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PREFACE

The work reported in this document was performed under Contract No. N60921-

76-C-A030 for the U. S. Naval Surface Weapons Center , Dahlqren Laboratory

Dahlgren , Virginia 22448. The McDonnell Douglas Astronautics Company personnel

involved were:

J. M. Roe , STUDY MANAGER

J. R. Chott

C. R. Chubb

C. N. Kohlberg

C. E. Larson

R. D. Von Rohr
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1. INTRODUCTION AND SU*IARY

The work descri bed herein was performed by McDonnell Doug las Astronautics

Company - East (MDAC-EAST) under contract to the U. S. Nava l Surface Weapons

Cen ter/Dahigren Laboratory (NSWC/DL). It is part of an ongoing program seeking to

un derstand high power microwave effects in a cost effective manner. This Integrated

Circuit Electromagnetic Susceptibility (ICES) contract is concerned with microwave

effects in sem i conductor integrated circuits (ICs). This report covers the work

performed in the second of three increments which together form the third and last

ph ase of thi s p ro gram . Th i s ef fort is  d i rected towar d charac ter iz ing  IC susce p t i-

bilities to microwave energy and i dentifying possible means of reducing these

susceptibilities .

The p r imary ou tput of the ICES effort is  an ICE S Susce p ti bi l ity Hand book whi ch

provides IC susceptibility information to system designers . This information

cons i sts of susce ptibi l ity mo de ls  and data . The hand book a lso  contains a com p le te

approach to the Electromagneti c Vulnerability (EMV) problem and a detailed example

of using the IC information to dete rmine the system shielding requirements . During

the secon d i ncremen t, Draft 1 of the ICES Handbook 1 
, wh i ch was i ssued af ter

i ncremen t 1, was reviewe d by potential users . Part of this review occurred at a

seminar hel d i n Oc tober 1976 . In res ponse to the coments rece i ved , the ICES

Han dbook has been revised and Draft 2 is bein g i ssue d i n para l le l  w i th th i s re port .

Th is revision includes new models and updated test data from the work perfo rmed

during the second increment. The review cycle for Draft 2 of the ICES Handbook 2

w ill include an expanded mailing list, and all those who have shown interest in

the IC susceptibility problem will recei ve a copy . Approximately 500 names are

included in the mailing list. Another seminar is planned for the fal l of 1977 for

further review and comment of Draft 2.
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Durin g the second increment the bipolar junction transistor RF effects model

was refined. This model is an Ebers-Mol l model modified to include the RE effects

observed during a large amount of RF testing of diodes and transistors . This model

has been used with SPICE (Simulation Program with Integrated Circuit Emphasis) as

an exam ple of how RE effects in ICs can be modeled using a standard circuit

analysis program.

The study of damage susce ptib il i ty was comp leted i n the second i ncrement. A

lar ge testing program was performed to study each damage mechanism - junction

fa i lure , metal l ization failure , and bond wire failure. Al so a general worst case

model was generated for each mechanism based on heat flow from the failure site.

The feasibility of various susceptibility reduction techniques was reviewed

during this increment. The value of device screening and circuit design techniques

require further study as the modeling effert continues . However the use of lossy

materi al , such as ferr ite, as a susceptibility reduction technique, appears to be

impractical at this time .

11
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2. IC SUSCEPTIBILITY HANDBOOK REVISION

Durin g increment one , Draft 1 of the ICES Handbook was desi gned. It was

issued to potential users for their comments, cr it icisms , and suggestions as to

content and format. During increment two , the users responded in a generall y

favorable manner to Draft 1 with specific comments and suggestions. Their

responses have been incorporated into Draft 2 wherever possible. Also the modeling

an d test data have been updated to incl ude the work performed during the second

i ncrement .

2.1 System Considerations - From initial comments it was obvious that a detailed

example for using the IC Susceptibility Handbook was needed. Therefore, the

follow ing example showing how to determine the system shielding requirement s wi th

a g iven EM environment was created and presented at Seminar I.

Elec tromagnetic environment levels (in terms of power density , 
~~ 

are

determined according to the stockpile to end of service life cycle of the system

of i nteres t, an d a table or graph of required test levels is usually included in

contractual documents . A possible environment level for this example is shown in

fi gure 1.

An unsh ielded wire or cable will pick up various amounts of power from such

env ironments according to such variables as frequency , aspect angle, terminat i ng

impedance , etc. One method for determining the maximum amount an unshield ed wi re

will pick up is given by the formula:

P 0.13

• where x is the wavelength of interest. From this formula , the maximum amount of

power expected on system wiring in the given environment can be calculated. This

result is also illustrated in figure 1.

Figure s 2 and 3 repeat the maximum power levels expected but also add component

information which is available in the handbook. In partic ular , fi gure 2 shows the

3
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POWER DENSITY

- 1o5 - __________________________

FREQUENCY — GHz

Figure 1 Sample Calculation of Pickup Power From Given Power Density

wors t case burnou t levels ever observe d for IC burnou t. It i s clear tha t, in the

absence of any shielding, burnou t i s quit e poss i bl e across a lar ge fre quency ran ge ,

and some sort of protection in the form of shielding (either enclosure or cable , or

both ) or f i lter i ng i s requi red to guaran tee that componen t burnou t w i ll not occur .

The amount of protection required is indicated by the separation of the two curves

on this logarithmic plot. Fi gure 3 shows similar resul ts for interference effec ts.

T he deg ree of overall sys tem p rotec ti on requi red for this exam p le is summar i zed

in figure 4. Many options are available to meet such requirements including:

splitting the shielding requirements between enclosures and cables , fi l tering,

isolat ion of part icularly sensi t ive circuits , etc.

4
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Figure 2 Sample Determination of Shielding Required for Burnout Protection

10~ 
- - - - -  - - -

::: PICKUP POWER

• ~ t o 2 
SHIELDING REOUIR EMEr’JT

WORST CAS E I
• ~ 10 DI G ITAL .“~~~~~~ I ..“0. SUSCEPT IB ILITY

—~~~
-

~~~~~~

-- ~~0

• b.--- ~1I 
— — — —

0.1 WORST CASE
LINEAR I

SUSCEPTIBILITY - -
~~ 

I
• .. 0.01 

_______________________________

0.1 1 10
FREQUENCY - GHz

Figure 3 Sample Determination of Shielding Required for Interference Prot ection
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Figure 4 Sample Requirements for System Shieldi ng

2.2 Component Suscept ib i l i ty  Information Requirements - In the suscept ibi l i ty

information section of the revised handbook there have been several major changes

whi le  some things remained the same. In Draft I, use of a worst case approach to

suscept ib i l i ty  was proposed. Potential users who were questioned concerning this

• approach approved it and so it w i l l  remain the corners tone of the suscept ibi l i ty

information , both for the modeling and test data. Some of the items that have

undergone changes in Draft 2 are : ( 1) the individual graphs showing the data

spread by frequency have been removed; (2) all graphs and models have been changed

from absorbed RF power to estimates of minimum RF power; (3) the susceptibil ity

cri teria for digital devices have been changed and (4) the composite graphs for

digital devices with high and low output states have been combined into one graph.

6
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The indiv idual  graphs which showed the data spread for each frequency have

been removed in answer to severa l comments that they were confusi ng and unnecessary .

Ori ginally these graphs were provided to give the desi gners some idea of the best

case susceptibility for the ICs but they were interested in the worst case suscepti-

bility . Since the wors t case susce ptibility levels were shown on the composite

graphs , the composite graphs were retained and the individual graphs deleted .

For the worst case approach adopted in the handbook , the quantity of interest

is the m inimu t i amount of power (defined as power ava ilab1~ from the source ) which

will produce the unacceptable component response. The estimates of minimum power

contained in the handbook are derived from measurements on statistical samples of

IC s an d on theoreti cal cons i derati ons based on physi cal mo dels . The data measure d

with the measurement scheme described in Chapter 4 of the handbook ~ust have the

dependence on the measurement technique removed because it is rec 4 nized that the

IC suscept ib i l i ty  level may depend upon the driving impedance of the r.. crowave

source (whethe r a l abora tory source or a cable or wi re exposed to a microwave field).

One useful approach is to dete rmine the amount of power dissipated within the

package since it can be postulated that reflection losses and external dissipation

losses could be minimized under suitable tuning conditions. Likewise , the failure

models are deri ved in terms of power dissipated in the failure site. The use of

absorbed power as an estimate of minimum power is conservative since it is probably

not possible to match the driving source to a nonlinear load such as a semi-

conductor junction; and it is likely that losses in diverse parts of the IC chip are

inevitable. To minimize the very real danger of producing over-cautious estimates ,

the degree of conservat ism in the handbook predictions has been estimated and these

estimates are made clear to the reader and user of the handbook.

The format of the compos it e graphs also b rought comment from des i gners . It was

suggested that whichever output state is susceptible for digita l devices is i rre-

7
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levan t, anu onl y the worst case suscepti bi l i ty i s important. Therefore the

composite graph for TTL devices and the composite graph for CMOS digital devices

i nclu de both the hi gh and low output states. Draft 1 had separate composite graphs

for each output state, but Draft 2 has one graph which includes both states . The

susceptibi l ity criteria for these two-state composites have also been changed to

reflect both states and to make the cri teria more useful. The Draft 2 cri teria

are ti ed to speci fi cati on lim it s whereve r possible . For example , i n the case of

TTL devices the criteri a were 0.4, 0.6 and 0.8 volt for the low output state and

2.4, 2.2 and 2.0 volt for the hig h output state in Draft 1. In Draft 2 the

combined criteria values are 0.4 or 2.4 volts (the guaranteed specification limit

for low or hi gh state), 0.8 or 2.0 volts (the edge of the 0.4 volt noise margin),

and 2.0 volts or 0.8 volt (which is a guaranteed switch from the low or high state),

~‘espective ly. Figures 5 through 7 show the revised composite graphs as they

appear in Draft 2.
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Figure 5 Worst Case Susceptibility Levels For TTL Devices
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Figure 6 Worst Case Susceptibility Levels For CMOS Digital Devices
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In Draft 2 several interference models have been presented , i nclud i ng a

bipolar junction transistor model with RF effects , wh i ch can be used wi th a ci rcu it

anal ysis program to model ICs , and an op amp input model . These models are

intended to serve as analysis tools for the designers who want to go more deeply

into the susceptibility problem than is possible using the worst case data presented.

The bipolar transistor model with RF effects is an Ebers-Mo ll model modified

to i nclu de the effects of the RF. This model is descri bed i n deta i l in Chapter 3.

The op amp input model uses an offset generator in the inverting input lead to

simulate the RF effects on the input circuitry . The translation from RF power to

input voltage is empirical in Draft 2 and is presented in detail in Chapter 3.

Damage models are also presented in Draft 2 which were not in Draft 1. There

is a mode l for each damage mechanism - junction failure , metalliza ti on failure , and

bond wire failure. Since these mechanisms are thermal , each model i s deri ved from

the heat flow equation with differing boundary conditions. These models are

presented in Chapter 4.

Draft 2 of the hand book con tai ns a statement recommend i ng caution when mak i ng

the complex measurements required to determine integrated circuit susceptibilities.

Three Particularly error-prone areas are noted : uncertainty in calibrations due to

the presence of harmonic signals , the problem of determining small di fferences

between two large numbers when the uncertainties in the large numbers are on the

same or der as the di fference , and instrumentation problems associated with changing

RF impedances within the device unde r test (especially during failure testing).

Different means of treating these problems in the measured data must be applied

in order to obtain the best estimate of the quantity of interest (usually minimum

power to produce a given effect).

• roblems due to the presence of harmonic signals are particularly difficult

to handle. Coupling coefficients , losses , and crystal detector calibrations are ‘H

10
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all frequency dependent. The magnitu de and relative distributio n among the

var ious harmonics depends upon the device under test and the power level of the

fundamen tal sig nal i njected . It would seem possible to cal ib rate all cou p lers an d

losses at many frequencies and to measure the harmonic content of the reflected

and transmitted signals, but such an approach appears to be prohibitively expensive.

The most di rect solu ti on app ears to be use of inciden t power actuall y measure d as

the best indicator of minimum power when harmonic problems are severe .

The task of determi nin g the amoun t of power absor bed i n the devi ce under test

is basically a matter of subtracting power reflected , transm i tted, and absorbed in

known losses in the test fixture from the incident power. Occasionally, a dev i ce

is encountered which produces such mismatches in the system as to make the sum of

the reflec ted , transm i tte d , and absorbed powers exceed the measured inc id ent power.

In suc h cases , the uncertainties in the measurements and calibrations (probably

ai ded by the harmonic problem discussed above) overwhelm the expected result and a

negative absorbed power i s calcul ated. Two app roaches are used to extract useful

results from such data. The fi rst i s to estimate the amount of power absorbed

i n the dev i ce un der test p lus the test fi xture . Th i s method accounts for the power

reflec ted and transm i tted wh i ch i s obvi ously not absorbed in the dev i ce. I f the

harmonic problem is still significant , the second option is to use measured

incident power as the best estimate of minimum power.

During sing le pulse testing (as in the failure testing), i t i s necessary to

sam ple and hold the values of the reflected and transmitted signals to permi t

acqui ring the data. During failure testing especial ly, the im pedance of the

dev ice under test can change (at failure ) enough to cause the reflected and/or

transmitted values to change during the pulse. Ideally, the test setup could be

instrumented to provide either a time-history of each signal (as would be obtained

from an oscillogram for example ), or an adjustable-gate sample and hold could be

11
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emp l oyed. Both of these schemes have been imp l emented in other programs , but the

num ber of channels required (11) in the IC program makes such arrangements

prohibiti ve .

For the pulse testing performed duri ng the failure testing segment of the

program, sim p le peak detectors were employed on the transient signals so that when

impedance changes occurred at failure that caused larger signals than before failure ,

errors were introduced. This problem can be satisfactorily circumvented by per-

form i ng additi onal data process i ng on the total data sample. The Bruceton test

technique used in the failure testing typically produces failure in only 50% of the

test sample. It is in this part of that data that the absorbed power is uncertain.

By using the mean absorbed power in the no-fail data , the mean absorbed power in

the failure data can be estimated.

The preliminary MOSFET model presented in Chapte r 3 is not ready for the

handbook at this tiri~e. More effort is required to study the RF effects on the

MOSFETs , both testing and analysis, before a final model is ready to be i ncorpor-

ated into the handbook.

2.3 Outline Revisions - There is one major outline revision in Draft 2 of the ICES

Han dbook which occurs in Chapter 2. The breakdown of Chapter 2 was by device class

in Draft 1 , (digital devices and linear devices). Each class of devices had its

own interference and damage section. During the extensive testing performed in

tne second increment , all types of damage data were grouped together, and the next

lo gical step was to revise the outline according to the type of susceptibility

(interference and damage). This revision was accomplished wi th the class of device

as the subheading for the interference section and the damage section covering all

ICs .

2.4 Fur ther Review Planning - In order to obtain the maximum number of reviewers

for Draft 2, the external mailing list has been expanded . All those who have

12
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ex p ressed an interest in the IC susceptibi l i ty problem w ill receive a copy of

Draft 2 of the handbook for review and coment. In addit ion another seminar is

planned for the fall of 1977 to get conments of users firsthand along wi th any

suggestions for the th i rd and fi nal draft of the handbook wh i ch wi ll be i ssued in

1 978.
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3. INTERFE RENCE EFFECTS

The goals of the interference effects investigatio n are twofold: 1) to

catalog the interference effects in integrated circuits to provide usefu l informa-

tion to system designers , and 2) to gain a more complete understanding of the origin

of these i nterference effects. Regardin g the first goal , the susceptibility of the

TTL fami ly of digit al devi ces and of bip olar operational amplifiers has been studi ed

in detail in previous reports3’4’5. This report adds information on line driver !

recei ver pairs an d CMOS d i 1 i ntegrated circui ts. In regard to the second goal ,

the understanding of obseI- vt~ i nterference effects has i ncreased to the poin t where

it i s now possi ble to form models for the i nterference effects i n in tegrated ci r-

cu it s. The i nterference mechanism , wh i ch has been documented previousl y3, is the

recti fi cati on of RE sig nals i n the pn junct i ons of the i ntegrated ci rcu it s. Starti ng

wi th the simplest sem i conduc tor dev i ces, models are shown for the recti fi cati on

effects in diodes and transistors , then the models are extended to 4-layer inte-

g rated circuit construction devices and MOSFET devices. Using a computer program

i ntende d for ci rcu it anal ysi s , the transistor model i s app lied to model the case of

RE entering the output of a TTL device , wit h the output i n a low state. Op amps

are modele d for the case of RE entering the input by using a small -sig nal type of

app roach.

3.1 Large Signal Rectification in PN Junctions - Previous investigation of the RF

in terference phenomenon in integrated ci rcuits has identified rectification of the

m i crowave sig nal in pn junc tions to be the primary mechanism 3. However, small

sig nal detection theory does not adequatel y account for many of the effects

observed since the microwave signal may be of large amplitude. A large -signal

rectification theory has been developed, based on a time-domain analysis of

junc ti on waveforms .
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3. 1.1 Measured Recti f icat ion in Diodes — Fig ure 8 shows a plo t of the measure d

I-V charac teristics of a lN9l4 diode and the base-collector diode of a 2N2369A

trans istor (emitter open) for varying levels of RF powe r at 220 MHz. The effect

of the RF power is to cause the portion of the diode curve below the knee to rise

because of increased current flow due to rectification of the RE signal .

The diode characteristic curves were measured using the test setup shown

schemat ically in figure 9. The diode was placed in a microwave test fixture

dur ing the test. Microwave energy was conducted into the diode through bias units ,

which allow the d i ode to be bi ased as desired.

3.1.2 Time-Domain Calculation of RF Effects in Diodes - A time-domain calculation

was performed to study lar ge signal rectification in diodes. A suitable model was

chosen for the d i ode, and the ex ternal ci rcu it of the measur i ng system was modeled

in a simp l i fi ed manner to ena ble a computer calcula ti on of the expected rectif i cation

in the diode .

The diode model and modified external circuit are shown in figure 10. The

diode mo del cons i sts of the ser i es resis tor R5, junction leakage resistance

a nonl inear diode junction D, and capacitance C. The relation between the current

through D, and the junction voltage ~~ is

i~ = I0(exP(Qv~) 
— 1)

where I
~ 

is the junction reverse saturation current , and Q i s a constant with units

of vol ts~~.

The capacitance of a diode junction varies with the junction bias . When

reverse biased , this capacitance , prim arily transition capacitance , is given by6

(
~ 

- vj )n

where C~ is a constan t capacitance ,

16
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Figure 8 Measu red Diode Characteristic Curves fo r Varying Levels of RF Signal at 220 MHz
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Figure 9 Test Setup for Measuremen t of Diode Characteristics Curves Under RF Influence
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Figure 10 Diode Model and Modified External Circuit for
Time —Domain Rectification Calculations at 220 MHz
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~ is the junction contact potential (which is between 0.6 and 1 volt for

most s i l icon devices , and

n is the juncti on grading constant (generally between 1/2 and 1/3).

When the diode is conducting , the capac itance (now mainly dif fusion capacitance)

is approximately proportional to the diode current and is given by
6

C = QT dIO exp (Qv~ )

where Td is a constant wi th units of seconds .

When the diode is forward biased , the diffusion capacitance can become quite

large. On the other hand , for the reverse biased diode , the trans i t i on ca pac i tance

i s rather small for most devices , and does no t vary greatly over the range of

reverse bias vol tages. Therefore , for the time domain model , the capacitance was

simplified to

C = C0 + QTdIO exp (Qv~)

where C 0 is a cons tant capacitance that approximates the diode transition capacitance.

The relationshi p between the charge , q, stored i r l  a capacitor and voltage

across it , V j~ is

q = Cv~.

After diffe rentiation , the capaci tor current, IC, becomes
- dC dv~ dv~1c~~~~~ 

—
~
E- vj +C— .ai

so ,

dC dv~i C 
= ( V j  ~~~~

— + C) —
~~

-
~~

-

The circuit external to the diode model consists of an ideal dc voltage source ,

an ideal sinusoidal RF voltage source, and a resistor and inducto r in parallel . The

RF source has a voltage waveform given by

V = V5 sifl~t

I
19
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where V5 is the voltage amplitude , w is the anqi:lar frcq ency of the waveform ,

— and V~ = I8(50~ )P , where P i s the RF power.

Due to the widel y different time constants of the two legs of the bias units

used in measuring rectification , i t i s d i ffi cul t to perform a ti me doma i n calcula-

ti on wit hou t requ i ri ng large amoun ts of computer time . For th i s reason , the bi as

un its were not modeled , but a c i rcu it that perform s a sim i lar function as the b ias

units was implemented instead . Basical ly,  the bias units separate the diode

terminals into microwave and low frequency lines . The microwave lines have a

microwave t ipedance of 5O~:, while the dc lines have an impedance of practically zero

at low frequency. It was desired to retain this characteristic in the time-domain

modeling. The parallel resistor and inductor combination shown in figure 10 does

this. At the frequency of the RF source , the i nductor has a h i gh im pedance , wh i le

at dc , the inducto r acts as a short . The effect of this ci rcuit is to have a

resistance of 5O~ for the RF source , and a resistance of 0 at dc. The value of the

inductor , 0.43 .1H , wa s chosen to y ie ld high impedance at 220 MHz , yet give the

circui t  a sett l ing time short enough to permit reasonabl y fast computer calculations.

The time—domain solution involves solving two simultaneous differential

equat ions , since there are two charge-storage elements in the circuit .  The Runge-

Ku tta method was used to find the time domain solution from two initial conditions.

The values of interest are i 0, defi ned as the average curren t throu gh the di ode ,

and ‘1D, the average voltage across the diode. A trapezoidal integration was

performed on these values over one period , after which the average ‘D and VD were

computed. The value of vD was compared with vDC. and if the two were not with in a

gi ven tolerance , generally 0.001 volt , the p rocess was repeated un til i t could be

assumed tha t the ini ti al trans i ent had died out .

A time domain calculation was performed on a lN9l4 diode and the B-C diode of

a 2N2369A transistor using the parameters shown in table 1 for the diodes . The

20
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values of R5, ~~ I
~ 

and Q were obta i ned from refer ence 3. T he value of C0
corresponds to values listed in semi conducto r data books . The value of Td was

chosen for the lN91 4 diode to yield a value for of 20.8 mA when V D = 0 and P =

380 mW , to agree with the observed case. The value of Td for the 2N2369A base-

collector diode was obtained simi l iarly.

Table 1 Model Parameters for Time-Domain Rectification Calculations

PARAME tER 1N914 DIODE 
COLLECTOR DIODE

R5 2.6~2

Rp 347Kg 36OK~

7.4 nA 60 nA

0 19.9 VOLTS 1 15 VOLTS

C0 2pF 4pF

0. 43 nSEC 0.37 nSEC

.

Figure 11 shows the diode I-V characteristics predicted by the time domain

model for the 1N914 diode and the 2N23 69A base -col lector  diode at 220 MHz. The

curves have very nearly the same shape as the measured curve of figure 8 , indicat-

ing that a time—domain calculation works well in analyz 4ng lar ge si gnal rec ti f i cat i on

of diode junctions.

As the frequency i ncreases i nto the gig ahertz regi on , it has been observed

that interfe rence effects in integ:’ated circuits generall y decrease3. The time-

domain model can be used to analyze the effect of frequency on rectification.

Figure 12 shows the calculated diode character ist ic  curves at 910 MHz and 3 GHz for

the 2N2369A base-collector diode (emi tter open). The plots indicate that the

amoun t of rectified current decreases as the frequency increases . They agree well

with measured rectification of the 2N2369A base-collector diode at 910 MHz and

3 GHz (not shown).
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b) 2N2369A BASE-COLLECTOR DIODE (EMITtER OPEN)

Figure 11 Diode Characteristic Curves From Time-Domain Calculations at 220 MHz
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The decrease in rectified current with fren oncy is bown grap hicall y in

figure 13. Plotted is the amount of rectified current produced by a 2N2369A base-

collec tor diode at an RF power of 80 mW and V D 
= 0. The rectificat ion can be

computed for the new driving impedance . This has not been done , but some study of

the effmct of driving i m pedance i s planned for the future .

10 _  _  _

0.1 
______________ ______________-

10—1 100 101 io2 io~
FREQUENCY — MHz

Figure 13 Rect if ication Current as a Function of Frequency for th e 2N2369A
Base-Collector Diode (RF Power = 80 mW and VDC

The time-domain rectification model can also be used to study the effects of

different RE driving impedances. By replacing the 50 ohm resistor wi th the observed

or predicted RF driving impedance , and performing the ca l culations, the amount of

rectif ication can be computed for the new dri ving impedance. This has not been done

but some study of the effect of driving impedance is planned for the future .
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3.2 RF Erfects in Transistors - Transistors respond to RE si gnals through rectifi-

cation which occurs in the base-emitter and base-collector junctions . The effect

of the rectification is to make the transistor characteristic curves appear to

change. It is probable that a time-domain type of calculation would account for

the effects , but this approach would be unwieldy and of little practical use. In

the following sections a transistor model is developed wh i ch is both powe rful and

practical. It can be used with existing computer-aided circuit analysis programs

to analyze interference in circuits. An extension of the method allows an analysis

of RF effects in 4-layer pnpn structures.

3.2.1 Interference Effects with RF Conducted into Collecto r - In order to under-

stand the interfe rence effects produced as RE enters the output of a TTL device ,

it is important to study the effects of RE conducted into a transisto r collector

lead. Figure 14 shows the 1 C vs V CE curves for a 2N2369A transis tor with a 220 MHz

CW sig nal conduc ted i nto it s collec tor . Figure 15 shows a si m i lar set of curves

for a 2N2222A transistor. For both transistors , the effect i s a decrease i n

collec tor current at low VCE~ 
At hi gh v CE, the collecto r current is relatively

unchanged. For the 2N2369A , the collec tor curren t decreases nearl y to zero at low

vCE~ 
so that it appears that the 1 C vs VCE curves have moved to the rig ht. For the

2N2222A, the collec tor curren t decrea se i s less rap id , so tha t the effect is to

cause the curves to become more rounded in the saturation region . These two effects

are typical of the response of all transistors observed to date for RE energy

conducte d into their collectors .

An observation can be made at this point. Since the greatest interference

effect occurs at low vCE, it appears that transistors biased at high VCE are less

susceptib le to RE energy conducted into their collectors than transistors bi ased

at low vCr. Th is rule of thumb suggests that biasing transistors to operate at

hig~i collector-to -emi tter voltages wil l result in circuits less likely to exhibit

i nterference .
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Figure 14 Measured 2N2369A Transistor Characteristic Curves with 220 MHz Conducted into the Collector

(0.05 mA Base Current Steps)
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3.2.2 Mcdel i ng Interference Effects with RE Conducted into Collector - In modeling

RF effects i n trans i stors , the app roach taken was to s tar t w it h an ex i st i ng
trans i s tor model , the Ebers—Moll representation , and mod i fy it to account for the

RE ef fec ts.

Figure 16 shows the standard Ebers-Moll model for an npn transistor , where

the characteristics of the t.~o diodes are given by

‘F 
= i OF (ex p (qv~~/KT) — 1),

= IOR (exp (qv~~/KT) - 1),

and and 10R are the di ode reve rse sa turat i on currents .

Little interference effect occurs at hi gh vCE~ so it is approximately true

in this reg ion that

=

where ~ is forward current gain measured when no microwave energy is present. This

suggests that , in modifying the Ebers -Moll model , the values 
~ 

and be kept

cons tant at their dc values.

Hol ding the alphas constant for varying values of RE power requires the I-V

charac teristics of the two diodes in the Ebers-Mol l model to change to account for

the observed effects .

The diode I-V characteristics can be calculated at a given RF power from

measurements of i C, i 8~ vCE~ and VBE . Referr i ng to figure 16 , node equati ons

wr itt en at the base and col lec tor of the trans i stor are

‘B 
= (1 - c

~F
) ‘F + (1 - 

~~ 
‘R

‘C 
= 

~F ‘F 
- ‘R

Solv i ng for the two di ode currents , i F and ‘R’ yields

— 

i B + (1 - ciR) ‘C
‘F 

— 

1 - 

~F
aR

~F~B - 
(1  - cx F) i~ 

-
= 1 - 

~FclR
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~~~~~~~~~~~~~~~~~~~t ’ R 
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~~~
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Figure 16 Standard Ebers -Mo l l Model b r  NPN Transistor

Also , the base-collector voltage is given by:

vBC vBE - VCE .

Measurement of the dc componen ts of 
~~ 

i B~ 
V CE an d VBE allows one po i nt on eac h

of two “inferred ” diode curves to be calculated: (vBE, ‘F~ 
and (VBC, ‘R~ 

Keep ing

the RE power constant and varying the transisto r operating point allow both

diode I-V curves at that power level to be determined.

The 2N2369A and 2N2222A data of figures 14 and 15 we1’e measure d on an automated

test system which simultaneously measures 
~~ 

i B, vCE~ and v BE~ as well as other

parameters . Using the values of = 0.9895 and 
~R 

= 0 calculated from measuremen ts

of the 2N2369A forward and reverse betas , the inferred di ode curves were dete rmi ned

from the 2N2369A data , and are shown plotted in figures 17 anc’ 18. The curves are

plotted as discrete points because each point is calculated from the transistor
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Figure 17 2N2369A Base-Emitter Inferred Diode Curves with 220 MHz Conducted Into the Col lecto r
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Figure 18 2N2369A Base-Collector Inferred Diode Curves With 220 MHz Conducted into the Collector
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curren ts and voltages at a single bias conditi’~ The ~~~~ were ~~ 1 - 1 
~ted from

the transistor curves where ‘B 
= 0.2 mA. The inferred diode curves show considerable

hea ti ng effec t because the automated test system i s una b le to “swee p ” a curve as a

curve tracer ; it is much slower and causes considerably more heating in the transis-

to r.

The 2N2369A base-emi tter inferred diode curves of figure 17 show the diode at

24 mW and 90 mW of RE power incident on the collector. Figure l7a shows a typical

diode characteristic, with a sharp turn-on at about 0.8 volt , and little conduction

below that. The reverse slope between points “A” and “B” i s a thermal effect and

will be discussed later. As the RF power increases , the knee becomes less shar p,

fol ding up in an almost linear region between the non-conducting and conducting

regions of the diode . Notice also that at 90 mW of RE power (figure l7c) the base-

emitter breakdown comes into view at about —5.4 volts . This breakdown occurs

because the transistor avalanche breakdown point appears to move to the right with

increasing RE power.

The 2N2369A base -collector inferred diode curves shown in figure 18

corres pond to the same RE powers as the curves of f ig ure 17. Fig ure l8a shows a

sharp diode turn-on at about 0.5 volt. The rather large reverse currents (up to

U.0~ mA) are partiall y a heating effect , and will also be discussed l ater. As the

RE power is increased , the diode knee appears to move to the left .  The heating

effec t i s s ti ll p resent i n the points to the left of the di ode knee , evidenced by

the slope in these points. At 90 mW of RE power (figure l8c) there is a second

break point at -4 volts and 0.2 mA , where the curve appears to flatten out , giving

the whole curve an “S’ shape . The two points at the upper right of the curve occur

when the transistor is breaking down , and correspond to the points when the base—

emi tter diode breaks down . Ordinarily tne base-collector diode current becomes

clampe d at the base current because the base-emitter diode is reverse biased (and
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= 0), 0nd any vCE chan ge i s reflec ted i n a chan ge i n reverse voltage of th e base-

eiii itter diode . However , when the base-emitter diode breaks down , i t conduc ts and

it s vol tage becomes clam ped at the b reakdown vol tage. A chan ge i n v CE mus t

therefore be reflected in a change in VBC~ Since the Ebers-Moll model does not

accoun t for breakdown , these po i nts are art i f i c i al . For a t rans - s tor  opera ti ng on

a typical load line , the breakdown region will rarel y be a reg i on of opera tion ,

even considering RE stimulus . In view of this, the breakdown region of the diodes

wi l l  not be mode led.

In analyzing the heating effects , conside r firs t the reverse slope of the

conduction region of the base-emitter diode (figure 17a). For a silicon diode

con duc ting heav i ly i n the forward regi on the curren t i s

i 10 ex p (v /VT)

where the reverse saturation current I~ is given by7

= K1 T
1 5  exp (-v GQ/vT)

where K1 i s a cons tant,

I i s tempera tu re i n deg rees Kelv i n,

VT is = 
11 ,600 and

VGO is a voltage which is numerically equal to the forbidden gap energy in

elec tron volts. For constant i ,

= 

v - (V GO + 1.5 VT) (1)

Temperature measurements were made on the 2N2369A transistor when no RE energy

was applied. When biased at vCE = 7.00 volts and i C 
= 23.0 mA , which corresponds

to the largest power dissipated in figure l4a , 160 mW , the transisto r reac hed a

stable case temperature of 118°F (321°K) . When the transistor was biased at a

-- ‘1CE of 0.328 volt and of 15.6 mA , only 5 mW was dissipated , and the transistor

can be assumed to be at the ambient temperature , 72°F (295°K). The points labeled

“B” (VBE of 0.7519 volt , i F of 23.2 mA) and “A” (VBE of 0.79 volt , ~F of 15. 6 mA)
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i n f ig ure l7a corres pond to these two temperatures , respectively. The voltage

decre ase from point A to B is 0.0381 volt , as the temperature inc reased 46°F (26~C).

At “A” v is 0.79 volt and I = 295°K, so from (1)

dv 
~ ~~

mV
dT ~~. J.J O~~

The predicted ~v woul d be

= AT = 0.0403 volts ,

which is very nearl y the observed voltage change.

Eor a reversed biased silicon diode , the reverse current is composed mainly

of transition-layer charge-generation current , wh i ch var i es wit h both bias vol tage

an d temperature . The current is proportional to the square of the reverse bias

vol tage8. The temperature dependence is given by

= K2T
1
~
5 exp (-V G0/2V T)

where K2 is a constant. 7

As the tempera ture increases from 72°F to 118°F, this relation predicts that

wi l l  increase by a facto r of 7.80 . The large reverse current observed in

figure 18a as the reverse bias voltage increases is probably due to both the

voltage -squared var iat ion and heating effects.

Since heating effects are not the subject of this report , litt le more w i ll be

said about them. However , an awareness of these effects helps interpret the

i nferre d d i ode curves shown earl i er .

The approach used to model the inferred diode curves of figure s 17 and 18 is

shown i n f i gure 19. Each of the diode I—V curves has a somewhat piecewise linear

behavior which can be approximated by surifih ing the two curves shown in figure 19.

The solid line represents the dc diode characteristics , wh ile the dashed line

represents the effect of RF energy on the diode. The latter is piecewise linear

in behavior and is defined as zero current for voltages below some voltage , vOC~
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and i ncreas i ng curren t w i th a slo pe of ~~
- for voltages greater than VOC. The sum is

a curve with approximately zero current below vOC~ i ncreas i ng curren t wi th a slo pe

of ~~
- between VOC and vTURN ON~ and sharply increasing current above VTURI~4 0N. The

curve intercepts the current axis at a value of short-circuit current, ~~~

The similarity of the sum to the curves of figure 17 is evident, but the

simi lar i ty to the curves of figure 18 is more diff icult to see. The curves of

fi gure 18 can be thought to have a large slo pe -
~~~, and a large i~~, say 20 mA. In

this way , both the base-emitte r and base-col lector inferre d diodes of the 2N2369A

can be modeled in the same fashion.

,
/

/SC~
_
\

/

SLOPE = 1

7” 0 v
V OC

~ TURN-ONI V DIFF

Figure 19 Approach Used to Model Diode Curves

A circuit which realizes the curves of figure 19 is shown in figure 20. Dio de
Dl is assumed to be the dc diode , hav ing a current-voltage characteristic given by

‘Dl = I
~ 

(exp (qv~1/ kT ) - 1)

where ‘0 is the diode reverse saturation current. Dl produces the sol id line of

figure 19 , wh ile the left branch of the circuit produces the dashed line. Diode
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D2 acts as a switch , allow ing current to flow through the Norton equivalent only

when it is “on ” . The volta ge at which the diode turns on is determined by the

open circuit voltage of the Norton equivalent , i xR. Diode D2 conducts whe n the

vol tage across it is greater than its own turn-on voltage , VTItRN ON , which occurs
2

when
vOC = v IURN ON - i xR.

When v is less than vOC~ the current thro ugh the left b ranch is essen ti ally zero.

For v greater than VOC~ the current through the left branch is

i D2 
- iX + (v - VTURN ON )/R.

E~~1
R

Dl v

iD2~ 

D2 

~D1

Figure 20 Circuit Model of Diode under RF Influence

Usuall y it can be assumed that diodes Dl and D2 have the same characteristi cs , so

that
VTURN ON = V IU RN ON

and the voltage , VDIFF~ of figure 19 is ii
VDIFF = i xR.
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The Norton generator elements , iX and R, are functions of RF power and

frequency . Experimental results show that , in general , R is constant for diffe rent

RF power levels at a given frequency , but that i X varies wi th the microwave power

l evel . A relation for that gives good results is

ix

where

V DIEF X /BR gP RF

and R
9 

i s the real part of the RE genera tor i mpedance in ohms , and i s the

ava i la b le RE power i n wa tts , an d X is a constant of proportionality . Note that

with no RF powe r, i~ = 0. In the forward conduction region wi th no RE power the

model essential l y acts as the dc diode , Dl , because res i sto r R limi ts the curren t

that can flow through diode D2. In the reverse region , the reverse curren t wil l

be approximately double that of the dc diode . This difference is not thought to be

significant. The diode mode l is accurate both when RE ener gy is p resen t and when

it is removed.

Table 2 l ists the diode model parameters obta ined from a best fit to the

2N2369A base-emi tter and base-collector inferred diode curves at 220 MHz. The

generator i mpedance , Rg~ is 50 ohms. The diode curves that result when using these

parameters are show n in figure 21 for a range of RE powers at 220 MHz. Compar i son

with figures 17 and 18 shows the accuracy obtained by using this simple diode model .

The diode model of figure 20 is adequate for modeling discrete diodes under RE

influence , such as those discussed in Section 3. 1 as wel l  as the inferred diodes

discussed here . This might be done , for exam p le , when anal yzing the interference

effect that might be produced in a circuit containing diodes , where a time—doma in

calculat i on would be overly difficult and time-consuming .
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Table 2 2N2369A Inferred Diode Mode l Parameters

220 MHz CW RF POWER CONDUCTED INTO COLLECTOR

BASE-EMITTE R DIODE:

‘OF = 9.36 x io_ 16 AMPS

RE = 180~2

X E = 0.12

BASE-COLLECTOR DIODE:

10R = x 10— 15 AMPS

RC = 190 &~

X C = 0.72

By inserting the diode model into the Ebers -Moll representation , a model for

the transistor wi th RE stimulus is obtained. Figure 22 shows the modified Ebers-

Moll transistor model. Using the parameters derived for the 2N2369A diodes , the

transistor vs VCE curves can be re traced . The resul t i s s hown i n f ig ure 23.

The agreement with the curves of figure 14 is good.

A s imi lar  analysis can be perfo rmed on the 2N2222A transistor. The inferred

diode curves are shown in figures 24 and 25 for the 2N2222A base-emitter and base-

collector di odes , res pec tivel y. No ti ce the hea ti ng effect evident i n the reverse

slope of the base-emitter diode forward conduction region , and the lar ge reverse

currents in the base -col lector diode. Superimposed on these are the results of

using the diode model of fi gure 20 using the parameters l isted in table 3. The

resulting transistor curves from the modified Ebers -Moll model are shown in

fi gure 26. These curves are a fair approximation to those of figure 15. Notice

~ia t the saturation region does not show the continuous curve seen in figure 15,

but is approximated by a straight-line region. This difference results from
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— Figure 21 Simu lation of 2N2369A Inferred Diode Curves w ith 220 MHz Conducted Into Collector
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r 

_ _ _ _ _ _ _ _ _ _  

+

V BC ‘ XCcL. 1

~~
RC

I ‘ R
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‘ F

VBE 
aR i R ( 

XE~~~ 
~~~

L

Figure 22 Modified Ebers -Mo II Model for a Transistor Undei RF Influence

modeling the inferred diode curves with a linear region at the knee due to the RE

energy. The base-collector diode , especiall y, is insuffi ciently modeled by a

l inear region. The given transisto r simulation is fairly accurate compared wi th

the measure d case , an d is straightfo rward to implement. If desired , a better

simulation could be obtained by approximating the diode curves with a more complex

function. I
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Figure 23 Simulation of 2N2369A Transistor Characteristic Curves with 220 MHz
Conducted Into Collect or (0.05 mA Base Curr ent Steps)
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Figure 24 2N2222A Base-Emitter Inferred Diode Curves with 220 MHz Conducted Into Collector
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X s — INFERRED DIODE 
-

SOLID LINE - DIODE MODEL

4 2
E

1-

F I I I I I I 4 — I I
—8 —7 —6 —5 —4 —3 —2 ~

x1 1 2
‘C 

‘C 
‘C 

VBC VOLTS
‘C ‘C 

— 1

a) NO RF POWER

3. -

I—I
~~~~~ 

lr I ~1 t  I I I I
--8 —7 —6 —5 —4 —3 —2 —1 1 2

V BC — VOLTS

—1~
b) 90mW RF POWER

3- -

1 2 -

-

~~ ~~~~rri
’C’CT 1

VBC — VOLTS
—1•

c) 170 mW RF POWER

Figure 25 2N2222A Base-Collecto r Inferred Diode Curves with 220 MHz Conducted Into Collector
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Table 3 2N2222A Inferred D~ r1e Model Parameters

220 MHz CW RF POWER CONDUCTED INTO COLLECTOR

BASE-EMITTER DIODE:

- ~~ in -i4
‘OF - 2.L x

RE = 104~2

XE = 0.166

BASE-COLLEC TOR DIODE:
— ,, in—i4

‘OR —

R~ 
= 4.9K g

X C = 0.80

3.2.3 Interference Effects with RE Conducted into Base - Figures 27 and 28 show

the 2N2369A and 2N2222A transistor i C vs v CE charac ter i s ti cs w hen a 220 MHz CW

signal is injected into the base. The interfe rence effect is different for this

case than when RE energy is injected into the collector. The forward current

gain (beta) decreases signific antly with low levels of RF power; for the 2N2222A,

onl y 5.4 mW of RF power reduces the beta to less than half of its original value.

The curves appear to shrink uniformly ; the ac and dc betas decrease at the- same I
rate. At 55 mW, the 2N2369A curves show an additional effect by rising off the

volta ge axis with a current offset. The 2N2222A curves move to the left with 
AL

i ncreas i ng RE level . ]
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Figure 26 Simulation of 2N2222A Transistor Characteristic Curves
with 220 MHz Conducted Into the Collector

(0.05 mA Base Current Steps)
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a) NO HF POWER

b) 2.8mW RF POWER

c) 55mW RF POWER
Figure 27 Measured 2N2369A Transistor Characteristic Curves -.

with 220 MHz Conducted into the Base
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a) NO RF POWER

b) 5.4mW RF POWER

c) 69mW RF POWER
Figure 28 Measured 21SJ2222A Transistor Characteristic Curves

with 220 MHz Conducted into the Base
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Figure 29 shows a plot of beta vs 220 MHz RF power incident on the base for

several transistors. For the 2N930 and 2N930A , beta begi ns to decrease at less

than 0.1 mW of RE power , and decreases quite rapidly, reach ing one-tenth of its

original value at approximately 3 mW. Other transistors do not show a significant

beta decrease unti l about 1 m~4 of RF power i s reached , and decrease less ra pi dly

than the 2N930 and 2N930A. To date , no general quantitative relationship exists

between beta and RF power level.

3.2 .4 Modeli ng Inter ference Effects w it h RE Con duc ted in to Base - The m o d i f i e d

Ebers-Moll model can be applied to transistors with RE energy entering the base

~ ~F 
and are allowed to vary as the RF power is increased. This means th~t

the forward and reverse alph as (or equivalentl y, the betas) must be treated as

func tions of RE power . Onc e the betas or al phas (o~ = 
~ are determ i ned , the

inferred diode curves can be obtained as outlined previously. At present , a

lo garithmic polynomial curve fit may be the best way to characteri ze beta vs RE

power , s i nce no general rela ti on ex i s ts .

An interfe rence effect not seen in the curves of fi~ ures 27 and 28 is a rapid

decrease i n v BE as the RE powe r i s i ncrease d. At high enoug h powers , vBE becomes

negative. This decrease is due to a rectified voltage in the base-emitter junction

of the transistor. Depending on the transistor applicati on , the decrease i n v BE
may be the dominant interference effect. No special effort is required to model

it, as the inferred diode curves contain the required i nformation .

It is evident that modeling the transisto r wi th RF energy entering the base

i s more diffi cul t th an when it enters the collec tor because the dependence of S on

RE powe r must be obtained for a complete model .

3.2.5 Interfe rence Effects in Inte~rat~J Circuit Transistors - The method used

to infer diode rectific ation curves from transistors can be extended to include

.4  
-
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1.000
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- •••
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- p — 2N2222A

_____________  MONOCHIP
( SMALL NPN)

~~~~~~~~~~~~ 2N2369A
- ~~~

. 
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_ _ _ .  2N1613

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

2N697

~~~~~~~~~~~-

10 I I I I I I I I  I I !  I I I  I
0.01 0.1 1.0 10 100 1000

POWER — mW

Figure 29 Measured Beta as a Function of HF Power with 220 MHz
Conducted into the Base

-~~- i.e’ ~npn structures. The device chosen to illustrate this technique wa~ a

Monoc hip MO-OOl , w hi ch con tains 4 “small npn” (Interdesign ’ s designation) transistors

on a p-type substrate . Transistor curves are shown in figure 30 for no RE and for

55 m~ a r- ~ 140 mW of RE power on the collector of one of the transistors .
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A prorosed 4-layer structure model 9 is shown in figure 31. It is an expanded

version of the Ebers-Moll transistor model , with an extra diode to account for the

su bstrate-to -collector junction , and two extra current-controlled current sources

to account for coupling between the substrate-to -collector and base-to—collecto r

junctions. The values of c
~F 

and were measured by connecting the device as an

npn transistor on a curve tracer using the collector, base , and emitter termi nals ,

with the substrate shorted to the collector. The values of and 
~2 

were measu red

by connecting it as a pnp transistor using the base , collec tor , and subs trate

terminals, with the emitter shorted to the base. The measured values are :

= 0.9783

= 0.231

= 0.737

= 0.074.

Rectification is possible in each of the three diode junctions. Using a procedure

similar to that used to calculate transistor inferred diode curves , the three

inferred diode curves were calculated for RE entering the col lector terminal.

Figure 32 shows the inferred diode curves for the no RE case. The substrate-

collec tor and base-collector diodes look like typical diodes , while the base-

emitter diode shows an unusual reverse conduction at voltages below its turn-on

vol tage. This is due to limitations in the model ; 
~R 

may not be constant , or

additional coupling terms may be necessary .

Figure 33 shows the inferred diode curves with 55 mW of RF power at 220 MHz

enter i ng the collector termi nal . The curves are s imilar to those seen before for

trans istors , w ith the exception of the base-emitter diode which has an unusual

“hump ” , again probably due to model limitations . Figure 34 shows the inferred

diodes for 140 mW of 220 MHz RE power entering the collector , and they look

similar to those for 55 mW.
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Figure 31 Four Layer Structure Mod el
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Figure 32 Inferred Diode Curves for Monochip MO— 001 Transistor With No RF
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These i nterred curves su~:oest that the modifie d Ebers-Moll model for tran i~. to r

can be extended to include a substrate junction by model ing the add itional junction

in the same manner as done before for the base-emitter and base-c ollector jun ctions .

Thr ~~L~~~eJ 4- layer modif ied model is shown in figure 35.

SUBSTRATE
~iS

- :
“1’ DC 

- 

“ SC

i c~~~
COLLECTOR

t ’ DC 1

( l j

°2’DS V BC

- ‘xc ~ 
RXC

V CE
BASE

RJ~

~‘R ’ DC (4~J 
- 

V BE

EMITTER
ii

Figure 35 Proposed Model for RF Interference in Four Layer Structur es
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3.2.6 Comments on Transistor Modeling - The inferred diode curves obtained

from a given transistor vary with transistor bias. For example , if the base

curre nt is chan ged , the inferred diode curves may also change. However, for small

to moderate changes in transistor bias , the chan ge in inferred diode curves is

sli ght . Therefore , when modeling circuits using the modified Ebers-Moll transis—

tor model (figure 22), the transis tor parameters shoul d be obta i ned at or near the

trans i s tor ’ s operating point , for bes t accurac y.

The parame ters 
~~ 

RE~ 
X~, and XE (figure 22) can best be determined through

the process described here : using transistor data to infe r diode curves , from

whi ch the R and X paramete rs are obta i ned . However , we can est i mate the ex pected

range of these parame ters . For the res i s tors R
~ 

and RE C. lower values are seen at

the low er fre quenc i es , where the rec ti f i ca tion i s g reatest ; and lar ger values wi l l

occur at high frequencies where the rectification decreases due to diode capacitan ce.

The parame ters X~ and XE are essen tially coupling factors which determine how

much RE powe r is incident on each junction . Based on matching considerations , the

ex pec ted range of X~ and XE is from 0 to 1. The value of 0 indicates no RE power

incident on the junction , wh i le the value of 1 i nd i cates a matched conditi on so

that the maximum amount of RF power is incident on the junction . Table 4 summari zes

the ranges of parame ters .

3.3 Modeling RE Effects in Integrated Ci rcuits - The semi conductor models developed

earl ier can be used to model RE effects in more complex circuits. Of special

in terest in this report is integrated circuit modeling . Integrated circuits

typically contain many devices , i nclud i ng transistors , diodes , resistors , and

capacitors , and their anal ysis can become quite complicated. Eor this reason ,

use can be made of any of several available computer programs intended for circuit

anal ysis. These include CiRCUS , CORN~AP , ECA P 2 , NET 2, SCEPTRE , SLIC and SPICE.
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Table 4 Ranges of Parameters in Modified Ebers -Moll Model
— 

MINIMUM VALUE MAXIMUM VALUE 
—

5~~~
RE 5~~

XC 
0 1

X E 0 
I 

1

C = JUNCTION CAPACITANCE

~
.,= RADIAN FREQUENCY

* = LOWER LIMIT IS SET BY LOSSES IN SYS IE~J!.

VALUE SHOWN IS PROBABLE LOWER LIMIT.

Modeling interference effects in integrated ci rcuits is illustrated using

SPICE in this report. The circuit investigated is the. 7400 NAND gate , for the

case when RE enters the output with the output low . This is ~ts mos t susce ptib le

confi guration. The adaptation of the modified Ebers-Moll transistor model for

SP CE is shown , wnile an RE effects mode l for the TTL output—low case is develooed.

3.3.1 Computer-Aided Anal~~js of ICs w ith SPICE - SPI CE ’° I an acronym

for S imula ti on Pro gram w ith Integrate d Ci rcu it Emphasis , is a versatile , general

purpose circuit analysis program . It performs dc analysis , ac anal ysis, and

trans ient analysis of linear or non-linear electronic circuits . Two versions are

in use: SPICE1 has been available since 1972; SPICE2 is an imp roved version that

has been available since 1975. The program is wri tten in EORTRAN IV , and con ta i ns

app rox imatel y 13 ,000 statements . Versions are available for several large t
computers , notably the COC 6400 and the IBM 360. SPICE can be obtained from

Prof. D. 3. Pederson , d o  Un ivers i ty of California at Berkeley , for handlin g charges

onl y. A time-sharing vers i on , ISPICE , is available commercially from National CSS ,

Norwalk , Connec ticut.
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A schematic diagram of the 7400 NAND gate is shown in figure 36. The NAND gate

is contained wi thin the dashed box , and consists of 4 transistors (Tl , 12, T3, and

T4), 3 diodes (Dl , D2, and D3), and 4 resistors (Ri , R2 , R3, and R4). Volta ge

sources V IN and V cc~ and resistors RL an d RLL s imulate the ex ternal c i rcu it ry use d

in the 7400 NANO gate susceptibility testing. Information on elemen t parameters

was obtained from reference 11. The element values were measured from an actual

7400 by probing on the chip. The values obtained for resistors Rl through R4 are

li s ted i n tab le 5. The parameters meas ure d for trans i stors Tl th rough T4 were not

in a form immediately usable for SPICE , but were converted to a form suitable for

SPICE.

NAND GATE 
-.--_i

~~ R1 R 2 R 3’

_ _ _ _  TT1 ~~ 3 I

_ _ _ _ _ _ _ _  

‘S 12 ~‘i~ 
I

INPUTS +

I - D~ V CC( )I . ‘ :D2 I —

(l ~~~
RL i OUTPUT

I D 1 
T4 j

- 

II H4

I L -  

Figure 36 Schematic Diagram of One 7400 NAND Gate With External Connections
or Producing Transfer Curves
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Table 5 Values of Resistors in 7400 NAND Gate

RESISTOR VALUE

Ri 4.38K g

R2 1.43K (~

R3 0.116K g

R4 1.06K~ �

The measured parameti~rs for 11 throug h T4 are for an Ebers-Moll transisto r

model as shown in fi gure 16. The collector and em i tter currents are

iC = 

~F’F 
- ‘R (2)

= ‘
~R

1 R 
- ‘F ( 3 )

where

‘F 
= [I

Es/~~ 
- x F~R

)
~~

exp (qv~~/M~kT) - 1) (4)

= [Ics / ( l  - 

~F~R)][exp (~v 6~/M~kT) 
— lJ (5)

where 1E5 
- emitter-base diode saturation current

‘Cs - collector-base diode saturation current

vBE - base-emitter vol tage

V BC 
- base-collector voltage

- common base normal mode dc curren t ga i n
- common base i nver ted mode dc current ga i n

q - electron charge .~~

k — Bol tzmann ’s cons tant

T - junction absolute temperature in °K

M - emiss ion  constant for emitter-base diodeE
MC 

- emission constant for col lector-base diode . 
- .
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V al ues for the parameter elements 1ES’ ~~~ ~~ ~F’ 
ME~ 

and Mc for the four

transistors in the PIAN O gate are summarized in table 6. Also g i ven in ta b le 6 are

the diode saturation currents ‘SD and emission coefficients MD for the input diodes

(Di and 02 are assumed identical , an d are called DIN in table 6), and for diode 03.

The dc diode current is given by

i o = I~ 0[~~p (qv 0/M0kT ) - 1] (6)

where v0 
- dc vol tage across the di ode
- di ode sa tura ti on current

M0 - emission constant for diode .

Table 6 Summary of Ebers-Moll Parameter Values for the 7400 NAND Gate
Transistors and Diodes from Reference 9

PARAMETER Ti 12 13 
— 

14 DIN D3

IES (pA) 2 3 8 20 — —

l~~~ (pA) 200 50 100 200 — —

ISD (pA) — — - — 100 5

ME 1.70 1.70 1.67 1.80 — —

MC 1.84 1 .74 1.80 1.71 — —

MD — — — 1.64 1.31

0.24 0.952 0.945 0.956 — —

0.0024 0.057 0.076 0.0956 — —

The simulation program SPICE also has an Ebers -Moll model available for

bipolar juncti on transistors . The SPICE Ebers-Moll model equation s for the dc

collect or curren t i C and dc base curren t of an npn trans i stor are

qv~~ qv~~ vB ‘S qv
i C 

= I5[exp (—~ -) 
- exp (-~ --) ] [1 - —

~~~] 
- 

~~— [exp (-f ) - 1] (7)
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I qv I qv 8~
‘B 

= [exp (—i-) - 1] + - -
~

- [exp VT~ 
- 1 ) (8)

where q, k , and T have the definit ions g iven previousl y and

“BE is the base to emitte r voltage ,

V 13C is the base to collector voltage ,

is the forward current gain ,

is the reverse current gain ,

is the saturation current,

VA is the Early voltage.

T he values of and 
~r 

are supplied by the user. The SPICE Ebers-Moll

model al so includes parasitic resistances REI RBI and R
~ 

in series with the emitte r,

base , an d collector terminals, respectively. If it is assumed that the Early

vol tage, VA I takes on the default value of a— , and that Mc an d ME equal 1 -in

equations (4) and (5), and the SPICE equations for i C and i B are substituted in

equations (2) and (3), where

= 1
B ~

the following relationships are obtained

= [aF/(l 
- 

~~~~ ‘ES (9)

= 
l~~~~~ 

(10)

= 
- 

~ R 
(11)

From equat ions (9) through (11) and the values for 1ES’ ~F’ and 
~R 

given in

table 6, the values fo r I~ , 
~~ 

and 
~r 

were calcula ted for the four transistors in

the 7400 NAND gate. These values are g iven in table 7. Als o given in table 7 are

non-zero values for the parasitic series base resistance RBI and the default values

used in SPICE for other transistor parameters which have not been discussed .
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Table 7 Parameter Values for the Transistors and Diodes in the 7400 NAND
Gate for the SPICE Simulation

PARAMETER Ii 12 13 14 DI1~J 03

BF 0.316 19.8 17.2 21.7

BR 0.0024 0.060 0.082 0. 106
RB 68. 75. 70. 80.
RC 0 0 0 0
RE 0 0 0 0
CCS 0 0 0 0
TF 0 0 0 0
TR 0 0 0 0
CJE 0 0 0 0
CJC 0 0 0 0
IS 0.5pA 3.p A 8.p A 20.p A 100.p A 5.pA
PE 1 1 1 1
PC 1 1 1 1

VA ~~
- ~

-
~:

EG 1.11 1.11 1.11 1.11 1.11 1.11

RS 60. 30.
TI 0. 0.
CJO 0. 0.
N 1. 1.
PHI 1. 1.

T he p roce dure for calcula ti ng the values of RB gi ven i n tab le 7 requi res some

addit ional explanat ion. Shown in figure 37 is the emitter -base junction of the

Ebers-Mo ll model (figure 16) and the emitter-base junction of the SPICE Ebers-Mo ll

model shown with the base resistance RB.

From the SPICE model equations (7) and (8) with VA 
= and ~v~~/kT<<O and

assuming 
~- F >

~
1 ’ the equation for the dc base -emi tter voltage vBE is

VBE ~~~~ 
RB 

-4- (kT/q) ln [_ i
E/1 S .  (12)

From equations (2) through (5), assuming qv~~/kT<<0 and assuming 
~~~~~ 

the dc

base-emitte r voltage vBE is

VBE (M~kT/q) ln [_1
E/I ES]. (13)
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From SPICE Ebers-Mo ll Model From Ebers-Mol l Mode l

B RB B B
O—.-----W~ 0

- 
( i ES )

Figure 37 Base-Emitter Junctions of Ebers-Moll and SPICE
Ebers-Mol l Transisto r Models

B~ equating equations (12) and (13), the following equation is obtained for RB :

_ _ _ _  

(-i ) (-I
B ~— i ~ E n I 

- n
‘ E-’ ES S

Usin g the values for ME~ ‘ES an d I~ gi ven i n tables 6 and 7 , RB was evalua ted at

= -5 mA and T = 27°C to obtain the values listed in table 7.

Also lis ted in table 7 are the diode parameters for diodes DIN and 03. The

diode model equation in SPICE is
qv 0i 0 

= I~ [exp (~-~~) - 1] (15)

where and v0 are the diode current and voltage. Setting I5 
= ‘SD and the emission

cons tant , n = 1 (rather than M0), the values of the di ode paras i t i c ser i es res i stance

R5 was obtained by using an equation similar to equation (‘4), wh ich was evaluated

at i D = 5 mA and T = 300°K. The values obtained for R5 are l isted in table 7.

The NAND gate operation was tested for normal operation (no RE) by obtaining

a dc transfer curve using SPICE . In modeling the NAND gate circuit , fi gure 36, it 
j

was assume d th at trans i s tor Tl h as only a sing le emitter , an d that diodes Dl and

02 were replaced by a sing le d iode , DIN, in order to simpli fy the modeling. L
Circuit elements are specified in SPICE by number i ng the nodes in the c i rcu it

an d specifying to which node each element is connected along with the element

parameters. The node numbers used in the 7400 simulation are shown in figure 36. {
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As an example of specify i ng circuit elements , consider resis tor Ri . The input

statement to place Rl in the circuit is

Rl 9 2 4 .38K

wh ich tells that resistor Ri is connected between nodes 9 and 2, and that its

value i s 4.38K ohms . Transistors are i nserte d w i th a statement s imilar to the

fol lowin g statemen t for Tl ,

QT 1 3 2 1 MOD1

wh ich indicates that transisto r Ti (now only a single emitte r transistor) has its

collec tor , base , an d emi tter connected to nodes 3, 2, an d 1 respectively, and that

it is of transisto r model type “MODl ’. A separate statement defines the parameters

of eac h model type. Trans i s tors of type MOD1 are defi ned by

.MODEL MOD1 NPN 0.316 0.0024 68 IS = 5E - 13

whic h i ndi ca tes that mo del MOD 1 i s an npn trans i stor w i th = 0.316, = 0.0024,

RB 
= 68 ohms , and I

~ 
= 5 x 10-13 amp s . S imilar statemen ts are used to i nser t the

other elements use d i n the model , wh i ch includes volta ge sources and di odes . See

reference 10 for complete info rmation on SPICE input statements.

Figure 38 shows the input statements required to obtain a transfer curv e of the

NAND gate. Resisto rs RL an d RLL were set to 200c~ and 9l00c~ to agree w i th their

values during testing of the 7400. The dc control card

.DC TC VIN 0 5 0.05

causes the dc input voltage VIN to be stepped from 0 to 5 volts in 0.05 volt steps .

The output car d

.OUT VOUT 8 0 PRINT DC PLOT DC

causes the dc output voltage between nodes 8 and 0 to be printed and plotted versus

the dc input voltage VIN between nodes 1 and 0. The SPICE simulation values for

VOUT vs V IM are plotted in figure 39. The transfer curve compares favorably with

typical curves given by 7400 NAND gate manufacturers .
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VIN 1 0
V C C 9 O D C S
Ri 9 2 4.38K
R2 9 4 1.43K
R3 9 6 0.11 6K
R4 5 0 1.06K
RL 1 0 0.2K
RLL 8 0 9.11K
011 3 2 1 MOD1
012 4 3 5 MOD 2
013 6 4 7 MOD3
014 8 5 0 MOD4
DIN 0 1 M OD5
D3 7 8 MOD6
• MODEL MOD1 NPN 0.316 0.0024 68 IS = 5E—13

• MODEL MOD2 NPN 19.8 0.060 75 IS = 3E—12
• MODEL MOD3 NPN I 7.2 0.082 70 IS = 8E—12
• MODEL MOD4 NPN 21.7 0.106 80 IS = 2E—1 1
• MODEL MODS D RS = 60 IS = 1E—lO
• MODEL MOD6 0 RS = 30 IS = 5E—12
• DC TC VIN 0 5 0.05

• OUTPUT VOUT 8 0 PRINT DC PLOT DC

• TEMP 20
• END

Fi gure 38 Data Cards for Generating DC Transfer Curve
for 7400 NAND Gate Using SPICE

~~3.2 Maptation of Mod ified Ebers-Moll Transistor for Use wi th SPICE - W h e n  RF

energy is conducted into the NAND gate output , with output low , it is postulated

that most of the interference effects occur in the output transistor , 14. In this

case, the RF energy enters the collector of T4. The RE effects produced can be

accounted for in the 740U model by replacing the output transistor with the

modified Ebers- Moll model ~ho~’n earl ier in figure 22.

Examination of transistor T4 on a 7400 chip revealed that it is similar in

geo-Tetr j to a 2N2369A transistor. The modified Ebers-Moll model for RF effects in

a 2N4369A was thus chosen to replace transisto r T4 in the NAND gate simulation in

y~ a:count for RE effects . The modified Ebers-Moll model parameters for
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1
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0 1 2 3 4 5 6

y IN — VOLTS

Figure 39 SPICE Simulation of 7400 NAND Gate Transfer Curve

2N2369A we re derived earlier , and are listed in table 2. Since the beta of a

2N2369A is mu :h greater than that measured for 14 (94 vs 21.7) the alphas in the

2N2369A used in the model were chosen to be the same as measured for 14, i.e.,

0.956 and 
~R 

= 0.0956.

The modified Ebers-Moll transistor model shown in figure 22 is a general model

which cannot be implemented directly in SPICE. SPICE does not accept current-

con trolled current sources , so modifications must be made to accom- -odate the current

sources la beled and 
~R

’ R~ 
SPICE does , h owever , accept voltage-controlled

curren t sources , so the addition of resistors to sense currents and i R allows the

model to be accepted. Figure 40 shows the modified Ebers-tioll model adapted for

SPICE by the addition of two l~ current-sens ing resistors , RCSENSE , and RESENSE.

6~
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Figure 40 Modified Ebers -Mo ll Model in an External Model Config uration for SPICE Simulation

h e  value of l~. was chosen because it is small enough that circuit operation is r - ~~’

1~ ke1 y to be upset , and has the additional property that the voltage drop across

:~ie resistor is numerica 1y equal to the current flow through it. The voltage-

contro lled current source JAFI E is entered in the place ~~ ‘F’F with the statement 11
IAFIE V 8 12 12 13 0.956 -

%ICDC) NNI LL OOUGL 115 11STRONA(JTI(:S CC) l’Ar’I%NV - £ A S T  - -
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wh i ch indic ates that voltage-controlled current source IAFIE is connected between

nodes 8 and 12 (referring to the node numbers on figure 40), with positive current

defined as flowing through the source in the direction from node 8 to node 12 , and

with the value given by

I = 0.956 (V 12 
- V 13 ) amps.

The curr ent source IAR IC i s en tered s imilarl y.

An additional modification can be made if it is desired to find circuit

responses as the RE power is swept over a range of values . In Section 3.2.2, it

was stated that resistors RGC and RGE (referring to fi gure 40) remained constant

with RF power level , but that ISCC and ISCE varied with RE power level acL~rding

to the relations
X (. 

_______

ISCC = -~-~.— /8R 
~ RFGC

X 
_________

ISCE = ~~ v8R 
~RERGE ~

where X C and X E are constants ,

Rg is t e  generator resistan ce ,

~RF is the incident RE power.

ISCC and ISCE can be ~ade volt age-co ntrolled current sources if vGEN is defined as

- BR
9
PRF

so that

ISCC C 
“GEM

and
X r

ISCE = 
~~~~ 

VGEN.GE

The voltage “GEM can be swept by SPICE to simulate RF effects over a range of

incident RE power levels. In fi gure 40, VGEN is an independent voltage source

69
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t o  tie ri qht of the transisto r node]. The RE power level as a funct ion o t

V
.EN is given by:

~RF = GEM (16)

Nc~tice that VGEN and RSWEEP are isolated from the rest of the model , so that their

only effect on the model is in controlling current sources ISCC and ISCE.

Tne current source ISCC , which is now a voltage -controlled current source , is

entered with the statement

ISCC V 10 8 16 20 3.79M

which indicates that voltage—controlled current source ISCC is connected between

nodes 10 and 8 (current flow from node 10 to node 8 through the source), and has

the value

I 3.79 x l0~~ (V 16 
- v

20 ) amps

where

v GEN = v
16 

- V
20

and

X~ .72 -3 -l= ~-~~ --~- = 3.79 x 10 ~ .

gc

Current source ISCE is entered similarly.

Table 8 lists the parameters used in the SPICE adaptation of the modified

~~~~~~~~~~ — Noll  t ransistor  mo del of the 2N2 369A for the 7400 NAND gate s imulat ion.

Table 8 Parameter Values Used in SPICE Adaptation of
Modified Ebers -Mo II Model of 2N2369A T ransistor

Parameter Value Parameter Value
RBB W ) 80 X C 0.72

0.956 X E 0.12
aR 0.0956 R9c W) 190
1SE (pA) 20 Rge (~~~~) 

180
1SC (pA) 200 X ciR9~ 

3.79 mi ll imho s
X E/R ge 0.667 mi lli mhos

7
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3.3.3  RE Effects Model for TTL Output -Low Case Us i ng SPICE - A li st of th e da ta

statements used to simulate the 7400 NAND gate with RE entering the output while it

is in a low state are shown in figure 41. Several points are worth mentioning.

first , res i s tors RL and RLL have been changed from those used i n genera ti ng the

transfer curve (see figure 36) to correspond to the external condi tions used when

RE testing was performed on the 7400 devices. Resistor RL is now between input and

power supp ly , an d has a value of l00c~. This sets the input to a ‘high’ state , which

will cause the output to be in a “ low ’ state , under normal conditions. Resistor RL

is connected between the output and power supply, and now has the value 300 ohms

to simulate the loading of 16 TTL inputs on the output of the gate.

The modified Ebers-Moll transistor parameters are entered as an external ~rodel ,

named RE EBML . The model is specified at the end of the deck , and is preceded with

the card

.HO DEL RF-EBML X 8 5 20 16 ,

which :pecifies that an external model named RF—EBML which has external nodes

num bere d 8, 5, 20, and 16 is being made available for use in the circui t. Nodes 8,

5, a~d 20 correspond to the collecto r, base , and emitter of the transist or model ,

while node 16 is part of the circuit which causes the RE power to be swept. The

external model is ended with the .FINIS card.

The external model is inserted into the circuit with the statement

XT4 8 5 0 15 RF-EBML

which indicates that the externally specified device XT4 is connected to circu it nodes

o, ~~~, 0, an d 1 , and that its parameters are specified by the external model RF—EBML .

The RE power level is swept with the statement

.DC TC VGEN 0.2 20 0.2

which causes vol tage source VGEN to be stepped from 0.2 volts to 20 volts i’~ 0.2 volt

steps , so tha t a transfer curve can be obtained. This corresponds to a range of

~RF ~~ 0.1  mW to 1000 mW.
7 1
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VCC 9 0 DC 5
VIN 1 0D C 4 25
VGEN 15 0
Ri 924 .38K
R2 9 4  1.43K
R3 960.11 6K
R4 501 .06K
R 19 1 1 0 0
R 1 L9 8 3 0 0
011 32 1 MOD 1
012 4 3 5 MOD2
013 6 4 7 MOD3
XT4 8 5 0 15 RF-EBML
DIN (1 1 MOD5
0 3 7 8  MOD6

• MODEL MODI NPN 0.316 0.0024 68 IS = 5E—13
• MODEL MOD2 NPN 19.8 0.060 15 IS = 3E—12
• MODEL MOD3 NPN 17.2 0.082 70 IS = 8E—12
• MODEL MOD4 NPN 21.7 0.106 80 IS = 2E--11
• MODEL MOD5 D RS 60 IS = 1E—1 O
• MODEL MOD6 0 RS 30 IS = 5E—12
• DC TC VGEN 0.2 20 0.2
• OUTPUT VOUT 8 0 PLOT DC 0 5
• TEMP 20
• MDAC RF MODIFIED EBERS-MOLL MODEL
• MODEL RF—EBML X 8 5 20 16
I A F I E  V 8 12 12 13 0.956
IARIC V 20 12 12 11 0.0956
RBB 5 12 80
R C S E N S E 12  11 1
R E S E N S E 12  13  1
Dcl 11 8 MOD?
DEl 13 20 MOD8

• MODEL MOD? D IS 200P
• M~)DEL MODS 0 IS 20P

RF INDUCE D TERM S (ELEM ENTS)
RSWEEP 16 20 1
RGC 8 10 190
RGE 14 20 180
ISCC V 1 O 8 1 6 2 O 3.79M
ISCE V 14 20 16 20 O 667M
DC2 11 1O~ OD 7
DE2 13 14 M O D 8  - .
• FINIS
s END

Figure 41 Data Cards for Generating a Plot of VOUT vs 
~GEN
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The results of the 7400 NANL’ gate s im ula t ion are shown i n f i gure 4~ compared

to measured data for a 7400. The output voltage , V 0~1, is p lotted as a function of RE

power incident on the output. The shape of the curve is the same as that for the

u,e~’ -~tn- e d i~ se , although the SPICE simulation predicts a higher output vo l tdqe at high

levek ~t RE power t han is actua l ly measured. This may occur because al l  of  t h e  P F

power was assumed to be incident on the output transistor. This assum ption is con-

servative , howev er , since it is unlikely that all of the RF power incident on the

output wil l reach the output transistor. RF impedance mismatches will result in some

power being reflected , and of that being absorbed , some will be absorbed by other

ele inerts w i th in  the integrated circuit besides the output transistor.

5

SPICE GENERATED RESULTS —
~

4
U)

o0
> 0
I 3 ___

~
.
~~~~

__ ____ — - - -

UJ
Q

-J0
> 0
~- 2

o 
0
0 MEASURED DATA

____

0.1 1 10 100 1000
POWER - mW

Figure 42 Comparison of SPICE Simulation of 7400 NAND Gate to Measured Results
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L

A more elabo rate wo rst-case analysis can oe performed ~ i one considers the

ranges of RCI RE, XC~ 
an d X E gi ven i n tab le 4 . These parameters can be a l lowe d

to vary anywhere over their range , with the purpose of finding the comb i na ti on

which will give the worst-case vOUT vs RF power curve. This worst-case curve can

be assumed to be worse than anything that wi l l  be observed in practice , an d can

be used to determine design specif icat ions .

3.4 Measurements of RF Susceptibility in a Line Dri ver/Line Receiver Pair - Line r

driver/receiver pairs are of special interest to the IC susceptibility investigation

s i nce , for many systems , they represent the major i nterface between subsystem

boxes and , hence , can be expected to be exposed to RE powe r conducted in on the

system interconnect wires . There are many similarities between the circuit desi gn

of line drivers and TTL gates; likewise , li ne rece i vers bear s ome resemb lance to

comp ara tors on th e i nput and TTL gates on the output . Hence there are reasons to Li
believe that line driver/receiver susceptibilities may be estimated from observed

suscept ib i l i t ies  of devices w i th  s imi lar  circuitry and the modeling techniques

d e s c r i b e d  p r e v i o u s l y  may be applied to this class of devices. Because of their

importance , a separate look at their susceptibility properties was deemed necessary .

Table 9 lists the measured RF levels at 220 MHz required to produce interference LI
in the 9614/9615 pair. The interference effect is a complete state change in the

output as shown in the typical plots of f igures 43 and 44. These data are not

inconsistent with previous data taken on TTL gates . The relative lack of sensitivity

in the input of the l ine receivers can be explained by the presence of rather large

resistors which are between the input pins and the differential pair of transistors .
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Table 9 RF Susceptibility Characte ristics of Line D’ iver/Line Receive r at 220 MHz

9614 (LINE DRI VER)

RF POWER REQUIRED TO PRODUCE
RF INJECTI ON PORT STAT E CHA NGE IN RECEI V ER OUTPUT

ACTIVE PULLUP (PIN 1) > 566 mW

OUTPUT (PIN 2) > 566 mW

OUTPUT (PI N 3) 464 mW

ACTIVE PULLUP ( PIN 4) 175 mW

INPUT (PIN 5) 54 mW

INPUT (PIN 6) 41 mW

INPUT (PIN 7) 41 mW

9615 (LINE RECEIVER)

RF POWER REQUIRED TO PRODUCE
RF INJECT ION PORT STATE CHANGE IN RECEIVER OUTPUT

OUTPUT (PIN 1) 68 mW

ACTIVE PULLUP (PIN 2) 216 mW

ST ROBE (PIN 3) 120 mW

RESPONSE CONTROL (PIN 4) 13 mW

INPUT (PIN 5) > 566 mW

INPUT (PIN 6) > 566 mW

INPUT (PIN 7) > 566 mW

9614 9615
LINE LINE
DRIVER 

1 
RECEIVER

~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
1_.~~~~~~~

2 
OUTPUT
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Figure 43 Plots of VOUT VS RF Power for the 9614 Line Driver with
220 MHz Conducted into Two Different Pins - -
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Figure 44 Plots of yOU1 VS RF Power for the 9615 Line Receiver
with 220 MHz Injected into Four Different Pins
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3.5 RE Effects in MOSEETs - Like their bipolar counterparts , MOSFETs are also

affected by RF. The pn junctions which are formed at the drain-to-substrate and

source-to-substrate interfaces are rectification sites for RE just as the bip olar

transistor junctions are . The observed RE effects in MOSFETs will be shown here

as wel l  as a preliminary model to explain this behavior.

3.5.1 RE Effects in t~USF~Ts Without Parasitic and Protecti ve Junctions — When RF

energy is conducted into the drain of an n-channel or p—channel MOSEET , the

vs V
~s 

characteristic curves change . This effect is similar to the RE effects

seen in junction diodes and bipolar transistors . Rectification , which was the

mechan ism in the case of transistors and diodes , is also the mechanism of the

interference in MOSFET devices .

The i
~ 

vs v~5 curves for an MFE 3003 p-channel MOSFET are shown in figure 45

for the cases where no RE , 110 mW and 220 mW of RE powe r are entering the drain.

The currents and vol tages are labeled as shown in the diagram of figure 46. As

the RE power i ncreases , the drain current become s less negative , especially at

the higher drain—to-source voltages.

Figure 47 s hows corres pond i ng curves for an MEE 3002 n-channel MOSFET for the

cases w here no RE , 95 mW and 175 mW of RE are entering the drain. The device

currents and vo ltages are again labe led as in figu re 46. As the RE power

i ncreases , the d ra i n current decreases d ras ti call y at low v DS~ but increases

slightly at high v05.

3.5.2 Model of RE Effects in P-Channel MOSFETs Without Parasiti c and Protective

Junctions — A simplified picture of p-channel MOSFET construction is shown in

figure 48. The p-type drain and source are diffused into the n-type substrate ,

and the p-type channel is field-induced by the vol tage on the insulated gate

which allows current flow between drain and source . The diode junctions between
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RF

DRAIN

_ _ _

hi D

GATE SUBSTRATE
v Ds

vG5

SOURCE

Figure 46 MOSFET Test Setup for RF Conducted into Drain
(P and N-Channel )

the drain and substrate , and source and substrate , are normall y no t forwar d

biased so current does not fl ow into the substrate .

A simpl ified model of the p-channel MOSEET shown in figure 49 shows its major

features . The channel current is represented by a current source which is a

function of the gate-source and drain-source voltage . In the computer c i rcu i t

analysis program SCEPTRE 6 , wh i ch assumes tha t  the source an d su bs tra te are a t

the S ane potential , the c hannel cu rrent i s g iven by :

L
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c) 175mW RE POWER

Fi gure 47 Measured MFE 3002 MOSFET Characteristic Curves with 220 MHz Conducted into Drain
(v GS = 0, 3. 4. 5. 6 Volts)
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G
D

I I

SUBSTRATE

Figure 48 Sim~.lifi ed Constr uction Details of P-Channel MOSFEr

V
J = j  - 

~~~~~~~
- -  (J + K)

0 R~ 0

where

~ 
cv~5 - vGD - 2 VT (v GS - vGD)} triode region

for V1 > vGS an d VT > vGD

~ 
( V

GS 
- VT)

2 pinch-off region

= - - fo r VT ~ V GS and VT ~

- 
~~ 

(v GD 
- VT) inverted region

for VT ~ 
vGS and VT vGD

0 cut-off region --
for V1 < vGS an d VT vGD

V.. is  th~ t h r esh r~1d vn1t~~i~ (n~ ri~ tive)

and B , I , R and K are constants .T O
Other representat ions for the channel current are found in references 10. 12 and

13. -,
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The diagram of figure 49 also shows the parasit ic diodes between the drain and

substrate , and source and substra te.

DRAIN

- iDB
+ _

V08

V
OS J =  f ( v ~~ v

GD ) ( ) SUBSTRATE

SOURCE

Figure 49 Model of MOSFET for Normal Operation

In the ?9JSFET , rectification can occur in  the drain-substra te and source-

substrate junctions. It is necessary to model the rectification in the junctions

in order to model the RE effects in the device . For the MFE 3003 p-channel MOSFET ,

the rect i f icat ion curves for the drain -substrate and source-substrate junctions

we re inferred using a method similar to that used to infer rect i f i ca ti on curves

for transisto r junctions in Section 3 .2 .2 .  A simplif i cation occurs for this case

(shown in figure 46 ) , where the sou rce and su bs trate are a t the same po ten ti al

an d RF en ergy en ters the d ra i n , because the p ri mary rec ti f i catio n effect occurs

in the drain-substra te diode , so that i t become s poss ib le to model onl y the
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rt~c t if i c a t ion in that junction. Figure 50 s hows the rect i f icat ion curves for the

drain-substrate junction for RE powers of 110 and 220 n~ . The rectification also

depends on the ga te -to-source vol tage, so the curves are shown for V GS 
= -4 and

-8 vol ts .

10- - 10

8- - 8

4

C • ° C

- -~~~ 
. 

~~~ -~~~

2- - 
. 

. 2 -

I I I I — ’ ) I I
— 10 --8 , ~ 4 --2 -10 -8  --6 —4 2

~ 08 
- VOLTS --2- . V 08 — VOLTS --2 - -

a) RF POWER = 110mW , VGS b) RE POWER 110mW. VGS =

10 10- -

8 . , 8 -

.~~ 0 
0

6 - - i

0 4.9

2- - 
- 

2- -

I I ‘I I I 1 I
—10 

- 
—8 C 

—6 C 

~4 -2 —10 —8 —6 —4 —2

V DB 
-- VOLTS --2 - VOB — VOLTS — 2- -

c~ 8F iOWE ii  = 22& ,,~i,, V (~5 = 4V II) RF POWER • 220mW . v r~ = 4V iL

Figure 50 Simulated Drain- t o-Subst iate Junction Rectification Curves for MFE 3003
P-Channel MOSFET With 220 MHz Conducted into Drain
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In the rectification curves of figure 50, note that all four cases show the

general positive -slope characteristics typical of diode recti fication curves . For

the case where vGS = -4V, reverse currents are ra ther high , approxima tely 1 mA.

For the case where vGS = -8V , the diode current decreases at high diode vo l tages ,

in a form not typical of rect i f icat ion curves . These anomal ies may indicate the

presence of coupling between drain and source , or between channel and drain or

source , or may be due to some other interaction in the device . Ignoring these

ef fects , it is possible to model the rectification curves us ing the method shown

earlier in fi gures 19 and 20 for diodes .

Figure 51 shows a M O SFET model for RE entering the drain , where the drain-to

substrate diode has been modified to include rectification. Diode Dl is equivalent

to the normal drain— substrate diode , and for simplicity , diode D2 is also assumed

equivalent. Resistor Rx and current source i x determine the interference charac-

teristics of the device . Both are obtained from plots of rectification in the

diode . From figure 19 , l /R x is the slope of the rectification reg ion to the left

of the diode s normal turn -on vol tage . The value of i~ is given by

- - 
V 01 FE - 

V TURN ON -

Rx Rx

Resisto r R
~ 

is found to be approxima tely constant , and independent of the RE

powe r level . The va l ue of i~ is a function of the RF power level , an d has a l so

been found to be a function of the gate-to -source voltage . This effect may be

due to the electric field in the substrate caused by the gate voltage. A relation

that accounts for the dependence of vD I F F  on V GS is:

_~~l + C
2 

(v 1 - VGS) i t  V
T 

vGS
V DJFF 

_

j• C 1 1 f V T < v GS

where C1 an d C2 are coef fic ien ts dependent on the RE powe r level.
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iD DRAIN iDB

V DS I - ~~ 
V DB

J = f ( V~~~. V~~~~) (
~
) D2

SU BSTRATE

— SOURCE

Figure 51 Proposed P-Channel MOSFET Model for RF Conducted into the Drain

In order to model the interference effects in  the MFE 3003 MOSFET, first the

no RE case was modeled to obtain an adequate model for norma l operation , then the

additional elements were added to account for recti fication in the drain-substrate

diode . A model similar to that used in SCEPTRE was used to calculate the i D VS

VDS curves shown in figure 52a.

To account for rectifi cation in the drain-substrate diode , the model shown in

figure 51 was used. Diodes Dl and 02 we re modeled as s i l icon diodes with turn-on

vol tages of 0.7 volt. R
~ 

was determined from diode rectification plots to be

approximately 1 000 ohms . The values of C1 and C2 were also dete rmined from diode

— 
rectification plots , and are graphed as functions of RE power in fi gure 53. The 

—

L 

th reshold voltage , V T , was determined from the no RF case to be approximately

-2.4 volts . Fi gures 52b and 52c show the i 0 vs vDS curves calcula ted from the

MOSFET model at 110 mW and 220 mW of RF power on the drain. The agreement with

the measured curves of figures 45b and 45c is good. 1
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v - - VOLTS - .4

j 2 ~~~~~~~~~~~~~~~~~~ 

1!

a) NO RF POWER

v -- VOLTS 4

- 
— 1

,
2 

_ _ _ _ _ _ _ _

b) 110 mW RF POWER

— 12 

~

1

~~~~~~~~~
6 ? 2

cI 270 mW RF POWFR

Figure 52 Simulation of MFE 3003 P-Channel MOSFET Characteristic Curves with 220 MHz
RF Power Conducted int o Drain (v Gs 0, —4 . —5 . —6 . —7 , —8 Volts)
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1 10 100 1000
POWER — mW

a) C1 vs RF Power Conducted into Drain
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/

0 I I I  I I I I  I I I
1 IA Ift A l~~~V~A

- .~~~~~ , uuv

POWER - mW

b) C2 vs RF Power Conducted into Drain
Figure 53 Constants C1 and C2 for MFE 3003 P -Channel MOSFET

With 220 MHz Conducted Into Drain
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3.5.3 RE Effects in CMOS FETs With Parasitic and Pro tecti ve Junctions - There are

differences between regular MOSFETs and FITs in a CMOS IC. One difference is the

use of an n—type substrate in CMOS so that n-channel devi ces must be located in

a p-well which forms a parasitic diode in the substrate . Another difference is

the addi tion of a protective resistor and diode combination to the gate circuitry

in some CMOS devices to pro tect the gate oxide from static electricity .

Since the RE rectifies in pn junctions , these additional junctions are paths

for the RE and the RE-generated currents to flow . These additional paths have

been observed under RE testing. The observed currents in these junctions cause

the C MOS FETs to behave slightly differently from the simple MOSFETs . Fi gure 54

shows the FET characteristics for three power levels and the no RE case for the

CMOS p-channel FET. Figure 55 also shows the FET characteristics for three power

levels and the no RE case for the CMOS n—channel FET . While these curves are

similar In shape to the simple MOSFET curves , there are differences under RF

stimulus which are caused by the parasitic and protective diode paths . Further

investigation of these effects will be carried out in the next increment.

3.6 RE Effects Mode l for Bi polar Op Aj~p~ - During this increment the available

data on bipolar op amps have been studied in more detail. In reference 4 an

input offset generator model for op amps was presented. It will be repeated here

with additional supporting data .

Referring to a typical interference data listing for a 741 op amp (as in

table 10), it is readily observed that the volta ge at the inver ting input terminal ,

varies significantly with the app lied RE si gnal . In normal operation , this

voltage is very near zero vol ts (a u virtua l ground ”) due to the negative feedback

U SeU ri d Lypical circuit application. Modeling the non -ideal perfo rmance of the

amplifier under interference condi tions as an ideal differential amplifier with a
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Figure 54 Measured Curves for P Channel MOSFET from CMOS 4007B with
220 MHz Conducted into the Source
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Figure 55 Measured Characteristic Curves for N-Channel MOSFET from CMOS 4007B
with 220 MHz Conducted into the Drain
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Table 10 Example of 741 Interference Susceptibility Data
S N 120

P (m W ) CF.  (dB) VOUT IOt .JT VNI INI VON2 IOI’J2 VON6
0.000 0.00 4.896 9.79 0.00 0.0000 11.84 0.0292 11.84
0.093 9.42 -6.366 12.73 0.00 0.0001 - 11.80 0.0368 11.81
0.148 8.83 -6.521 13.04 -0 .00 0.0001 - 11.79 0.0382 - 11.80
0.191 9.86 -6.181 13.56 0.00 0.0001 11.79 0.0390 - - 11.79
0.442 7.64 — 7.340 14.68 0.00 0.0001 11.77 - 

0.0408 
- 11.78

0 600 7.70 7.544 15.09 - 0.00 0.0001 11.77 - 0.0 122 11.77
1.225 6.61 - 7.542 15.08 -0.00 0.0001 -11.76 - - 0.0438 —11.77
1.310 7.04 ---1 635 15.27 -0.00 0.0001 11.75 - - 0.0454 ---11.77
2.310 6.60 -7 435 14.87 ---0 .00 0.0001 -11.72 -0.0516 -11.78
3.675 7.27 9.647 - -19.29 0.00 0.0001 11.82 - 0.0352 - --11.97
4.611 6.79 9 599 --19.20 0.00 - - 0.0002 —11.79 - -0.0412 — 11.97
9.098 6.13 9.249 - 18.50 0.00 -0.0001 -11.62 --0.0758 --11.93

15.719 5.39 9.192 18.38 0.00 - 0.3002 - 11.49 -0.1016 --11.89
23.724 4.87 9.151 18.30 0 00 -0.0002 -11.41 -0.1174 -11.86
34.675 4.50 9.005 -18.01 0 00 - -0.000 1 - 11.34 — 0.131 4 --11.86
53.610 4.22 8.748 17.50 0 00 --0 . 0001 - 11.24 — 0.1526 - 11.84
83.830 4.35 8.421 - - 16.84 0.00 - - 0.0001 -11.08 - 0.1830 —11.82
124.458 4.40 7.907 15.81 0.00 - -0.0001 - 10.97 —0.2048 --11.77
181.41 5 4.66 7.139 14.28 0.00 0.0001 - 10.90 --0.2198 --11.67
214.113 4.72 6 .668 13.34 0.00 -0.0001 -10.87 —0.2262 - - 11.61

P (mM) 10N6 VCC + ICC+ VCC ICC V II Ill

- 0.000 -0.0294 11.99 0.90 -- 11.87 -11.50 0.0027 0.4910
0.093 -0.0350 11.99 0.90 11.83 12.80 0.1303 0.6239
0.148 0.0364 11.99 0.90 - 11.83 15.10 0.1404 0.6340
0.191 - 0 037 4 11.99 0.90 - 11.82 1590 - - - 0.1730 0.6666
0.442 -0.0392 11.99 0.90 - 11.81 16.60 - - - 0.2090 0.7026
0.600 - - 0.0406 11.99 0.90 11.80 17.30 0.2373 0.7308
1.225 0.0406 11.99 0.90 - 11.81 -17.30 - 0.2351 0.7287
1.310 0.0408 11.99 0.90 - 11.80 17.30 0.2387 0.7323
2.310 0.0402 11.99 0.90 -11.81 - 17.00 0.2266 0.7202
3 675 0.0056 11.77 21.80 - 11.99 0.50 1.2940 -0.8005
4.611 -0.0056 11 78 21.60 1L99 -0.50 1.3110 - - 0.8174
9.098 - 0.0140 11.78 20.90 - 11.99 0.80 1.2980 0.8042

15.719 --0.0226 11.78 20.80 - 11.99 -0.80 1.2950 -0.8014
23.724 0.0272 11.79 20.50 - - 11.99 -0.60 1.2870 -0.7934
34.675 - 0.0282 11.79 20 40 11.99 0.60 1.2650 - 0.7715
,.., ,‘iA A A ) 1 ’~ 11 7fl In nfl ii nfl A ~ fl I ~1fl~~A AV.1~ 0 !~. • . . .~~~~~I .I..l 0.0 I . .~ .I ¼ 0 . S ’ J  ,.4. TaV

83.830 0.0360 11.80 19.40 11.99 0.90 1.2110 - 0.7175
124 458 —0.0458 11.81 18.50 11.99 --- 1.10 1.1620 —0.6685
181.475 --0 .0652 11.82 17.10 11.98 1.50 1.0890 --0.5955
214.113 0.0778 11.83 16.60 -11.98 - 1.80 1.0560 --0.5624

ry)
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series offset generator in the inverting input leg achieves a very satisfactory

explanation of all the observed interference effects in the 741.

Fi gure 56 shows an op amp ci rcuit with the addition of the offset interference

generator. The vol tage v11 provided by this generator to the inverting input is a

function of the RF dri ve signal as shown in the observed data. From figure 56,

the voltage and current equations can be derived with the assumption that the

amplifier is ideal :

1 1N 
- 1F

y
IN = ‘IN RIN + v11 - VE Assume

VOUT
_ V11

The combination of these three equations into one gives :

+y
IN — RF 

R IN V IN.

or: 

+ 
RF + RIM ‘17

~OUT 
- 

~~ 
y
IN R IN 

v11.

Equation (17) is general and may be modified for any particular circuit.

H
R,N

~~RNON..INV.
_12 

~~~•

Figure 56 OP AMP Circuit Including Offset Generator
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Figure 57 is a combined plot of theoretical and observed values of equation 17.

The solid line is the theoretica l value for equation 17 wi th constant VIN equal to

0.5 vol t and the saturation limi ts imposed by the interference test configuration

used. The plotted points are from a typical data run consisting of 10 devices .

This particular case was observed wi th RF applied to the non-inverting i nput at

0.91 GHz and the correlation is seen to be excellent.

SOU~ LINE — PREDtCTED V~WES
— OBSERVED VALUES

-8 
_ 

_ _ _

—12 - $ I ___L.__ - S * 1~~~~~— S I S I I 5 5 ~~~~~~~~
—2 —i 0 1 2 3 4

v 11 — V OLTS

Figure 57 Plot of v OUT vs v 11 For Predicted and Observed Values w ith the
Non-Inverting Input as the Inject ion Port at 0.91 GHz

In order to use equation 17 to predict the interference effects, the designer

must have an estimate of v11 in terms of the RF signal present. Fi gure 58 is a

plot of v11 as a function of power from the 741 testing of Phase II. The family

of curves parametric in frequency gives a reasonable estimate of v11 which can be - .
94
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used in the offset generator. At sufficiently low power, square law detection

adequately models the effects observed . At higher power levels the square law

dependence (V11 proportional to power) deri ved at low powers provides a wors t

case estimate of the curves in fi gure 58. The curves can be expressed mathemati-

cally by

log v 11 = log P + log K

v11 = K P

where K is the intercept on the log-log plot. Maximum values of K are plotted in

fi gure 59 as a function of frequency .

,—O.22 GHz ,— 0.91 GHz 3.0 GHZ
/ / / j— 5.6 Gui

/ / , / 
______________1.0 
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~
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~~~~~ 
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~r •
‘ 9.1 GHz —

,,1a  a~~~~~
, • - ( ~ d , ~~~‘

a 
•

010 “ I •
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*
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0.1 1 10 100 1000 10000
POWER — mW

Figure 58 Measured Offset Values for OP AMPS as a Function of
Power with RF Entering the Input at Five Test Frequencies
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Figure 59 Maximum Values of Proportionality Constant Between nce
Interference Input Offset Voltage and RF Power

The value of this model is that it applies to RF entering one of the op amp

input transistors and the input is the most susceptible port for the op amp .

Therefore, this op amp is a worst case model wi th RF entering other less suscep-

tibl e ports not requiring consideration .
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4. DAMAGE EFFECTS

Prel iminary studies in Phases I and II had shown that ICs could be damaged

by high power RF pulses . The observed failures were grouped into three classes

(bond wi re failures , metallization failures , anci junction failures), and production

of heat due to dissipation of the RF power in the immediate vicinit y of the

failure site appeared to be the common failure mechanism. During the second

increment of Phase III , theoretical and empiri cal studies of each of the three

failure types were carried out.

The theoretical model for each mechanism is deri ved from the basic heat flow

equation. The one dimensional form of the differential heat flow equation with

heat produced unifo rmly throughout the volume is ’4’15 :

au( x ,t) 
= ~~~ 

u(x ,t) + ~at ax2

where u = the temperature in °C,

t = the time in sec,

x = the distance in cm,

k = the thermal diffusivity of material in cm2/sec,

C = equal to Qk/K in DC/sec ,

K = thermal conductivity in watts/cm/°C, and

Q = the strength of the heat source in watts/cm3.

The basis for all three damage models is that sufficient energy is required to

increase the temperature to the failure point of the material . The different models

for each type of failure arise from the different boundary conditions for each

mechanism.

The failure test program was designed to obtain data for comparison with the

theoreti cal models. A total of 1500 ICs was tested to deri ve info rmation on

• dependence of failure levels on frequency (five frequencies were tested: 0.22,
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0.9 1, 3.0, 5.6 and 9.1 GHz), pulse width , and random fluctuations . The devices

and injection ports were se lected to provide high confidence of obtaining each

of the three failure types without producing the other two . The 7400 NAND gate

was selected for the bond wi re and junction failure samp les (injection on the

ground lead and output l ead , respecti vely), and the CMOS 4011 NAND gate was

selected for the metallization sample (injection on the input lead). The particular

pul se widths used with each sample were selected to provide a maximum range of the

time dependence variable consistent with laborato ry power source capability . This

scheme was mostly successful in producing the selected failures , but a few ins tances

of mul tiple failures did occur.

To determine the statisti cal fluctuations wi thin each sample , a Bruceton testing

scheme was emp loyed. Each test sample consisted of 25 devi ces and each device

received a test stimul us whose magnitude depended upon the resu lts of the previous

test. Thus , if a failure occurred on a particular test , the next  device received

a one decibel sma ller tes t stimulus . If no failure occurred , the power level to

the next device was increased one decibel . Such testing tends to concentrate the

test levels around the mean failure level and approxima tely 50% of the test sample

will fail. Mean and standard deviation can be estimated from the experimental data .

It is then possible to determine the minimum failure level (for the test sample)

and the maximum no-fail l evel . These extremes are used to defi ne the range of the

measured results and provide error bars fer the mean data .

4.1 Damage Mechanisms - Each damage mechanism can be explained as a thermal failure .

The material of interest , usually aluminum or silicon , increases in temperature due

to the absorption of the RF power unti l the material reaches its melti ng point. In

most ICs the chip material is silicon , and the rneta llization and bond wi res are

aluminum . Since the failure is thermal , it depends on the duration of the pulse as

we ll as the power level .
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Fi gure 60 shows a typical bond wire failure . This parti cular failure occurred

in the bond wi re for the ground lead of a 7400 NAND gate. The assumed boundary

conditions for the model are shown in figure 61. Both ends are assumed to be

terminated in perfect heat sinks and no heat is radiated out of the rod . Heat is

generated uni formly throughout the rod due to 12R heating. The skin effect whi ch

occurs at high frequencies tends to crowd the RF current into an outer annulus

but it is assumed that the dimensions are small enough to permi t the core of the

rod to be at the same temperature as the outer annulus . S 

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

. /

S A
Figure 60 Photomicrograph of Bond Wire Failure

- Figure 62 shows a typical junction failure . In this case the failure is a low

resistance path from collecto r to emi tter in the output transistor of a 7400 NAND S

gate. The failure consists of a re-solidifi ed channel of low resistance silicon

between the collecto r and emi tter of the output transistor. Fi gure 63 shows a

typical metailization failure . In this case the failure is in the input lead of a
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CROSS SECTIONAL AREA (A)

x = 0  \ x = L

HEA T
_ _  _ _SINK 

~~~~
—

“ 

/ \ ~~~~
— HEAT

) 

SINK

\

\/

/

I

BOUNDARY CONDITIONS: u (0, t) = AMBIENT TEMPERATURE FOR t> 0

u (I, t) = AMBIENT TEMPERATURE FOR t> 0

u (x , 0) = AMBIENT TEMPERATURE FOR 0 < x <1

Figure 61 Bond Wire Model Diagram Showing Boundary Conditions and Dimensions

_  

ft 
I

~~~~~~~~~~~ S. 

S

Figure 62 Photomicro graph of Collector-Emitter Junction Failure in the Output
Transistor of a 7400 NAND Gate
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Figure 63 Photomic t Meta ll ization Failure in the Input lead of a CMOS 4011 NAND Gate

CMOS 4011 NAND gate . This fai lure resulted from melting of the metallization

stripe.

Both the meta llization and junction failure mechanisms have similar heat flow

properties. In both cases the heat is generated in a thin sheet of material and

the heat flow is down through the vol ume of the silicon chi p. The thickness of

both the meta llization and the junctions are sufficientl y small to permi t the

assumption that the temperature is uniform throughout the thin sheets . The heat

flow problem becomes one of a unifo rm material (the silicon chip) with constant

heat fl ux across one surface (watts/cm2) wi th the other surface connected to a

j heat sink. Fi gure 64 shows the heat flow diagram used for both the junction and

meta llization models. There is no heat radiated above the top surface of the

model .
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HEAT SOURCE
AREA A (STRIPE OR JUNCTION)

/
~~~~

7

~~~~~~~

1

,

J

~~~~~ ON S

HEAT SINK —’

BOUNDARY CONDITIONS: u (0. t ) = AMBIEN T TEMPERATURE FOR t> 0
u (x , 0) = AMBIENT TEMPERATURE FOR 0 <x <I
du (L , t) 

= 2 FOR t > 0
dx K

Figure 64 Junction or Meta ll ization Stripe Heat Flow Diagram Showing
Boundary Co nditions and Dimensions

-i “ ‘ P-~.d Wire Damage Model - The bond wir e model is deri ved by solv in 9 thc he4t

fl ow equation wi th the boundary conditions shown in fi gure 61. The one dimensional

heat equation for a rod (a wire is considered as a thin rod) with heat generated

in the rod is:

~u(x ,t ) - k~~~~
5x
~
t) 

+ C—

where u is the temperature in °C ,

t is the time in sec ,

x is the distance along the rod in cm ,

k is the thermal diffusivity of rod ma terial in cm2/sec, S

K is thermal conductivi ty of rod material in watts! cm/°C , L

C is equal to Qk/K in °C/sec , where Q = P/AL ,
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P is the power dissipated in rod, S

A is the cross-sectional area of the rod in cm2 , and

L is the length of the rod in cm.

The assumed boundary conditions (perfect heat sinks on each end of the wire at

ambient tempera ture ) are given mathematically by:

u(O ,t) = ambient temperature for t -— 0

u ( L ,t) = ambient temperature for t -
~ 0

u(x ,O) = ambient temperature for 0 .: x < L (initial temperature distri-
bution is uniform at t = 0)

T0 
= amb ient temperature .

The hig hes t tempera ture w i ll occur iii the center of the rod s i nce thi s po i nt

is the greatest distance from the two heat sinks , an d the solut ion of the heat

equation for this point is given by:
2 2 2

uO~-,t) = 
~~ 

[1 - -
~
l

~ ~
. (~~

-
~~

-) (exp ~ 
n Tl

2
kt ))(sin ~

_
~
)] .

n=1 ,3,5.. n L

By rearrang i ng this equat i on , the power P , required to produce a temperature

T in time is qiven by

8 AK (T - I )________ —

~~~~

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

32 1 n2n2kt .L[l --—
~~

- 

~ 
(—

~~
-) (exp (— 2 ))(sin —

~~
-)]

~ n=l ,3,5.. n I

Figure 65 shows the properties of this equation for worst case bond wi re parameters

There is a l/t dependence for short pulses, whereas the power app roaches a cons tant

~ ~ t t c ~ent time i s avai la b le to reach the equi lib rium state for long p I l S ~
-
~-

Figure 65 is a worst case prediction for integrated circuit bond wires since

it is assumed that there are no losses arid that all power is dissipated in the bond

wi re. The data measured during the experimental activity lies above this curve

which supports the worst case claim. There is not enough range in the data to

reach definite concl usions about the trend , but the data i s not i ncons i s ten t wi t

the form of the predicted solution. The data indica te there is an approximately
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Figure 65 Bond Wire Failure Power Levels From Both Measured Data and Worst Case Model

13 dB difference be tween observed values and worst case predictions. This
S di scre pancy i s at tr ib ute d to losses -i n the real case w hi ch are no t consi dered i n

the wors t case model

4 .1.2 Junct ion and Me ta l l i za t i on  Damage Models - The fa i lure models for the junct ion

and meta l l izat ion damage modes are essentially identical . In both cases , the

source of heat can be described as a thin sheet (in either silicon or aluminum)

.m ere it is assume d that all the power is being dissipated. Since the sheet is

104

%WDO~~~~~LL& DOUGLAS 4STRO~~ 4&JT9CS CO~~1P4~~~V - L AS T

- --5— - - —-5-— - - - - - -5 - — - -- --5--~~~~~~~~~~~~~~~~~~~~~~~~ - - - S -5-5- 5-- - -—--.—~~~~~ -~~ —----5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~5 5~~~~~



5-,’

INTEGRATED CIRCUIT SUSCEPTIBILITY REPORT MDC E1667
3 JUNE 1971

very thin , it is assumed that unifo rm temperature exi sts through the thickness of

the sheet and both cases can be treated as uniform surface heating. Both models

reduce to the same bounda ry value problem where heat is conducte d away from one

surface through the silicon chip. The mathematical expressions of the boundary

conditions are:

u(0 ,t) = ambient temperature for t > 0

~u(L ,t) = Q’/K for t > 0

u(x ,0) = ambient temperature for 0 < x < L.

I0 = ambient temperature .

The tenperature at the surface is given by:

u(L ,t) = ~~~~~~~ [1 - ~~~~~ 
~
-

~~
- (exp 

~ 
kn 11

2
t

) 5ifl (~.!)]
TI n=1 ,3 ,5 .. n 4L

where u = temperature in °C ,

I = thickness of s i l icon chip in cm ,

K = thermal conductivity of si l icon in watts / cm/ °C ,

k = thermal dif fusivity of si l icon in cm2/sec ,

= surface hea t flux in watts / cm 2 ,

I .
Q = P = dissipa ted power in watts ,

W = w id th of fa i lure area in cm ,
D = len gth of fa i lure area in cm , and

t = time i n sec .

After rearranging the equation and expressing the temperature as I - T0, the power

to produce temperature I in time t is given by:

T - T
L 

0 ) KWD
— 

1 - ~~
-
~~

- 
~~
-

~~
- (exp (- kn 2TT 2 t/ 4L 2 ))(sin

n=l ,3,5.. n 2

where a ll the commo n terms are as given previously. It is assumed that there is a
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critical temperature (I = If) at which the failure threshold will be reached. The

amount of energy required to produce the actual failure (latent heat of fusion) is

assumed negligible compared to the energy required to raise the temperature to the

cri tical temperature .

For n or p type s i l i con , the wafe r thickness vari es from about 0.0 1 58 cm to

0.0316 cm for most wafer diame ters . The nieta llization depositions and dopant

diffusions do not add signifi cantly to this thickness. For a worst case model ,

the thin sheet of material where al l  the power is assumed to be dissipated is

taken as the area (WD) in the m odel even though some power is dissipated in the

bond wire s , the package leads , the bonding pad , etc . The silicon chip thermal

characteristi cs are approxin ia ted by values at temperatures representative of the

type of failure involved. The thermal constants for silicon vary with temperature

S 
s ignificantly, whi le those for aluminum remain relati vely constant over the

temperature range of interest.

Fi gure 66 shows the junction failure • 1idel prediction , ca lculated with parameters

from the output transistor of a 7400 NAN D gate . The results of the testing for

junction failure s are also plotted in fi gure 66. As in the bond wire case the

points a Bruceton mean values for minimum peak power and the erro r bars indicate

maximum observed no-fail power and minimum power required to produce a failure . —

All failures with the 7400 output as the RE injection port were j unction failures

except at 5.6 GHz where the only failure obtainable was a combination of all three

mechanisms . There is a good agreement between the time-dependence of both the data

and the model prediction. Again there is a 10-12 dB offset in the absolute levels I
which is attributed to the worst case assumptions (i.e., al i of the power is not

dissipated in the failure site).

The junction fai lure probably occurs at a local ized region of high temperature 
I

(a hot spot) cause d by second breakdown . The hot spo t is caused primarily by
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Figure 66 Junction Failure Power Levels From Both Measured Data and Worst Case Model

nonun iform current conduction in the semi conductor junction . Afte r the hot spot ,

howeve r small , occurs , the res i s ti v ity of the si l icon in the hot s pot increases

wi th increasing temperatu re until the ma terial becomes intrinsic. Beyond this

crit ical po int , the res i s ti v ity beg ins to decrease . The temperature at w hi ch any

given silicon material reaches the intrinsic state depends on the inherent doping

concentration and can range from 300°C to 1000°C for doping levels normally

S encountered in ICs 16 . If the temperature continues to increase after t ht~ m ater i al
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becomes -intrinsic , the resistance of the hot spot decreases and additional current

flows through the hot spot. This current increase , in turn , causes the hot spot

to hea t up even more wi th an additional decrease in the resistance until failure

occurs . The temperature in this localized area exceeds the me lting point of

silicon (1412°C), but the temperature at which this process starts in motion is

S far less than the melting temperature. In the absence of data substantiating

the tempera ture where the doped silicon becomes intrinsic , a temperature of 660°C

was assumed for the onset of hot spot formation and eventual thermal runaway .

The 660°C temperature was assumed for the curve of figure 66 as the failure

temperature Tf.

Figure 67 shows a simi l ar curve and data for the metal lization model . Since

F the metallization and junction failure models are the same , the only difference

lies in the parameters used in the model . In both cases the resul ting curves

scale linearly wi th the failure site area (e.g., if the stripe area increases by

a factor of ten, the power to cause failure increases by a factor of ten). The

failure power levels were measured wi th the 4OllB CMJS NAND gate input lead as the

RF injection port. A ll failures observed were metall ization failures in the input

stripe. The area of this stripe is used for the model curve along wi th the chip

S thickness for the 4OllB. In this case the mel ting temperature of aluminum is

used as 660° in a straightfo rward manner. The minimum failure levels again are

Bruceton mean val ues with the error bars showing the maximum observed no-fail

level and the minimu m failure level . Again , the form of the data and the model

S 
prediction agree quite well. The absolute offset is some 20 dB , however. This

time the conservatism of the estimated a rea invol ved in the heating is believed

to be a major contribution to the discrepancy . - S

4.2 Damage Sumary - The theoreti cal models based upon thermal analyses and worst

case assumptions yield predictions which are conservative when compared to actual S
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Figure 67 Met a ll ization Failure Power Levels Fro m Both Measured Data and Worst Case Model
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failure uata. There is a typica l factor of 10-12 dB between the measured and

predicted values . It is recomended that this be utilized as a safety factor

when using the failure results in an EMV hardening effort.

The relatively tight bunching of the failure data shown previously suggests

that , for practical considerations , all failure mechanisms can be treated the

same . The failure models also overlap closely for practical ranges of the model

parameters . Fi gure 68 shows the overall worst case predictions on one composite

graph. The phys i cal parameters , used for the model curve and listed in figure 68,

are worst case val ues to obtain the minimum power to cause failure . For example

the minimum bond wire diameter in current use is 0.001778 cm (0.7 mil) and a

length of 0.5 cm is as long as can reasonably be expected. For junction or

metal lization failures , the a rea of the junc tion or stripe is the primary factor

affecting a worst case prediction of fa ilure . The wors t case areas for junction

and metal l ization failures are both assumed to be 6 x l0~ cm2 (a representative

failure site area based on actual measurements). The worst case failure temperature

for the junction model was taken to be 660°C (any higher temperature would

presumably melt the al uminum metal lization fi rst).

There are three regions shown on the composite failure prediction graph in

figure 68. The di viding line between shaded and unshaded areas is the composite

worst case failure prediction for all three mechanisms with parameters listed. In

the l ower (unshaded) region , no failures of any kind are expected . From the worst

case models , a failure could occur anywhere in the two shaded regions ; however in

the da rker area below 0.5 watt no failure has ever been observed. Many ICs have

been tested during interference testi ng, which is CW testing, in this area and no - ;

fai lure or degradation has been noted.

Actual failure data shows that the minimum power failure levels are 10 to

15 dB above the wor s t case model line . There is a possibility that different - .
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SHADED AREAS DETERMINED FROM FAILURE MODELS FOR: BOND WIRE
ALUMINUM

DIAMETER 2 .001778 cm
LENGTH 1 0.5 cm

JUNCTION
SILICON

FAILURE AREA 2 6x10 6 cm 2
CHIP THICKNESS 1 .032 cm

METALLI ZATI ON
ALUMINUM

FAILURE AREA 2 6x 10 6 cm 2
CHIP THICKNESS 1 .032 cm

Figure 68 Composite Predictions of Wors t Case Failure Lev els From Bond Wire , Junction.
and Metallization Models

impedance combinations cou ld decr c3se this difference . Therefore , the conse rvat ism

of this approach provides a needed sa fe ty factor for most devices .
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5. SUSCEPTIBILITY REDUCTION

Three techniques nave been proposed for reduction of RF susceptibility in ICs.

They are: device screening, using less susceptible circuit designs , and using

lossy materials to absorb the RF. No new techniques have been found but these

three have been evaluate d further wi th the following results .

5.1 Practi cality of Device Screening and Circuit Design Techniques to Reduce RF

Susceptibility - Devi ce screening is the use of device-to-device RF susceptibility

variations in seemingly identical ICs to find the least suscept ible devices . The

use of the least susceptible devices reduces the overall susceptibility of the

system so that system shielding requi rements are reduced. The device-to-device

RF variation is evident in devices which have different l ayouts or different doping

densit ies . These differences may be due to different manufacturers or even to a

changed mask fro m the same manufactu rer. While the differences do occur between

manufacturers ’ individual devices , no sing le manufacturer has ever demonstrated

less susceptible devices across his whole IC line than any other manufacturer .

Two possibiliti es exist for RF device screening. The fi rst is to test devices

and use the least susceptible one . This is the “brute-force” method which would

only be used as an absolutely las t resort. RF testing is very expensive both in

acquiring the necessary equipment and time . The second possibility is that through

the modeling or testing effort  some rel i able indication of susceptibility may be

found through a simp le dc or low frequency measurement. At this time there does

not appear to be a simple, re liable indication ; however , there will be a continuous

search for one as the test ing and modeling efforts continue . 
S

There are also some circui t desi gn techniques which can reduce susceptibility

to RF. The simp lest design technique is to use digital rather than linear devices

if this option is available. Testing has shown that digi tal devices are several

orders of magnitude less susceptible than linear devices . Modeling efforts have
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shown two cases of reduced susceptibil ity through design efforts . First , it

appears that slow speed TTL logic circui ts (74LXX , 54LXX ) are slightly more

susceptible than higher speed circuits (74HXX, 54HXX). Second the fanout of a

IlL device affects the susceptibility with higher fanout causing the device to

be mo re susceptible. Neither of these techniques will reduce the susceptibility

by more than 10 dB. However , the fact that they exist at all is encoura ging

so the search will continue for other , more effective susceptibility reduction

techniques .

5.2 Presen t Limi tations of the Loss y Mater i al Techni ques - As shown in  the f i r s t

increment, ferri te mater ial can reduce the amount of RF reaching a suscepti ble
S 

IC. The ferrite socket proposed previously was effective at frequencies above

1 GHz in reducing the devi ce susceptibility to RF. All interference testing has

shown that ICs are not as susceptible above 1 GHz as they are below 1 GHz.

Available ferri te material s were checked and none were found to be very effective

below 1 GHz where the ICs are most susceptible. Unless the possible interfering

signal s are above 1 GHz , ferri te material in a socket , in the PC board , or even

in the potting materi al can not be of assistance .

Also , most appl i cations where high l evels of RF power are a problem are

military-related. At this time the use of ferri te material in sockets or boards - - 

S

has not been qualified to milita ry specifications . This qualifi cation procedure 
- .

wou ld be expensive for the firs t application .

~~0
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~~~~~~~~Emphasis) ,  in determining effects of n1icr~~~v~ sinnal on ICc Testi ng has been
pe rformed to provide data for this interference niode linci . ‘~1so in the
second increment a study of IC failure mechanisms due to RF has been performed.
This study includes an extensive testing proç’rai~ and generation of a failure
hlbode l for each observed failure. The changes to the fi rst draft of the IC
susceptibil i ty handbook and the rationale behind the channes are also included
in this report.~
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