figure 4.12. Circuit for Study of Diode Rectification Response
Due to Arbitrary RF Source.

arrangement to al low superposition of the dc and RF signals.

- 

Figure 4.13 shows the RF induced IV characteristics which result for the

RF INDUCED CHARACTERISTIC 
“ B” 

/ ‘SC

-

i 

_ _ _ _  

~~VD

— I

Figure 4.13. Typical RF Induced IV Characteristic for a Diode Showing
Piecewise Linear Approximation Used in Rectification Model.

ideal diode in the circuit shown in Figure 4.12. The solid line shows the shape

of a typical RE induced characteristic; the dashed line shows a piecewise
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approximation to the curve which is linear between points “A” and “B” on the IV

characteristic. Point “A” has = 0 and V D = V0~, where V0~ is the largest va lue

of VD for wh i ch ID 0 on the RF induced characteristic. (VD and I~ are time-

averaged va lues of v D and i 0, respectively). Point “B” has V D = 0 and 1D = 15C’

where is the smallest value of I~ for which V D = 0 on the RF induced

characteristic.

The dete rmination of the rectified current is in genera l a nonlinear problem ,

however the problem become s linear at vo ltages V D ~ 
and at currents 1D ~~

- 
1SC

At point “A” in Figure 4.13 , the ideal diode remains off for all time , and the

resulting ideal diode voltage waveform is as shown in Figure 4.14. The highest

VD

Figure 4.14. Ideal Diode Voltage Waveform When Biased at VD = VOC and 1D = 0.
(Point A in Figure 2).

voltage reached by the waveform is VD 
= 0, the point at which the diode begins

to conduct. The ac component of the voltage is sinusoidal , and the dc component 
.

~ . 1
(or avera ge va l ue) of the wave form , V0~, is the negative of the magnitude of the

ac voltage . The ac voltage across the diode can be determined from the circuit
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- 
shown in Fi gure 4.15. In this circuit the ideal diode is replaced with an open

1 circuit , and the ac voltage across the ideal diode , V rf~ can be found. The

magnitude of the open circuit voltage is then

— - i  — ~2 .~ ‘~2 ~ ~2 1/ 2VOC 
- - Iv ,-.~ 

— -V 5/L~l 
- w CX 5 j + ~c u Cj ~R5 + r

~
) ] (4.18)

At point “B” in Fi gure 4.13, the ideal diode is on for all time . The

resulting diode current waveform is shown in Fi gure 4.16. The l owest current

RS 1X5

_ _ _ _

Figure 4.15. Circuit to Find VOC.
(VOC = IV rf I )

o

iSC

.

~~~

Figure 4.16. Ideal Diode Current Waveform When Biased at VD = 0 and 1D = ‘sc-
(Point B in Figu re 2)
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reached is = 0. Once again , the ac component of the waveform is s i n u s o i d a l

and can be found through a linear analysis by replacing the ideal diode with a

short circuit as shown in Figure 4.17. The value of ‘SC equals the magnitu de of

jX5 rS

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~rf

Figure 4.17. Circuit to Find
0SC~~ rf~~

the ac component of the current wavefo rm. It is given by

I — - — v r( R + ~2 + x 2 1’~
’2 (4 19’SC 

— 1rf — 

5/L t s rS, Si - • / - .

If we use

~RF 
= V~/8R5 (4 20) 

-
~~

to relate the maximum availabl e RF power that can be delivered to a load to the .. ~~

value of Vs and R5, then V0~ and ‘sc become

= (8P RFRs ) L
~
’2 / [ ( l  - w CX 5 ) 2 

+ (w C) 2 (R s + r5 ) 2] 1” 2 (4.21)

1sc = (8P RF RS)
L (2/[(R S + r5 ) 2 

+ x~ j L
~
’2

. (4 .22)

A circuit model for the diode considered in Figure 4.12 , including the effects

of rectifi cation , is shown in Figure 4.18. Elements Dl , D2 , I~ and Rx model the ]
piecewise behavior  of the rectification occurring in the ideal diode as shown i n

Figure 4.13. Diodes Dl and D2 are assumed ideal. The value of 1 >~ 
is and ] -
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P +~~~ VD —

h

I D~~~~~~~~~~~~ 

_

Figure 4.18. Diode Rectification Model. 
-

• can be expressed as

I~ = KP RF
”2 (4.23)

- where

- 

K = (8Rs ) L!2/ [(Rs + r5 )
2 

+ X~]~
’2 (4.24)

The va l ue of R x is VOC/ISC~ 
which gives

Rx = [(Rs + r5 ) 2 
+ X~]1”2 / [(l  - w C X5)

2 + (cuC ) 2 (R s + r
5

) 2 ]~~~
2 . (4.25)

- 
Series resistances rS in Fi gures 4.12 and 4.18 are the same.

It is convenient at this point to normalize K and Rx with resoect to l/cuC .

Normalized K (written K) is defined by

K K/ (8cuC) 1”2 = ~) 21[(~~ + r5 )
2 

+ (4.26)

and normalized Rx (written Rx ) is

Rx = cuCR
~ 

= E(R 5 + rS)
2 

+ X 2]~~
2/ [(l - X5)

2 
+ 

~~~~
+ r5 ) 2]~~

2 (4.27)
I 

where normal ized  R5, rS and X~ are def ined  by

- ‘ I R~~~ wC R~

~: 
:::;:.
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The normalization removes the frequency terms from the equations , s i m p l i f y i n g

l ater analysis.

In order to perform worst case analyses , it is desired to know the ranges of

poss ible  values  of R x and K for all possible values of and X~ . The minimum

and maximum values of Rx can be shown to be

RX min  = 2
~s/ ( l  + ( 1 + 4~~2)1/2) (4.28)

RX max 
= (1 + ( 1 + 4

~s
2 )

~~
2 )/ ’2

~s. (4.29)

Note that the minimum and maximum values of are reciprocals . For small values

of r
~ 

(= £rS ), and unnormalizing , we find

lii
wCr

~ 
-
~~ 0 R x - 

= rS (4.30 )

and

l i m
wCR5 0 Rx = l/ (w C) 2 r5. (4.31 )

max

At each value of Rx between and Rx , the maximum value of K is - .
mm max 1/2

~ ( 1 ~~~ 2 ) - r (1 - ~~2 ) 2 (1
max + (1 + ~~2 ) ( 1 + 4 2 ) 1/2 .

Fi gure 4.19 illustrates the expected range of K and R
~
. Any values within the

shaded region are possible , where the upper envelope of the shaded region is gi ven
by Equation (4.32) . In this plot , the value of rS is assume d to be 0.01 , mean ing  ]
rS = ~~~~ The shape of the plot is similar for different values of but
the range of Rx covered varied for different choices of r5, as given by
Equations (4.28) and (4.29) . 1When analyzing worst case c i rcui t  response with this model , the envelope 0f

the K versus Rx curve (gi ven by Equation (4.32)), is expected to contain the ]
50
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A..
-- lot

K 

— 

=

i:~2 _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _

• iü—3 1O~~ 10—1 100 101 i02

- 

Figure 4.19. Expected Range of K and Rx .

~~~~ 

values of K and that will give the worst case interference response. In order

to f ind  the worst case response for a c i rcu i t , values  of and Kmax are chosen

from Equations (4.28) , (4.29) and (4.32), and the circuit response is calculated

for each set of values. Sweep i n g  Rx over its possible range , or use of iterative

method are possibl e procedures to find the worst case interference response.

For the case of a diode w i t h  no loss ( r
5 

= 0), Equation (4.32 ) gives

•i H cax ~~~~~~~~

or in non-norRT~iized va lues ,
- 

Kmax = (8/R x ) ’”2 . (4.33)
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With no loss , the range of is given by Equations (4 .28) and (4.29) as

0 < R ~~
< o c  (4.34 )

which means that the non-normalized Rx can assume any real positive value.

Equation (4.33) is plotted as the dashed line in Fi gure 4.19. Clearly, the

rectifi cation in the no—loss case is greater than when loss is present in the

diode , so the assumption of no loss is expected to yield a “worse ” worst case

response when interfe rence analyses are performed.

4.4 Simulation of Interference in TTL NAND Gates

During this increment , the circuit analysis program SPICE (Simulation Program

with Integrated Circuit Emphasis) was used to simulate interference effects in a

7400 NAN D gate, a widely used TTL device. SPICE was developed spec i f i ca l ly  for

analyzing integrated circuits under normal conditions when no interfering signals

are present. It is commonly used by ci rcuit designers , integrated circuit

manu facture rs , and universities. Reference [5] descri bes the program , its

availability, and its input code.

Earlier investigations 6 showed the 7400 NAND gate is most susceptible to RF

conducted into its output terminal when the output voltage is low (<0.4V), which J I
occurs when both input vol tages are high (>2.OV) . RF signals conducted into the I
output terminal can cause the output voltage to change from a norma l low state to

a RF—iriduced high state. This is the situation that is simulated in this section.

A schematic diagram of a 7400 NAN D gate with external connections is shown

in Figure 4.20. The dua l emitter transistor Ti was modeled by a single emitter ]
transistor , and diodes Dl and D2 were modeled by a singl e diode DIN. Previous -

~~

analysis had shown that when RF is injected into the 7400 NAND gate output with

the output voltage low the interference effect can be described by assuming all

of the RF power is incident on the output transistor7. Transistor T4 is modeled

using the previously developed modified Ebers-Moll model 1 , which includes
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NAND GATE
— a — — — — — — — — — — — — -i

I
R3

~
- .

• 
_ _ _ _ _  

I : R ,~~
i liTli® 

13 1
* 1 1  • 12 ~~ I.1 -I’  ‘-L/ +

1 INPUTSj ..i
I D3 : VCC ()

- .  1+ D2 ® ‘ —

I I OUTPUT( )V ~ J II T~ I• Dl 1

I II R4

L_ _ _  
© 

_ _ _  — —
Figure 4.20. Schematic Diagram of 7400 NAND Gate with External Connections. Node

- 
Numbers for SPICE Simulations are Shown.

interference effects , while all other NAND gate components are modeled using the

standard coriç onent models available in SPICE .

Parameters for the transistors and diodes in the 7400 NAN D gate are listed in

Table 4.2. These values were obtained from Reference [8] and were converted into

a form usab le  by SPICE . These parameter values were entered as data in the SPICE

simulations. Table 4.3 is an examp le of data for a SPICE simulation of an RF

• perturbed 7400 NAND gate .
-. :  Transistor 14, into which all the RF power was assume d injected , was modeled

using the modified Ebers-Moll model shown in Figure 4.21 . It was incorporated in

the SPICE input data as an external model. (For a detailed description on using

external models in the program SPICE , see Reference [5]). To implement the

current-dependent current sources IAFIE and IAR IC in the modified Ebers-Mo ll model ,

[ lo current sensing resistors were placed in the emitter and collector as shown in

Figure 4.21 . The current source IAFIE (c
~F

I F) and IAR IC 
~
“R1R~ 

are made to depend

- upon the voltage drops V12 
- V13 an d V12 - V 11 across res i stors RESENSE an d RCSEN SE
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Table 4.2. Diode and Transistor Parameter Values for the 7400 NAND Gate
DIODE PARAMETERS

NAME PARAMETER DESCRIPTION DIN D3

RS OHMIC RESISTANCE (
~

) 60 30
IS SATURATION CURRENT (pA) 100 5

TRANSISTOR PARAMETERS

NAME PARAMETER DESCRIPTION Ti 12 T3 T4

BF FORWARD BETA (13F) .316 19.8 17.2 21.7
BR REVERSE BETA (13R) .0024 .060 .082 .106
RB BASE OHMIC RESISTANCE (~~ ) 68 75 70 80
IS SATURATION CURRENT (pA) .5 3 8 20
AF~ FORWARD ALPHA (a F) .24 .952 .945 .956
AR~ REVERSE ALPHA (aR) .0024 .057 .076 .0956
IES~ EMITTER DIODE SAT . CURRENT (pA) 2 3 8 20
ICS~ COLLECTOR DIODE SAT. CURRENT (pA) 200 50 100 200

apARAMETER USED IN MODIFIED EBERS—MOLL MODEL.

Table 4.3 Data Cards for a SPICE Simulation of an RF Perturbed 7400 NAND Gate
VCC9 00C 5
VIN 1 0 DC 4.25 *WHICH DEPEND UPON THE VOLTAGE ACROSS
VGEN 16 o *RSW EEP ALSO VARY THIS SIMULATES

*NODE 0 = NODE 20 *A CHANGE IN INCIDENT RF POWER . - -

Ri 9 2 4.38K •OUTPUT VOUT 8 0 PLOT DC 0 5
R2 9 4 1.43K .TEMP 20
R3 9 6 0.116K *MDAC RF MODIFIED EBERS-MOLL MODEL
R4 5 0 1.06K ~MODEL RF-EBML X 8 5 20 16
RLL8 9 9.11K IAFIE V 8 12 12 13 0.956
0113 2 1 MOD1 IAR IC V 20 12 12 11 0.0956 - -

QT24 3 5 MOD2 RBB 5 12 80
0136 4 7 MOD3 RCSENSE 12 11 1 .-

~~

XT48 5 0 16 RF-EBML RESENSE 12 13 1
DIN 0 1 MOD5 DC1 11 8 MOD7
D3 7 8 MOD6 DEl 13 20 MOD8 J

•MODEL MOD1 NPN .316 .0024 68 MODEL MOD7 D IS=200P
IS=5E-13 •MODEL MOD8 D IS=20P -1

‘MODEL MOD2 NPN 19.8 .060 75 *RF INDUCED TERMS (ELEMENTS) J ~IS=3E- 12 RSWEEP 16 20 1
‘MODEL MOD3 NPN 17.2 .082 70 RGC 8 10 190

IS=8E-12 RGE 14 20 180
•MODEL MOD4 NPN 21.7 .106 80 ISCC V 10 8 16 20 3.79M

IS 2E-i1 ISCE V 14 20 16 20 0.667M -,
•MODEL MOD5 0 RS=60 IS= IE-10 DC2 11 10 MOD7
•MODEL MOD6 D RS=30 IS=5E-12 DE2 13 14 MOD8 •

DC TC VGEN .2 20 .2 FIN IS
BY CAUSING VGEN TO VARY THE •END
‘CURRENT GENERATORS ISCC AND ISC E
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I ¶
RGC ISCC

(aF iF) ( ) IAF I E DC1

DC4 ~~ 
_ _ _ _ _

RC~~~~~~~
j iR 

~~ 
RSWEEP~ +

~: ®• -~N~ RESENSE

H 
W v - p u F

- ; .. DE2 4 (la -

(aRIR)( ) IARIc 
_ _ _ _ _ _ _

DEl
RGE.~ m

I TISCE

H
Figure 4.21. Modified Ebers-Mo II Model in an External Model Confi guration.

Node Numbers for SPICE Simulations are Shown.

respectively. The resul t is that IAFIE = A F ( V 12 
- V 13 ) and IARI C AR (V 12 

- V 11 )

where the values for AF and AR (aF AND aR) are given in Table 4.2. Diodes DEl and

- DE2 both have saturation current IES and diodes DC1 and DC2 both have saturation

current ICS gi ven in Table 4.2.

- 

The dc voltage source VGEN shown in Fi gure 4.21 controls the voltage V16 
-

j’ which controls the RF induced dc current generators ISCE and ISCC. By causing VG N

to vary over an appropriate range , the values for ISCE and ISCC are made to vary

L. also. This is how the RF power is swept in the computer simulations . The appro—

priate range of values for VGEN is determined from the relationshi p

P I NC = VGEN 2/400c1, (4.35)

where PINC is the RF power incident on the 7400 NAND gate. The value for PINC is

~ assume d equal to the maximum available power from a Thevenin equivalent RF source

of amplitude VGEN and impedance 50~. Equatio n (4.35) may be rewritten as

Ii 55
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• VGEN = (400 PINC)°5 . (4.36)

The two RF in duce d dc curr en t genera tors ISCE and ISCC depen d on VGEN :

ISCE = (KE/RGE)VGEN (4.37)

ISCC = (KC/RGC)VGEN . (4.38)

The values of KE , KC , RGE and RGC were determined experimentally at 220 MHz for a

2N2369A transistor , which is believed similar to the output transistor T4 in the

7400 NAND gate. The values determi ned were KE = 0.12 , KC = 0.72 , RGE = l8OQ ,

RGC = 1 90c2 , KE/RGE = 0.67 nr~j and KC/RGC = 3.79 m~. The ratios (KE/RGE) and

(KC/RGC) are transconductances which relate the RF induced dependent current

generators ISCE and ISCC to the contro l voltage VGEN . VGEN is related to the RF

inc ident  power by Equat ion (4.36). Vary ing VGEN over the range 0.2 to 20V

corresponds to varying PINC over the range of 0.1 to 1 000 mW. (A different

procedure to relate ISCE and ISCC to PINC is described in the next section).

Three types of TTL NAN D gates were investigated to determine their relative

susceptibilities to RF interference . These are the normal 7400 series , the hi gh

speed 74H00 series , and the low power 74L00 series. The three NAND gate series 
- -

use diffe rent values of internal resistances R1 -R4 shown in Fi gure 4.20. The

resistance val ues are gi ven in Table 4.4. The variation in the val ues for Ri

Table 4.4. Resistor Values for 7400 NAND Gate Type Variations

RESISTOR 7400 FAN— 74H00 FAN— 74L00 FAN—
(k~2) OUT OUT OUT

Ri 4.38 2.80 40 -, 
-

R2 1.43 0.70 20 :-

R3 0.116 0.116 0.116
R4 1.06 1.06 12 ] I
RLL 4.38 1 2.80 1 40 1 - 

~-

RLL 0.30 15 0.28 10 4 10
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affects the value of the resistor RLL required to simulate different fanout val ues.

— 

I The values of RLL require d to give a low fanout (F = 1) and a high fanout (F = 10

H or 15) are also given in Tabl e 4.4.

Figure 4.22 shows a plot of the predicted values of the NAND gate output

4.8 -

4.0 - RF PERTURBED 7400 NAND GATES

SIMULATION
~~ 3.2 - RF INJECTED INTO OUTPUT

INPUTS HIGH

2.4 - 0 7 4  F = i
~~~~~~ 2.O V A 7 4  F = 15

0 74H F = 1
> 1.6 - x 74H F = i O

~~~74L F = 1

0.8 ~~~~~~~~~~ 
0.8 V V 74L F = 10

?

e ~~~~~~~~~ I I I I I —1

10—1 i00 10 1 102

PINC — mW

1 - Figure 4.22. Output Voltage vs. Incident RF Power From SPICE Simulations of
Three 7400 NAND Gate Types with Different Fanouts. Susceptibility
Thresholds at VOUT Equals 0.8 and 2.0 Volts are Shown.

voltaae VOIJT versus the incident RF power PINC. The plots show the relative

susceptibilities of the three NAND gate types with low and high fanouts. When no

RF power is applied , the output voltage is low (approximately 0.1V). As the RF

power increases , the VOUT values  increase until they cross the two susceptibil i ty

threshol d levels. The threshold at VOl.11 = 0.8V corresponds to the hi ghest voltage

that a subsequent stage is guaranteed to recognize as a low state input. The

value VOUT = 2.OV corresponds to a VOUT certain to be recognized as a hi gh state

(instead of a low state ) b.y a subsequent IlL input. The values of RF powe r which

cause these two threshold levels to be exceeded are given in Table 4.5.
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Table 4.5. Values of RF Power Which Cause EM Susceptibility
Criteria To Be Exceeded for Three 7400 NAND Gate Types

TYPE OF GATE VOUT 0.8V VOUT = 2.OV . .

SpICEa EXP.b SPlCE~ EXP.b -

P1 (mW) PA (mW) P1(mW) PA (mW )

74L00 (F=10) 2.8 22
74L00(F=1) 3.5 25
7400 (F=15) 5.8 4.0 28 28
7400 (F=i) 7~9 30
74H00 ( F=iO) 13 40 -

74H00(F=1) 17 45 t

aVALUES OF INCIDENT RF POWER. -

bVALUES OF ABSORBED RF POWER. — SEE REF 4.10. -

VALUES OF INCIDENT RF POWER WOULD BE HIGHER.

The results shown in Table 4.5 indicate that the low powe r 74L00 series NAND 
-

gate is the most susceptible to RF inter ference , while the hi gh speed 74H00 series

is the least susceptible. For each NAND gate type the fanout value has a small

effect (less than 2 dB diffe rence between minimum and maximum fanout) upon the RF

power require d to cause the threshold levels to be exceeded. Also shown in -
~~

Table 4.5 are experimental values for the absorbed RF power required to cause the

7400 series NAND gate output voltage to exceed the two susce ptibility threshold I
levels 7. The values predicted by the SPICE simulations are in good agreement with

the experimentally measured values. ]
4.5 Worst Case Analysis of 7400 NAND Gates

In the previous section the variation in susceptibility of three types of TTL

NAND gates was investigated . The interference effect was assumed to occur solely ]
• in the output transistor T4, which was assumed similar to a 2N2369A transistor in

characteristics , and the modified Ebers-Mol l transistor parameters used for 14 were ]
values measured in the laboratory for the 2N2369A. —

The possible values for the parameters of T4 may vary widely when the circuit
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is located in an arbitrary electromagnetic environment where RF signals may be

• - picked up by wi res and cables . An i ndu ced RE signal can be represented by a
- Thevenin equivalent containing a vol tage source and series impedance . In an

actual situation , the equivalent impedance seen from the circuit will not be as wel l

defined as in the laboratory , so we must take into account the effect of all

possible source impedance values in a worst case simulation. This section describes

L a worst case analysis of a 7400 (standard series) NAND gate where the RF source

• impedance is not known a priori.
I’

As in the previous section , RF is conducted into the output terminal of the

- 
7400 NAN D gate. Both inputs are assumed to have a high state voltage , and the

output voltage is a low state in the absence of RF. As before , the RE is assumed

— 
- to affect transistor T4 only. Earlier simul ations 7 have shown that when RF power

— is injected into the collector of a transistor biased as T4 in the 7400 NAND gate

the worst case results are obtained when all of the RF power is assumed to affect

the collector-base junction , and none is assume d to reach the emitter—base junction.

Thus , no rectification occurs in the emitter-base junction. The rectification in

- this junction is removed from the modified Ebers-Moll model by setting ISCE = 0 and

RGE = (or a sufficiently large va l ue) in Figure 4.21.

The collector—base junction rectification parameters of 14 were assigned us ing

H the information described in Section 4.3, where recti fication parameter ranges were

- described for the case of completely arbitrary RF source impedance val ues. The

L collector—base junction was assumed lossless (certainly a worst case assumption)

which means , from Equation (4.34) that RGC can assume any positi ve real

value and that

H Kc = (8/RGC)1”2 (4.39)

where

ISCC = K c N ” 2 . (4.40)
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If we choose

• PINC = VGEN 2/8 RGC , (4.41 )

then from Equations (4.39) and (4.40) ,

ISCC = VGEN/RGC. (4.42)

The program SPICE was used to perfo rm a worst case analysis of the 7400 NAND

gate. The value of external resistor RLL was set to 300c~, corresponding to a

fanout of 15. ( Results of the previous section indicat e  that high fanouts lead to 
-

EM susceptibility at sli ghtly l ower RF power levels than low fanouts). The fi rst

step in the simul ation procedure was to assign a value for the resistance RGC in

the collector-base junction of T4. The range of 5 to 5000 ohms was simulated in

the SPICE runs. (Even though RGC can assume any positive real va lue , the range

5 < RGC < 5000 ohms is wide enough to incl ude the values of RGC which give the

worst case response. The results show this clearly. For other interference

simulations a wider range of RGC may be necessary. )

The next step was to sweep the dc control voltage VGEN i n the SPICE program

over an appropriate range of voltages corresponding to the desired range of incident - .

RF powers , as given by Equation (4.41). At each value of VGEN , the value of ISCC J
was given by Equation (4.42). As a final step , the values of the output voltage -

~~

VOUT were plotted vers us PINC. Then the proc ess was repea ted us i n g a new va l ue of ~

RGC until adequate coverage of the entire range of RGC was obtained. j
Figure 4.23 plots VOUT versus PINC from the SPICE simulation results . It can F

be seen that the value of RGC is quite infl uential in determining the shape of the ii 1
VOUT versus PINC curve , and in determining the RF power levels at which various EM .

~~

threshold levels are crossed. From Figure 4.23, the values of i nc id en t power 
~ Ii

required to cause VOUT to cross EM susceptibility threshold levels of 0.4, 0.8, and ] 
~2.0 volts were determined for each simulation. These values are plotted in I~Figure 4.24 versus the value of RGC for that case. Three curves result (one for j
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Figure 4.23. SPICE Simulation Values of Output Volta ge versus
Incident RF Power Level for a 7400 NAND Gate

each threshold level). It is observed from Fi gure 4.24 that for each susceptibility
fl 

threshold level the PINC versus RGC plot has a minimum PINC value. The minimum

values of PINC provide an estimate of the minimum incident RE power expected to

- .  cause the various EM susceptibility threshold levels to be exceeded.

F Determining the values of these minima is the primary purpose of the worst

case modeling. The range of RGC simulated sh~u1d include the values at which these

~~ minima  occur within the limi ts of RGC dictated by Equations (4.30) and (4.31). It

F— can be seen that the range of RGC simulated here , 5 to 5000 ohms , is of sufficient
- j

width to include minima in each of the three curves in Figure 4.24. As an

alte rnative , an iterative procedure can be used to locate these minima .
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Figure 4.24. Values of Incident RF Power Required to Cause Output Voltag e of
7400 NAND Gate to Exceed Susceptibility Threshold Levels versus
the RF Thevenin Sourc e Impedance

The minimum susceptibi l i t ies predicted in Fi gure 4.24 for thresholds of 0.4 ,

0.8 , and 2.0 vol ts are plotted in Fi gure 4.25 on a graph of the measured worst - .

case susceptibility curves for IlL devices. (A constant of proportionality was

used to convert the predicted incident power values to absorbed power for 1
Figure 4.25). Since the base-collector junction of 14 was assumed lossless , and

the impedance of the Thevenin RE source was assumed completely arbitrary , in the

worst case no frequency dependence ente rs the predicted sus ceptibility data.

The predicted worst case curves in Figure 4.25 lie below the measured worst ~
-

case curves . This is reasonable , since the SPICE simulations analyzed a wider

range of RE conditions than could reasonably be studied in the laboratory .

Additionally, several conservative assumptions were made in the analysis: all of j
the interference effect is in the collector-base junction of 14, no loss exists in 

-

the collector-base junction , etc. The RF impedances used in the simulations .1
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Figure 4.25. Worst Case Susceptibility Values for TTL Devices

(Maximum Specification Value for Low VOUT = 0.4 Volt and
Minimum Specification Value for High VOUT = 2.4 Volts )
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included those typically encounte red in actual interference envi ronments . It is

unl ikely that RF powers below the predicted susceptibility levels wi ll cause

interfe rence in any real -world app lication.

The worst case analysis procedure described in this section is quite general

and can be applied to other electronic circuits or IC’s. Comparison of the

predicted wors t case resul ts for the 7400 NAND gate with the worst case results

measured in the laboratory gives confi dence that such a simulation procedure is

valid.

4.6 Simulation of Interference in 741 Op Amps

Interference models for the 741 op amp were studied during this increment for

the case of RE enter ing  the input terminals. The study utilized macromo deling

techn iques , and a full-scale simulatio n of the complete circuit was done for

comparison of the results . The modified Ebers-Mol l transistor model was used to

account for the interfe rence effect, which was assumed to occur only in a single

input transistor. This section describes the analysis of interference in a 741

op amp .

The op amp macromodel used was previously published by Boyle, et. al 9, and is

illustrated in Figure 4.26. Much of the internal structure of the op amp has been

replaced with functional equivalents . This reduces the amount of compute r time

require d to obtain a solution , because the macroniodel has fewer elements than the

operational amplifier , and because much of the circuit consists of linear elements ,

instead of nonlinear elements such as transistors and diodes. At its terminal s, ]
however, the op amp macromodel behaves like an actual op amp. Table 4.6 lists the

macromo del parame ters .

A sign i ficant feature of the macromodel created by Boyle is that it retains ..1

the diffe rential pair configuration at the input terminals , as is found in an -
~~

• actual 741. The two transistors at the input of the macromodel perform the same
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Figure 4.26. 741 Op Amp Macromode l

functions as their counte rparts in the actual device . The macromode l uses an

Ebers-Mol l transistor model for each input transistor.

With RE ente ring the input of the op amp , it was postulated that the

interference effect coul d be accounted for by replacing the transistor mode l at

that input wi th a modified Ebers-Moll transistor model , which includes RE effects.

- . Figure 4.21 shows the modified Ebers—Moll transistor model used in the simulations.

The input transistors were assumed similar to 2N930A transistors in characteristics.

RF parameters were inferred from measured 2N930A data. Table 4.7 lists the

modified Ebers-Moll parameters at 220 MHz. In the macromode l simulations , onl y

the transistor at the RE input was modeled with a modified Ebers-Moll model ; the

other input transistor used a standard Ebers -Moll model having the same parameters

(except RF parameters ) as the modified model .

When RE enters the base of a transistor it has been observed that the
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Table 46. Macromode l Parameters for LM 741

T 300°K

15D3 8 x 1 0 16A
R2 100 kg
C2 3O pF
CE 2.41 pF

150 (NORF )
/~2 150 (NORF)
1 EE 20.26~~A
R E 9.872 M~
RC1 5305 ~
Rel 2712 ~
C1 5.460pF

Ga 188.6 Mmho
GCM 6.28 nmho
R01 32.13 ~1

R02 42.87 &2

Gb 247.49 mho - -

1SD1 8 x 1 0 16A
RC 0.02129 x i0~~ ~2

49964 mho - -

V~ 1.803 V

V E 2.303 V 
-

~~

transistor beta appears to decrease10. This effect was included in the modified

Ebers—Mol l models for the input transisto rs. Figure 4.27 is a plot of the forward j
beta vs. RF power, obtained from 2N930A data , that was used in the simulations.

The op amp was simulated in a feedback amplifier circuit with a gain of -10 J
as shown in Figure 4.28. This corresponds to the circuit used when op amp 

~1susceptibi lities were tested in the lab. The input voltage is 0.5 vol ts, so the

expected output voltage with no RE is -5.0 volts .

The circuit was simulated on ISPICE , a timesharing version of the program

SPICE which is available through National CSS, Inc. Fi gure 4.29 is a listing of
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Table 4.7. Modified Ebers-Moll Parameters for Op Amp Input Transistors

- a - .  a~ 0.993377 (NO RF )

1 i - a~ = 0.6666

‘DEl = 5.067x 10 14 VDE1 1) AMPS

- ‘DE2 = 3.4 x 10 14 (ekT VDE2 — 1) AMPS

RGC = 1K&~
- RGE = 1O0~

— :z ISCC = o.o i - .jP ~~~~~ AMPS

ISCE = 0.17.,jj ~ AMPS

I WHERE 
~RF IS RF POWER IN WATTS.

1000

H 

F°°

~~~~~~~~~~~~~~ 

10 _ _  

_

4
1 _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _

- 10—6 io—5 10—4 io—3 10—2 10— 1

INCIDENT POWER (W)

- 
Figure 4.27. Forward Beta vs . Incident RF Power Used in Modified

Ebers-Mol l Model for Op Amp Input Transistors
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V IN 
—

I I ~~~~~~~~~L. .VOUT

0.5V (~~~) I
910~7 

500~

Figure 4.28. Closed Loop Amplifier Circuit Used in Op Amp Simulations

the input statements for an RF simulation . The input conitiand structure is similar

to that used in SPICE , but several additional features are available. One example

is that c i rcui t  element values may be made functions of an independent variable.

In the listing of Figure 4.29, RFPWR is an independent variable specifying the RF

power level. The values of current sources ISCC and ISCE are then made functions

of the RF power level with the commands

ISCC 4 1 XC ( RFPWR)

ISCE 7 3 XE ( RFPWR )

where XC ( RFPWR) and XE (RFP WR ) are functions of the RF power level specified by the 
—

following statements :

xC(RFPWR ) = 0.01 * (RFPWR) ** .5 ]
XE ( RFPWR) = 0.17 * ( RFPWR) ** .5.

Another feature avai lable in ISPICE is that element val ues may be specified in J
- . 

-
‘ tabular  form versus an independent variable. In Figure 4.29, the forward alpha

is tabul ated versus RF powe r in the statement .1
FAFIE 1 2 2 6 TABLE ( RFPWR 0, .9933, .125M, etc.) -
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FILI : AMF—7 41 C(~T FF~OM F- [IISK

RL 1~ . 0 500
• • RE !’ 15 1 1(~ ’

Ft I N+ 0 2 910
R IU- là 1 1K
RC 1 7 5 ~305

• R C2 7 6 5305
R E I  3 9 271 2

- - R E2 4 9 771 7
RE 9 0 9 . 9 72 M E 6

• R2 10 0 1~J0I~- a 
R O l  11 15 32 . 13
R02 i i  0 42 .87

r R C 12 0
C l 5 6
C6 10 11 30F
CE 9 0 2 .4 1 r
Dl 11 12 [ h U M  n v r
[‘2 12 11 [ h U M  OF F

- [‘3 15 13 ! ‘VL IM ((FE
[‘4 14 15 E’VL IM OFF
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* ‘ IF FW R Wi LL bi: S WEE ov i :~ A U S E k  IlL !LLII Im:r h ,iJiiL
$ ‘ X  - AS [HE F I F L  i ii: i:~ (iF A N ELEMENT NAME lo r I C A 1 L S
* A CAL U T O A S~~[C K 1
V I N 1  16 0 V I N 1
V C -, 13 n c  1.803
VU 14 8 I C  2.303
VCC 7 0 11C 12
VEF 8 0 n c  — 1 2
l EE 9 8 [‘C 2 0 . 7 6 0
GCIIVC 0 10 9 0 6 • 28N
(SAVA 10 0 5 6 18(3 .6( 1
OE.VF ’ 11 0 10 0 2 4 7 . 4 9
6CVI~ 0 12 15 0 4 6 . 9 6 4 k
* E L I  ME NTS l E G ]  NH N(~ W i t  H ‘(3 ’ AIE VOL I  noi: COi~ IFOLLEII CUF~IENT sour~ccs
Mo nI:I _ [h[Lill 1 1  is r — t ~

• MO1’EL [ ‘VL I M ( ‘ C  I S = E E — 1 6 )
is p- - i c E :

Figure 4.29. List of Input Statements for ISPICE Simulation of
L 741 Macrom ode l Includin g RF Effects

1 When executing, the values of the independent variables - u~t be specif ied ,

and i f  desired , they may be stepped ove r a range of values. The latter procedure

was used to obtain values of output vol tage vs. the RF powe r level . Additional

information on ISPICE features and command structure can be found in the ISPICE

j  Reference Manual

Curve (a) in Figure 4.30 shows the output voltage of the circuit vs. RF

power level when RF ente rs the inverting input , and compares it to data measure d

in the la bora tory12 , s hown as X ’ s. The output voltage decreases as the input
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Figure 4.29. (Continued) List of Input Statement s for SPICE Simulation
of 741 Macromodel Including RF Effects - I

! I -

power increases u n t i l  the amplifier reaches saturation. The simulation data is

conservative comp a re d to the measure d data by approximately 4 dB. This  is

reasonable , howe ver , because it was assumed that the incident power affects only

the input transistor. In  rea l i ty , it is unlikely that all of the incident RF

power actually reaches the input transistor. Some is probably absorbed in other

parts of the chip, or bypasses the input transistor th rough shunt capacitance . J ~4 
Curve (a) in Figure 4.31 shows the output vol tage vs. RF power when RF enters the -.
noninverting input and compares it to the measured case (X’ s). Again , the *

calculations are conservative by about 4 dB.
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- Figure 4.30. Output Voltage of Amp lifier Circuit vs Incident RF Power.
RF Conducted into Inverting Input of 741 at 220 MHz.

The voltage s at wh i ch the macromodel saturates are different than the

saturation vol tages actually observed. The macromodel saturates at -10.5 volts

p and at +11.0 volts , where the supply voltages used were +12 volts . The actual
L 

—

4 op amp saturates at -9.2 and +10.1 vol ts. These diffe rences indicate that the

‘

~~ 

values of and VC S which contro l the saturation voltages in the macromodel ,

- 

-
~~ should be adjusted if better agreement is desired. The saturation voltages are

I independent of the inte rference effects.
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Figure 4.31. Output Voltage of Amplifier Circuit vs Incident RF Power.
RF Conducted into Noninve rting Input of 741 at 220 MHz.

A complete mode l of the 741 op amp has also been simul ated for comparison

wi th  the macromode l s i mu l ati on resul ts. The complete model simulations used the

compute r program SPICE 2 , an updated ve rs ion of SPICE . A schematic diagram for

the 741 op amp is show n in Figure 4.32. Both of the differential pair input

transistors were modeled using the modified Ebers-Moll transistor model shown in d
Figure 4.21. (This procedure differs from that used with the macromodel , where
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Figure 4.32. Schematic Diagram of 741 Op Amp Used in Complete Circuit Simulations

only the input transistor at the RE input terminal was modeled wi th a modified

- Ebers-Moll transistor model and the other input transistor was modeled with a
- standard Ebers-Moll model). Standard SPICE 2 components were used for all other

op amp components , incl uding transistors Q3—Q22. The parameters for Q3-Q22 are

listed in Tabl e 4.8.
Table 4.8. Parameter Values for the Transistors in the

- I I Complete Op Amp Model

NAME PARAMETER DESCRIPTION NPN’s PNP’s

F BF FORWARD BETA 100 100
BR REVERSE BETA 5 5

RB BASE RESISTANCE (~2 )  5 5• I ~ RC COLLECTOR RESISTANCE R2) 50 50
RE EMITTER RESISTANCE (cz) 1 1
IS SATURATION CURRENT (pA) 0.01 0.01
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To simul ate RE injected into the inverting input terminal , the RE-dependent

current generators ISCE and ISCC of Q2 were assigned values while those of Ql were

set to zero. For RE injected into the noninverting input , ISCE and 15CC of Qi were

activated while those of Q2 were set to zero. As in the macromodel simulations ,

transistors Qi and Q2 were assumed simi l ar to 2N930A transistors in characteristics.

Table 4.7 lists the modified Ebers-Mol l parameters for Ql and Q2.

Curve (b) of Figures 4.30 and 4.31 show the complete model simulatio n ~‘esults

obtained when RF is injected into the inverting input and noninverting input ,

respectively. Comparison wi th Curve (a) in these fi gures shows that the complete

op amp mode l and the macromodel give essentially the same results. A difference

is noted in the voltages at which the output saturates. The complete model

predicts the saturation voltages much more accuratel y than the macromodel .

Another di fference is seen between the niacromodel and complete model simulatio n

resul ts. The macromodel exhibits an offset voltage at its input when the RF power

level i s zero , which can be seen at low power levels (l0~~ mW) as a 0.19 volt

offset from the actual no-RE output voltage value of -5.00 volts . This offset

occurs because of the different procedures used to represent the interfe rence

effect in the differential pair input circuit. In the macromodel , only the input

transistor stimulated by the RE was modeled with a modified Ebers—Mol l transistor

model. This contains additional elements not found in the standard Ebers-Moll

model (whi ch is used for the other input transistor) whi ch unbalances the

differential pair circuit even when the RF power level is zero. Modeling both i
input transistors with the modified Ebers-Moll mode l , as in the complete model

simulations , preserves the balance of the differential pair and prevents an

extraneous offset vol tage at the input . In subsequent macromodel simulations , it

is recommended that both input transistors be modeled wi th modifi ed Ebers-Mol l

models to prevent input offset voltages at zero RE power level .
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Earlier observations had noted that the output  offset voltage is direct ly

- proportional to the offset voltage at the input terminals of the op amp. This led

- to a simplified model of interference in op amps where the interference effect is

- - represented as an input offset voltage generator , v11, in series with the op amp
- 

input terminals. The relationship between v11 and the RE power level would be

- - 
known , or could be determi ned mathematicall y or experimentally. A similar effect

is observed in the computer simulations .

- - In Figure 4.33 an inverting amplifier circuit is shown wh i ch is the same as

RF

~~~

. 

RlN~~~~~~~~~~~~~~ E v:uT

Figure 4.33. Inverting Amplifier Circuit with Offset Generator
- 

Shown at Op Amp Inverting Input Terminal

that used in the macromode l and complete model s imu la t i ons  and which inc ludes  the

offset generator v11 at the op amp inverting input terminal. The output voltage

can be shown to be 
R R

y
OU1 

= 

~
v IN 

~~~~~~~

- v~ (~f-~ + 1) . (4.43)

In the circuit shown in Figure 4.28, R IN = lKci , RE = 1OKQ , and V IN 
= 0 .5V , so

L vOW. = — 5  — ll v 11 volts . (4.44)

Good correl ation has been found between the computer-calculated output voltages ,

and the output voltage predicted by Equation (4.44) where the input offset voltage

was the product of ISCE and RGE (Eigure 4.21). Thus ,
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V 11 
= I SCE * RGE
= l7/~~~ volts (4.45)

whe re 
~RF is the RF power level in watts. A plot of the output voltage using

(4.44) and (4.45) is compared in Ei gures 4.30 and 4.31 with the output voltage

from the computer simul ations. The correlation is found to be excellent. There-

fore , the input offset vol tage is seen to be the open c i r cu i t  voltage of the

Norton equivalent in the base-emitter junction of the input transistor , which arises

from rectifi cation of the RF signal in this junction .

This result can be seen in another way. 
- 

In the op amp , the input transistors

are in a di fferential pair circuit. Figure 4.34 shows a basic differential pair

circuit where both transistors have been replaced by modified Ebe rs-Mol l models.

In the op amp, both of the input transistors are biased in an “on ” state by the

current source 1E which dri ves the differential pair. As such , many of the

elements in the transistor models are inactive . Eigure 4.35(a) shows the

differential pair after removal of the inactive elements . The collector junctions

have been removed, since they are reverse biased and do not conduct , and the

current-controlled current sources aRIRl and 
~R’R2 have also been removed.

In Figure 4.35, RF is assumed to enter the leftmost transistor , and the RE 
-~~

powe r level is assumed large enough so that most of the current ‘Fl flows through

diode DXEl~ 
so diode DEl was removed. In addition , the Norton equivalent ‘XEl and 

:i
RXE1 has been replaced with its Thevenin equivalent VXE1 an d RXE1~ 

where -

VXE1 = 1XE1 RXE1. (4.46) 11
In the ri ghtmost transistor , ‘XE2 is zero (because no RE power enters this -

transistor), so most of the current ‘E2 flows through diode DE2. Therefore

elemen ts DXE2 , ‘XE2 and RXE2 were also removed i n Fi gure 4.35(a). 1
It is apparent in Fi gure 4.35(a) that , because the current source IZEIF 1 in -

the left—hand branch of the differential pair can have any voltage across it , the 
-
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~~Vcc

~~R L R L~~

1+ V0 -.

-
.

aFiFi d) L_f.J DCi :D C2 L f
J 

(f)aFIF2

H
1 R2 ~~iVB 1 ~~~~~~~~H I 

I________ .__. VB2
—‘Fl

aR IR1 

~ E1 
DE2 

~
_
~
_j__

~ 
cp

aRIR2

RXE1 RXE2 ~ 1 XE2

I
Figure 4.34. Basic Differential Pair Circuit With Transistors Replaced with

4 F Modified Ebers-MoII Models.
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Vcc

~~RL ~~ R L 

Vcc

R L R L
a F I F1 ( ) ( ) ~~~~~ + V0 -0——

VB1 ° 1 F1 
—0 VB2 V XE1 a F I F1 ( )a~~ - -

V XE1(k) 
l F2j VB1 

—

~~ 
1 F1 ‘F2 

•
~~~~

V B2
RXE1

RXE1~ ’ 
- DE2DXE1

DXE1 T
(k thIE

a) ‘~
1

1 1 E b)

Figure 4.35. Simplification of Basic Differential Pair Circuit .
RF Enters Leftmost Transistor .

voltage source V XE 1 can be mo ved into the base lead of the left transistor , as

shown in Fi gure 4.35(b). The offset voltage corresponding to v11 in Fi gure 4.33

is then

v11 
= V XE1 

- ‘El RXE 1. (4.47)

The value of ‘F] RXE 1 is insignifi cant compared to V XE1 ( remembe r the RE power

level was assumed large enough that most of ‘Fl flows through 0xE1 ’ which implies

that  V X E1 would be sign i ficantly large r than ‘El RXE1 ). Therefore , the voltage

drop across RXE1 can be neglected. The simplified model shown in Figure 4.33 then

fol lows where

V 11 
X 1XE 1 RX E1. (4.48)

The various model ing procedures described in this section have l ed to a
-
~~ greater insight of the interfe rence effects in op amps. Additionally, a

simplified offset model has been shown to be related to the more elaborate modeling

procedure s via the modified Ebers-Moll transistor model. The offset model has the .1
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_J advantages that it is simpler to use than either of the computer simulation models ,

and can be used for quick “pencil and paper” types of calculations. The macromodel

app roac h may be mo re accura te i n some s i tua ti ons , and also could be used to find

circuit responses when modulated signals are present because the op amp is

- .  modeled in greater detail , including its transient response properties . The

complete op amp simulation approach is the most difficult , and requires more

- - computer time than the macromodel approach , but has the advantage that interference

effects at other terminals besides the inputs can be simulated by replacing the

appropriate transistors and diodes by their inte rference models.

- - 4.7 Signal Quality in Data Transm i ss i on Systems

• Investigations into the RF susceptibility of line d ri vers an d rece i vers have
- established that the receive r input threshold may change when stimulated by RE.

The receiver input threshol d is that voltage , applied differenti ally between the

two recei ver inputs , at which the receiver output changes state. As an example ,

Figure 3.6 shows the input-output transfe r characteristics for a 961 5 line receiver.

At input vol tages less than -0.08 volts , the output voltage is 5.0 vol ts (a high

state). For input voltages greater than -0.08 vol ts , the output voltage is 0.2 volts

(a low state). The input voltage -0.08 vol ts is referred to as the input threshold.

Threshold offsets , such as those caused by RF , have two undesirable effects

on the signal  q u a l i t y  in  a data transmission system. First, a threshold offset

wil l  decrease the noise margin of the system, increasing the probability that

cr~-~rj ous bits will enter the data stream in a noisy environment. The second effect,

4nd the one wh ich is addressed in this section , is that the signal may experience

‘‘~~~~~ iariations in the received signal from those sent by the driver. A comparison

~~~ 4r~~rr1tted and recei ved wa vefo rms may show that some pulses have become
- 

~
- ‘h .ir re lat ive position in the train , and some pulses may appear longer

~~~~~ •‘. ,r In the ori ginal signal . Reference [13) discusses these time
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vari ations quantitatively in a term called “percent jitter”. This  is a rat io of

the maximum variation in pulse  posi t ion or width to the minimum pulse period.

In order to get a laboratory measure of the percent jitter in a data

transmission system, Reference [13] introduces an oscilloscope pattern called a

“binary eye pattern ” which is obtained when a random NRZ (nonreturn to zero) signal

of minimum pulse width tui (a “unit interval”) is transmi tted down the line and

the actual transmission line voltage at the receiver is observed with the oscillo—

scope. The pattern displayed on the scope is the binary eye pattern . Fi gure 4.36(a)

TEST POINTS
TO SCOPE

SCOPE
TRIGGER

A) TEST SETUP TO PRODUCE BINARY EYE PATTERN

T,~ j
-~~

~~~~~~~~~~ ~~~~~~~~~~~~~~~~
‘% -

~‘pr- • -~~.. ‘~~~~~ - -
~~ ‘•-~~
.- 

~~~~~~~~~ 1 -
~~~,.._ 

,
~~~_p._ _  — -

— .4~~.. 
- -. 4~~.. ~~

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~

-

E4-_- tUj - _ I L
~t I4

PERCENT JITTER = ~
_t
~X 100%tui ..

B) BINARY EYE PATTERN

Figure 4.36. Jitter Measurement With Binary Eye Patterns -
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is a diagram showing how the display is obtained , and Figure 4.36(b) illustrates a

. typical binary eye pattern. The pattern consists of the superposition of the

voltage waveforms seen at the termination due to the pseudo—random sequence

generator. Because of the capaci tance of the line , the voltage at the termination
- 

cannot cha~uge instantaneously, and exhibits the charging behavior evident in

- - 
Figure 4.36(b). Referring to Figure 4.36(b), Fairchild defines perce~it jittey- as -

percent jitter = $-

~
-— x 100%.

- - For convenience , J is defi ned as the fractional jitter:

- = (4.49)

• - The jitter can be computed analyt ically if we conside r that the line is driven

(at the dri ver end) by the voltage waveforms shown in Figure 4.37. Signal A in

LU -

Q SIGNAL A 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

< +VCC
I-
-J
0
> TIME
LU I

0 t1 2t~ 3t
0
U.’- -  Z — V CC-

i.

~< +VC C _

TIMEa I
0 t1 2t1 3t1

F —VCC SIGNAL B 
—

Figure 4.37. Voltage Waveforms Driving Transmission Line

- T~~ 
DOUGLAS ASTRONAUTICS COMPANY- ST. LOUIS
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Figure 4.37 is initiall y at a vol tage leve l of +V~~, switches to -V~~ for a unit
— 

interval of time (the shortest pulse width expected in the system), then switches

back to a voltage of +V~~. Signal B -is initially at a voltage level of _V cc~ then

switches to a voltage level of ~~~~ The voltage responses of the two signals at

the termination can be displ ayed superimposed on an oscilloscope , as shown in

Figure 4.38. These two curves represent a portion of a compl ete binary eye

z
0

SIGNAL A
z +VCC

i
t2 TIME

~0—V CC SIGNAL B 
tUl 

~1 ‘ 

~~~~~ 3t1

Figure 4.38. Signal Waveforms at End of Terminated Transmission Line

pattern . In calculating the response of the line to an applied signal , the line

is assumed to be perfectly terminated and to charge exponentially. The three

exponent i a l wavefo rms V0, V1, and V2 in Figure 4.38 can be represented by

V0(t) = Vcc e
t/T 

- Vcc (l - e t
~’

T ) for 0 t < t1 
(4.50)

- (t-t 1 ) -(t - t 1) 
—

V1(t) = v0(t1 ) e + V
~~

(1 — e )
~ for t .~~~ t (4.51 )

- t1) 
— 

-(t - t1)

V2(t) = 
~
Vcc e 

T + v
~~

(J - e T 
~~
, for t 1 t (4. 52)

where T is the tim e constant of the line. ]
If we assume the receiver threshold is exactly zero , then receiver state changes

will occur at times t2 and t3 in Figure 4.38. The difference , ~t = t3 - t2, i s

the widest timing variation possible in the received signal in relation to the

- 
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relative pulse positions in the transmitted pulse train (assuming the time delays

through the dri ver and receiver for both logic states are symmetrical and have zero

skew). The jitter is

t — t
~~~

= 
3~~~ 2 (4.53)

The value of t1 is the width of a unit interval , so t1 
= tuj~ 

and the values of t3
and t2 can be calculated from Equations (4.50) 

- (4 . 5 2) .

- .  The effect of receive r threshold ‘offsets is to modify the times t2 and t3 at

which state changes occur. Recei ver threshold changes can be induced when RF

enters the input terminals of the line receivers . RF power inbalances at the two

inputs can cause the threshold to become either positive or negative . In the

general case , it is assumed that the receiver threshol d can vary anywhere between

the values +Vth and -V th. Since the RF fields are dynamic in general (the fields

may change due to movement of the electronic system, due to movement of the source ,

as wi th a rotating antenna , or due to modulati on of the source as in a pulsed radar),

the receiver threshold must also be expected to change . In this analysis , the

receiver threshold is conservatively allowed to vary instantaneously between any

val ues between +Vth and -V th. Such threshold variations will induce additional

jitter into the system which may make data transmission difficult. -

• - Figure 4.39 is similar to Figure 4.38, but it shows the e ffect of variations

- - in the threshold voltage. The widest possible timing variation is again t3 - t 2 ,

but the values of t2 and t3 (earliest and latest state switches) are modified by

the vari able threshold level. The jitter is given by Equation (4.53). Note that

in order to obtain state switches at t2 and t3 as shown in Figure 4.39, the

threshold voltage must change from a value of -V th to ~ . value of +Vth at some time!

such that t2 < t4 < t3.

I] Solution of Equations (4.50) — ( 4 . 5 2 )  for  t2 and t3 in Figure 439 gives
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z
0

SIGNAL A

_ H0 CC
>
LU
2
-J

Figure 4.39. Signal Waveforms at End of Terminated Transmission Line
With Varying Threshold Voltage

t2 = Tln2 + Tln[exp (t
~i

/T) — 1] - Tin (1  + V th /V cc )

= ~~ + T ln2 - Tin (1 - V th /V cc
) ,

which yields the following transCendental equation for J:

J = 1 - (T/t
~1 )ln [exp ( t

~~ 1
/ T )  — l]+(T/t

~~
)ln[(l + V th /V cc ) / (l - vthfvCC

)]. (4.54)

The time constant of the line T can be expressed in terms of the time delay of the

line in seconds per foot (td) and the line length (X):

T = X td/4.4. (4.55 )
Equations (4.54) and (4.55) were solved to obtain the graphs shown in

Figure s 4.40 and 4.41. Figure 4.40 shows the percent jitter as a function of lin e

length , and data rate (data rate tui
1 ) when no threshold offsets occur.

Figure 4.4l(a)-(c) show the percent jitter when th reshold offsets of ±0.1 V~~, j
+0.2 Vcc~ 

and ±0.4 ~~ are possible. These graphs were made assuming td 
= 1 .7 nsec/ft ,

which is a typical va l ue for a twisted pair line. Comparison of the graphs in ]
Eigu re 4.41 with Figure 4.40 shows that the jitter may increase sign i ficantl y

if threshold offsets occur. For example , with no threshold offset , a data rate of
- - 

12M bits/second , and a line length 100 feet, the percent jitter is gi ven by ]
Figure 4.40 as 5%. However , with a threshold offset of +0.2 V~~, Fi gure 4.41(b)

gives the jitter as 25%, a signifi cant increase. Reference [13] recommends that

84

MCDON NELL DOUOL AM AST ONAUTICS COMPANY ST~ GUllS DIVISION 3
~~ 

-
. - 

~~~T ~~T -: ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
~~

_
~~~~~~_____



- 

~~~~~~r-~~ - - - -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— 

-~~~~~ -w — -
~~~~~

INTEGRATED CIRCUIT SUSCEPTIBILITY REPORT MDC E1998
5 JANUARY 1979

MINIMUM PULSE WIDTH — SECONDS
rn-3 i~~

-
~ 

b - 5  10-6 io-7 iO -8
1000c 

.002 0.3 5 ~~ 
30 

/PERCENT JF~TER

1 _ _ _ _ _ _  _ _ _ _ _ _ _

RECOMMENDED

10 I 1 1 1 1 1 1 1  I 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1
1K 10K lOOK 1M IOM lOOM

NRZ DATA RATE — BITS PER SECOND

Figure 4.40. Signal Quality as a Function of Line Length and Data Rate

systems be operated with jitters less than 0.01% for reliable operation. Data

with jitters greater than 100% are probably not recoverable.
- - 

Information on threshold offsets versus RF power level has been measured

experimenta lly. Eigure 3.7 in this report shows worst case susceptibilities of

five types of line receivers in terms of the threshold voltage offset. This graph

- ~ 
t- i can be used in conjunction with the graphs in Figure 4.41 to estimate the signal

quality in terms of RF power and frequency. The important point for circuit and

system designers is that when systems using line dri vers and receivers and long

transmission lines are require d to operate in harsh electromagnetic environments ,

data transmission rates may have to be slowed in order to ensure reliable data
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c) —0.4 ~~ � Vth � 0.4 Vcc

Figure 4.41. Signal Quality as a Function of Line Length and Data Rate Including -

Effects of Threshold Voltage Offsets -
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:~ 
CHAPTER 5

ELECTROMAGNETIC SUSCEPTIBILITY SEMINARS

Three Electromagnetic Susceptibility Seminars have been held during Phase III

- - of the contract , the last two of wh i ch were held during this increment. The

second Electromagnetic Susceptibility Seminar was held 19—20 October 1977 and had
- -  83 attendees , while the third was held 25-26 October 1 978 and had 46 attendees.
-- All three seminars were held at the McDonnell Douglas Headquarters Building i n

St. Louis , and were jointly sponsored by the Naval Surface Weapons Center!

Dahi gren Laboratory and McDonnell Douglas Astronautics Company-St. Louis.

Although the fi rst seminar was concerned nainly wi th integrated circuit

- - susceptibility , the later seminars also included information on coupling and
- - 

shielding, hardening design , system susceptibility and testing (including shielding

effectiveness testing, l aboratory EMV testing and ful l scale testing) .

Incl uded in the fi rst two seminars were discussion sessions where valuable

feedback was obtained on the Integrated Circuit Electromagnetic Susceptibility

Handbook . Discussions centered around such topics as coupling approaches ,

shielding within electronic systems , RE impedances of integrated circuits , the RF
- 

susceptibilities of devices and technologies that were not specifi cally covered in

the handbook , incl uding  mi cro p rocessors , l ow-power Schottky TTL devices , NMOS,

etc., and the eval uation of interference when more than one interference source

~ 
is present. Wherever possible , the comments that were received in these discussions

L were incorporated into the final version of the IC Handbook.

~ 
[ At the final seminar a special session was devoted to use of the IC Handbook ,

and included specifi c examples of determination of pickup levels , susceptibility

levels for specifi c equipment , and shielding levels required to make the equipment

- , satisfy customer specifi cations.
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Based on our experience with these seminars , i t  appears tha t  the ICES Handbook

has been well received by the EMC community and is currently being used for a

number of EMC related activities. Comments on the handbook have , in general , been

favorable, and most users that have been in contact with MDAC conside r it a -

valuable reference.
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CHAPTER 6

- - CONCLUS IONS AND RECOMMENDATIONS

This report is the final output of the Integrated Circuit Electromagnetic

Suscept ib i l i ty  Invest igat ion conducted by MDAC . The program has been successful

in  characterizing, through both measurements and analytical approaches , the electro-

magnetic susceptibility properties of i ntegrated circuits . The major output of

- 

this investigation was the ICES Handbook , which was published 1 August 1 978. It

- 
summarizes the susceptibility information gleaned during this investigation in a

form which can be readily applied to a variety of EMC design and anal ysis activities.

- - While integrated circuit technology may change rapidly in the coming years ,
- 

and increasingly complex circuits may appear , the basic information contained in

the ICES Handbook is expected to remain an accurate estimate of the susceptibilities

of future integrated circuits . The reason for this is that the present interference

mechan i sm, rectification , is not expected to change with advances in circuit

complexity or technology . The handbook is expected to remain a valuable reference

for many years to come. Based on verbal feedback and on the seminar attendance , the

ICES Han dbook has been favora bly re ce i ved , and is currently being used by the EMC

L community .
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