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I FOREWORD

I This final technical report is submitted to the U.S. Army Missile

Coninand by the Electrical Engineering Department , Auburn University , to

I complete its contract obligations under contract DAAHO1 -76-C-0328. This

report is published in nine parts, each separate and independent of the

I others. Each part sumarizes significant work related to the contract

tasks completed during the period of contract performance.
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I
THE HYBRID INTEGRATION OF A MULTISTAGE ACTIVE BANDPASS FILTER/AMPLIFIER

K. B. Cook , Jr., D. V. Kerns , r ., H. T. Nagle , Jr ..
T. D. Slagh . and V. W. Ruwe

Reprinted from IEEE Transactions on Pirts, Hybrids, snd Packaging, November 1976
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The Hybrid Integration of a Multista ge
Active Bandpass Filter/Am plifi er

KOY B. COOK . JR , M E M B E R , IEEE , DAVID V. KERNS , JR. , M E M B E R , IEEE ,
H. TROY NAGLE , JR., SENIOR MEMBER , IEEE , TIM 0. SLAG)-) , MEMBER , IEEE , A N D

VICTOR W. RUWE

Abstract— This paper describes the fabrication , characteriza- Current-t O-
tion, and analysis of a hybrid microcircuit to be used as a Vo lt age
si gnal amplifier and conditioner for an IR tracking system. input s ignal  Conoe rter

The entire Circuit ~S integrated on a 1 X 2-in alumina sub-
strate using thick-film resistors and conductors , some chip
resistors in critical locations, chip capacitors , and monolithic
integrated-circuit (IC) operational-amplifier (op-amp) chips.
Fi g. 1 shows a block diagram of the entire circuit. The transfer
functions of each of the stages is derived. The predicted gain Low Pass :~:~

;
~ ~:s~

8
F~~~er

peak and the shape of the measured bandpass agree well with ~~~~~~~~~ 20 Hz)

experimental results. The computer simulation using ar op-
amp ‘macromodel” [1) gives results very closely resembling
the measured bandpass, and underscores the utility of com-
puter circuit simulations in IC development. Stability and
hybrid layout considerations are discussed.

The noise figure is measured as a function of frequency for
the given system source impedance of 5 M~2 and also for T r i m  Gain

0.5 M~l to indicate the dependence of the noise fi gure on
source resistance . The dominant sources of noise in the 0mph- Stsqns Output Signal

fier/filte r and low-noise design considerations are discussed.

I. INTRODUCTION Fi g. 1.  Hybr id-microcircuit functional diagram .

The purpose of this paper is to describe the fabricat ion , converted to a voltage si gnal by the first stage and amplified
characterization, and analysis of a thick-film hybrid micro by the second stage, which also acts as a high.pass filter with a
electronic circuit to be used as a bandpass filter and amplifier low-frequency —3.dB point of 20 Hz. The third and fourth
The original circuit design was done by the U.S. Army Missile stage s of the amplifier/filter are unity-gain low-pass filters
Command as part of an IA tracking system and was originally which are designed together as a Chebychev filter with a 0.1
fabricated using discrete components hard-wired together in ripple. The upper —3-d B frequency of these two stages is
breadboard fashion. 7 k l-lz. The final two stages of the circuit are used for gain

The amplifier /filter as presented in this paper was nte- adlust and dc output voltage offset adjust.
grated on a 1 X 2-in alumina substrate using thick-film re- Fi g. 2. shows the electrical schematic of the amplifier /fi lter.
sistors and conductors, some chip resistors in critical locations , Fig. 3 is a photograph of the completed thick-fi lm hybrid
chip capacitors , and monolithic integrated-circuit (IC) opera- circuit showing all components except capacitor C~, the coupl-
tional-amp lifier (op.amp) chips. ing capacitor between stag es one and two , and the two trim

Fig. 1 shows a block diagram of the entire circuit. The IR potentiometers used for gain adjust and offset voltage adjust in
sensor is a silicon p-n diode designed to detect light from a the last two stages. Due to Size , these components were
laser source. The photo-current signal from the IA sensor is mounted on the external printed-circuit board as indicated in

Fi g. 4. Four amplifier /filters are mounted on one laminated
Manuscript receive d Jun e 4 , 1976 , revissd July 15 , 1976. Thit work printed-circuit board 1 to complete a four~quadrant lR de-

was cann ed out at the Hybrid Micr oelectronic Facility of the U.S . Army tector system.
Missile Command IAMICOMI in Huntsville , AL ,with support from the The layout of the hybrid circuit proceeded through several
Department of Electrical Engin..ring of Auburn Univertity under U.S. , . . . -

Army Contr•ct OAAHOI-76C .0328 redesigns ri order to meet the specIf Icat ions required. The
K. B. Cook . Jr., 0. V. Kerns , Jr , H. I Nagle , Jr ., end T 0. Slagh physical size was constra ined to a 1 X 2-in alumina substrate.

are with the Department of Electrical Engineering, Auburn University .
Auburn , AL 36830 .

V . W. Ruwe ii with ths U.S. Army Missi le Command . AMSMI-R GP 1Each circuit -board i ’sr t  was doubit sided The completed board has
Redttone Arsenel , AL 35809 . lour layers of c000ucto’ and plated-through vies. 

-

Copyright ~ti 1977 by The Instilute i1 Electrical and Electronics Engineers , Inc.
Printed In U.S.A. Annals No, 6I2PHOI I
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Fig 2 Electr ic a l  scriematic of the hybrid fi lter/amplifier

U~ H~~.
ii

- -i

I
Fig 3 Photograph of the hybrid I ‘t s r  ai’ip i t i e r  mounted iri s mete)

.1. na ,.-‘ wi th the lid removed. -

Fig. 4 Photograph of a system of four hybrid ampi f “r f i l ’e r  circuitsT 
~ t a )  “~ ‘

-,iir’ r t was to 5P 1 11 YTe ci rcuit int o two mounted on a multi l evel prrnt5d~circuit board.
,i L  - “ L I I kag e~ with all the capacitors mounted exte rnally
on t’,e pr ted c r c  it  board. Cross coupling between the large instabil it ies and made the corner frequencies of the filter
“‘ ~~ c~ p~c ,ors and the two hybrid package s caused circuit difficult to reproduce accuratel y Hence , p sin g le-p ackage
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Moari t iiy hnr .i  in p k~~. I — — ——-— -—— —-—

l i re  resistors and us Ii. ; 1 m m . )  1 y I 
- ,

~ . s it / ‘ . 2 5
d ie lnc t ni i. ‘riuL i t i, ,  e u ’ ,, —

1 -~~Th- _ _  

U 015

i’i.i .11 - -, i n  Solid . ,b r 1 ~n T O 1  3 1 S It  25 2 5

~ 1’ ii % i1 pi r  O u i S
——— —-—- .  ._ __ ___ — __ _J ?‘ .Y 3 1  S i C  25 2

i i ’ -- u. )- , oi,i~~~ 1 ’  ‘ c a l  nil J networ k designed to cut off sharply at the cutoff f t e q u s l w y
6.28 kHz . The low-pass section is composed of two op-amp

r— —
~
—--—i .—— — ---- - ——

~ 
circuits , a three-pole active f i l ter , fol lowed by a two-polo

I F I re I 0 . ho er  I I Sea I pk g rid I n o  • I
‘‘. and_Pd~A u J  I active f i l ter. The final stages are for gain adjustme n t and dc

1..________________ offset correction .

r~ i st . r Tr im ( l ase r ’ 1 Theory
L_. _________ J ri 50i E l e c t r i c a l  es t  The schematic diagram of the entire f i lter/amplifier is
____________________ ____________________ shown in Fig. 2 . The frequency-shaping sections are stages

‘i. r i  ic :nips- two, three , and four .
L~~b 0 t i c uLndlnq Stage two pr ovides a sing le-pole high-pass filter , with the

corner located at 23 Hz . The voltage gain for the second stage ,
I assuming infin ite op-amp gain , is

Fig. 5. Thick-film hybrid-circuit fabr ication process seque nce.

A (~) _ R 7 ( SCt R 4 ) (1 )
desi gn as descri bed herein evolved as an acceptable solution to 2 

A 4 1 + sC0 R 4
the physical-si ze/electrical-performance constraints. ri an at-

- - . - where the component values are given in Table I .
tempt to optom ize c ircuit layout , an automatic computer .The third stage provides a three-pole low-pass f i l ter  w ith a
routing

2 
and design program was next used to generate a new voltage gain of

lay out. The resulting hybrid-circuit layout was suitable foi- a
1 X 1-in alumina substrate , but require d three separate con- A 3 (s l  —

ductor layers for its implementat ion . Because of the need for s- 3 A s 2B~ + sC 1 ~
- 1

high reliability with simultaneous ease of fabrication , it was where

decided not to use a three- level metal l ization configuration . A 1 R 3 C7 R 1nC8 R9C9 13 ’
Thus the computer-aided layout was not used in its original Si = R 8C7 R9C9 + R8C7R 10 C9 + R 10 C8 R9 C9
form but was modif ied by hand to obtain the final layout. +R 8C9 R 10 C8 ( 4 i

The hybrid amplifier/filter was fabricated using standard C 1~ R8C7 + R9C9 + R 10 C9 + R9C9 - 15)
thick film hybrid techniques, The process sequence that was
used is shown in Fig. ~ 

The magnitude of A 3 ( s)  versus frequency begins to roll off
early and is down by a factor of 3 dB at 3 kHz as shown in

II. ELECTRICAL ANALYSIS Fig. 6.
The fourth stage is a two-pole low-oass filter , which is

Introduct ion desi gned along with the third stage by assuming a Chebyshev

A functional block diagram of the amplifier/filter is shown filter wi t h a 0,1 -dB ripple. The magnitude of the transf o r

in Fig 1 The infrared sensor is a reverse-biase d junction de- function of stage four increases wi t h frequency and closely
tecto r with an impedance of 4 - 5 M~ The first stage of the compensates for the decrease of the third stage to give a total

system is an np-amp circui t operating as a current to-vo )tage response which is f lat  up to the cutoff frequency [ 2 1  - Above
converter arid is capable of dotecting current si gnals down to the cutoff frequency the gain decreases rapi dly at a rat e of
the picoanipere range The second stage provides a voltage gain 42 dB per octave.
of 68 and rej e cts the low-frequency signal components helow The voltage qaii of the fnurth stage is

its corner frequency of 23 Hz. The next Section is a low-pass ,4 4 (sl = , , (6)
~ t i c  wo rk was i.wrfo ,rncd t y  A Q . r ” ~ Co rpor anon S2A ~ SB 1 Cl 1
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form all three modes of simulation , dc, ac, and transient; it
contains a subcircuit capability and has “built-in” device

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

The circuit of Fi g. 2 contains two types of op-amps , the
.. -.- - . “N ~, LM 1O8 and the LM747. The op-amps are modeled using the

~

invc,r.an . oar, \~ macromodel technique presented by Boyle et al . 11, The
- 

~~~~~~~~~~~~~~~ 
macromodel shown in Fi g. 7 is approximately a factor of six
less complex than the original op-amp circuit , yet provides

\\ excellent modeling of the terminal characteristics of the op
amp, The macromodel parameters are derived from the data
sheets of the above op-amps utilizing the procedure described

i’.car zl in [11

Fig. 6. Frequency response for the amplifier/filte r stiowing ex peri- A SPICE simulation for the first four stages was performed
menta l data, SPICE computar simulation , and hand calculations , and the computer-predicte d frequency response for the hybrid

J 
Ncr NC2

~2 
(
11._i 

N 

?bvb 

R 2~—~~~~ ±~.

f t  
__

iNPUt STAGE INTERST A GE OUTPUT STAGE

Fi g. 7. Circuit diagram of the op-amp macromodel .

where IC is also shown in Fig. 6. The simulation includes the effects

— of parasitic capacitance at critical high-impedance nodes , the
A 1 _ R 13C13 R 14 C12 effect of coupling through supply lines , and, most im-
B’i - F? 13C13 + R 14 C13 - (8)

portantly, the effect of finite and frequency-dependent op-
The total frequency shaping of the amplifier is determined amp open-loop gains . Notice the SPICE simulation shows

by the magnitude of the product of A 2~s) ,  A 3 (s),  and A 4 (s ) .  significantly more peaking near the high-f.’equency corner than
Plotting this product versus frequency gives the theoretical does the theoretical analysis. The ori gin of this discrepancy
plot show n in Fi g. 6 when multiplied by the constant gain was traced to the fourth stage.
factor of stage s one, f ive, and s ix. The dashed curves indicate The two-pole active filter of stage four has a theoretical
the normalized transfer characteristics of stages three and four , gain peak at 6.5 kHz , assuming inf inite op-amp gain. The
and show how these two stages work together to give a total SPICE simulation models the effect of finite op-amp gain and
response approxi mately flat up to the high-frequency corner , the gain peak is found to shift slightly lower to 5.9 kHz, The
followed by a rapid fall . effect of this shift on the total filter response is a sl ig ht

peaking near the corner and a slightly lowe r corner frequency.
Computer Simulation

A computer circuit simulation was performed on the hybrid Experimental Data

ampl ifier/filter to chec k the dc bias conditions and verify the The data points in Fig. 6 show experimental measurements
ac bandpass characteristics. The program SPICE 131 (simulmu. on a typical hybrid amplifier/filter unit (number SNBO35).
lion program w ith integrated-circuit emphasis) was used to Note the excellent agreement between the SPICE simulation
perform the analysis. This program offers a number of features and the experimental data points. The computer simulation
which make it ushfu l for hybrid IC analysis. SPICE will per- correct ly predicted the small gain peak near the high-

_ —‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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frequency corner and gave an accurate modeling of the gain where
over the frequency range of 5 Hz - 10kH z . k Blotzmann ’s constant;

T absolute temperature;
I l l .  NOISE ANALYSIS AND PERFORMANCE R~ source resistance;

LV noise bandwidth.
Introduction Excess noise in resistors has been experimentally determined

The hybrid active bandpass filter/amplifier is required to to fo low a relationship similar to
detect min imum signal levels of 10-6 V within its —3-d B 

K / 2
bandpass. In this section , an analysis of the capability of the e~

2 = 1 dc , (13)
circuit in detecting low-level si gnals is presented along with
experimental data to substantiate the analysis. The compo- This type of noise is also known as I/f or flicker noise . This
nents which limit the low -signa l-level performance of the cir- type of noise is usually only important in carbon composition
cuit are identified. and other “grainy” resistors such as thick-film res istors. It is

usually negligible in thin-metal-film resistors.
Noise Analysis and Modeling When several amplifier stages are cascaded together , the

The noise performance of a multistage amplifier has been noise figure of the entire assembly is given by Friiss ’ Law [51
treated in detail in numerous articles and texts and only the

- . F2 — 1  F 3 — 1  F4 — 1essentials will be presented here as needed . The reader is F i-0~ 
= F 1 + + + (14 (

referred to [4) and [5] for further reading on the subject. G 1 G1G2 G1G2 G3
A useful technique to characterize the noise performance of where the F,’s are the noise fi gures for each stage and G,’s are

an amplifier is to express the noise of the amplifier and the maximum available power gain for each stage:
external resistors in terms of an equivalent input noise-voltage

- - - . / amplifier open-\source e01- . The equivalent input noise voltage is the rms A I . - A5
- - G1- - circuit voltage I ‘ —‘-- (15)

vo ltage that one must apply to the input of a noiseless am- in / r0
plifier to get the same output noise as would normally be
measured at the oLtput. Thus if e0 is the equiva lent input noise where r0 is the output resistance of the amplifier. Thus , even
of the amplifier (rms) and e5 is the noise of the source resistor though the noise fi gure can be ~~ ‘ 1, if each stage of a cascaded
(R e) ,  then amplif i er has a large power gain , the noise performance of the

e 2 = e 2 + e 2 system is determined by the first stage and FTO 1’ F 1 - It
“ 0 - becomes very important to have a low-noise first stage.

The noise in amplifiers such as op.amps is usually modeled ri order to develop a complete theoretical model to predict
by two noise sources: a noise current / ,~ and a noise voltage the noise of the circuit in Fig. 2, detailed knowledge of the
E3, - The noise voltage is the equivalent input noise voltage with complete noise performance of all the resistors and operational
A5 = 0 and the noise currc rs t is the equivalent input noise amplifiers would be necessary. Such data is usually available
current with A5 very large. The total equivalent input noise of only by experiment. The theoretical prediction of flicker noise
the ampl ifier e0 can be expressed as is particularly difficult because of the fabrication dependence

e 2 = E 2 + / 2 R 2 (10) of constants like K 1 in ( 13). However , the above theory can be
o ti fl S ‘ successfully used , along with experiment al data and appro-

The output noise is composed of two components: the pr iate simplifying assumptions , to evaluate the noise per-
noise from the source resistor and the noise from the formance of an amplifier and to determine those factors which
amplifier . A measure of the amplifier ’s contribut ion to the lim it the noise performance. In the next section , experimental
total output noise is given by the noise fi gure of the amplifier noise data are presented , and , in the subsequent section , the
defined as above theory is used to analyze the experimental results.

F= total output noise power divided by the output noise Experimental Results
power due to the source resistance alone , or total mean- - - - - -

- . - The noise performance of the circuit in Fig. 2 was deter-square output noise vo ltage divided by the mean-square -mined for A5 = 5 M~~ and A5 0.5 M~1 using the test setupoutput noise voltaoe due to the source resistor alone; . - - - -- shown in Fig. 8. This technique is widely known as the “com-
that is , parison wit h a sinusoid” technique and involves using an input

e 2A 2 2 + 2 2 s inusoidal signal (set at the center frequency of the spectrum
F (ii 3~ 

e0 = 1 + ~~~~~ ( 11) analyzer) as a reference si gna l to measure the equivalent input
e5 A 0 e5 noise of the circuit under test. Details of the technique can be

s~here A 0 is the voltage gain of the amplifier , found in [6 1 and [71.
The noise cf the source resistor will generally be composed The results from the experimental measurements are plot-

of two parts: .hermal noise e5 2 and excess noise e~
2 . Using ted in Figs. 9 and 10. Fig. 9 is a plot of equivalent input

N’jq uists ’ Theorem (4] for the thermal noise , noise voltag e viorsus frequency. This plot gives a vivid indica-

e 2 
= 4k TR ~~ (12) t ion of the sensitivity of the circuit to low-level signals. As can

be seen , over the passband the circuit can detect signals less

- ~~~~~~~~~~~~~~ - .
~~~~~- -—- _. 
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Inpu t Systeiii Low Noise Precisi on 55( i  IRUM
attenuator , under Am p li fier ATT tNUASOR ANAL YZIR
niatc lri ij test  O-l9dti N I H

s f 0
01 1111 1

Fig. 8. Test setup for noise measurements
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Si) IN1)  ENS] I . Na/Nl )

;L - ~~III1~ ~~~~ ~~~~~~
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~~~~~~~
- 

rwrau rwc ,  (HERTZ)

‘a
Fig 9 Equivalent input noise voltage versus frequency . 

— — —

- Fi g. 11 . Ia) Noise equivalent circuit of stage One . ib ) A iearrange-
ment of this circuit.

At low frequencies the increased noise is due to both f l ic ke i
noise and gain roll-off caused by the coupling capacitor be-

0 
sa ra ~~~~ 

tween stages one and two in Fig. 2. At high frequencies the
— siMuLarioN increased-noise is due to gain roll-off in stages three arid four .

:, ‘- . The data of Fi g. 9 were converted to the noise fi gure using
( 11) and were replotted in Fi g. 10. This data along with ( 14 )

- ____________ 
for F TOT will be used to investigate the performance of the

° L,_ -
~’ Si.fgo Circuit.

is iso ix iOR Analysis of Performance
reeauewc r (HECTZ)

According to Fri iss ’ Law , equation ( 14) the noise pertor-
Fig. 10. Noise figure versus frequency. mance will be determined by the first stage as long as the G ’ s

are suff iciently large . n this section , expressions for the avai l -
than 1 pV with a good signal-to-noise ratio. For a source able power gain and noise fi gure for each stage of the ampli-
resictance of 5 M~~ at 1 kHz the si gnal-to-noise ratio for a 1 i.zV tier/filter will be determined.
input would be

Stage One
S # N  10 12 + 16X io~ 

14 1.16X 10— 12 
-

= - - 1 4  — 1  ~ 
= 7.25 (16) The important sources of noise I l l  stdge one a re the eguliv-

N 16 X 10 1.6 X 10 alent input noise of the LM1O8 op-amp and the res i s t ’ noise
where S is the mean-square input signal voltage and N is the from A 5 and R 1 - Fig. 11(a) shows this stage wi t h noise gent
mean square equivale n t input noise voltage e01

2 
- Fig. 9 also erators. Fig. 11(b) shows a noise equivalent circuit which is

indicates that the noise performance improves substantially by j ust a rearrangement of the c ircuit of Fig. 11 (a) .  The output
reducing A 5. A reduction in A5 by a factor of ten reduces the noise is the same in both cases.
midband equiva lent input noise voltage by 4 .2. Using Fig. 11 , the equivalent input noise for stage one is

The frequency dependence of e0, is also evident in Fig. ~ e 2 (1) =e 2 + e 2 (A 5 2 \4 E 2( i + 
A5 \

2 
+ / 2R 17)Outside the —3-dB passband , the noise increases dramaticall y. ~ F \R 1 2/ n l  

\ ~~ 1 / 
ni I

~ - - - -..--. .t~~~-~ ________ J
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where e,2 = 4k TA,.M, e~
2 = 4k TA 1 1, and E 0 1

2 and I,, 1 2 are

I 
the equivalent input noise voltage and noise current for the 

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

IM 108. Typical values of F0 ~
2 and 1~ I 

2 can be obtained
trom data sheets provided by National Semiconductor. How-
ever , care must ue taken in using the data provided in data
sheets as the noise performance of op-amps will vary con-

voltages. Most data sheets give noise data at a ±15-V supply ~~~~~~,01

siderably between units and will be a function of supply

only. For accurate results , E01 and ‘nl  must be measured
experimentally under the correct bias conditions. Fig. 12. Noise equivalent Circuit of stage two.

The excess noise in A, and A 1 has been neglected in (17) as
low-noise thin-meta l-film resistors were used in the circuit.

of the circuit and thus a thin-film chip resistor was used in the
hybrid layout rat her than a thick-film resistor . Thick-film

Noise from A1 would be detrimental to the noise performance

resistors tend to be very noisy [61 . Using (12), the noise figure ~~ e~
for stage one is

E0i
2

( 1 ÷ ~~~ \
2

+ / 01 2 R,4 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

N, •

R1 )F 1 = 1 t~~~~+ (18)
Ri K 1 R5 (:~~~‘ro2 

C~ 
_
~

where K 1 = 4k T = 1.61 X 10_ 20 w, k is Boltzmann ’s con- Fig. 13. Noise equivalent circuit of stage three.
stant , and T is the absolute temperature . The maximum avail-
able power gain for stage one is From (20), the noise figure for stage two is

2 A, — A 1
2 

_______ _________(19) F2 — 1  =~~~~~ - +~ ,Z- 1(~
p1 +R

4)
2 

~~~
2C 2R 2]G 1 = (_ - ) 

~~~~ rol ro 1L~ 
R7

where r01 is the output resistance of stage one. This parameter / 2 r i 1
÷ ..L!J__ lfro l+ R 4) 2 + 2c 2]is also available from LM1O8 data sheets. G1 will depend on K 1r 0 1 LA ,. For the case of A, = 5. 1 M~2 , G 1 106 . Due to this large F01 2 

+ 
r01 + R~ \

2 
+ 

1 
] 

(21)value of G 1, t he noise fi gure inside the passband of the filter +
K 1r 01 L A7 / ~

2C~
2 Ai 2

will be determined by stage one and for the LM1O8 will be very
close to two , as the noise contribution from the LM1O8 will be where r 01 0.1 ~2 when A, = 5.1 M~2 and t01 ~ 1 ~2 when
small compared to the noise of resistors A, and A 1 .~~ A, = 0.51 M and

A4 = 1 K
Stage Two A7 = 68 K

The noise equivalent circuit of stage two is shown in C~ = 6.8 p F .
Fig. 12. For this circuit , the equivalent input noise voltage is The maximum available power gain for stage two is

_______ __________ 
2 r01 A7 2r01e,, 2 2 =  e,01 2 f e4 +e 7 2 

[(r
ol  + R4~

2 
+ 

1 
] = (A 

\ r02 R4 r0~ 1 + ________

2)  ( )  2 1 (22)
A ) w2 C 2 R 2

1 1 
( ~~~~~~~~~~~

+ ‘n1
2 

[r ot  + A4) 2 + At low frequencies this term will cause the noise figure F to

+ E0 ~
2 

[(
1 + 

r0 1 + R4 2 1 
2] 

(20) 
increase.

A-, ) 
~~~~~~~~~~~~~

‘ 

Stage Three
where The noise equivalent circuit of stage three is shown in

= 4k Tr4.~f Fig. 13. For this circuit ,
e~

2 
= 4k Tr7 LV

er0 1
2 = 4k Tr01 •~f e01

2 = (e,02 ) 2 + e8 2 
+ eg

2 (1 + ut 2A ” ) + e102 (1 + o?8” +w4C” )

3Thi s fact is l iar obs ious nor necessarily always true. Experimental
(i.,ta indicated that for the LM1O8’ s used in this particular experiment , (23)

~~as tr ue. I t  is important to select a low-noise op-amp for the f i rst

~td ’Je . and , if t his is done , the noise performance of stag e one wil l  be where
- N-t~-rmioed by the noise in A~ and R 1 - These should be very-low-noise A ” R 8

2 C 2
,~si sto r s . In this des i~ 1 a low-noise metal-film resistor was used for A 1, B” = (R A C8 + A9c8 + RA C 7) 2 = 2AA A9C?CBif thick-film processing had been used for A 1, excess noise in A 1
~‘~ ‘cild have made the, f i r s t - s t age low -frequency noise significantly C = RA C7CSR9
‘ire1iti- r 55 discussed in the paper. E = —2o + (32

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ L ,_ 
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F =

G = ~2 _j  
-1 ’ ~~ 

— —

a = AA C C 9R10 + C SC9 R 10(A A + A g ) +C9RA R9C
= C9 A 1O +RA C + C B(AA +R g ) +Cg (R A +A g )
= C8RA R9CC9 A 1O ~~ N13

+ ( C l RA A l~~+C aAg Rlo +C8 R Io AA

H (A 10 *A 9 +R A ) 2

/ = —2 1R 10 + /?9 + AA ) ( C8 R9 R 1O RA C7)  ~~

- 

‘ MS

+ R 9 RA C7)  103

J = (CSR 9A 1O RA C ) 2

r 02 ~ 5 �2
Fi g. 14. Noise equivalent circuit of stage four

= r 02 + R 8~~~R8
and

F 3 — 1 =~~~~~ +~~~ (1 +~~
2 A82C 2 ) N

r 02 1’o2

+~~~~(1 +B ”~
2 +C ”w4 ) isr

,ur ro ~ ANY
a oacr

—

+~~~~—(1 +c..,2 E+ ~~
4F + w 6G) aa

t

K 1r02 /2
+ ‘n2  (H +w 2 1+w 4J) (24) ~K 1r02 

1

~i

~~~~~~~~~~i 4G3 = (25)
(1 — ~~

2M) 2 + (~j N —

w h e r e  _________________ ________

M = A8CR 9C9 +R 8C A10C9 +A10C8C9A9 
i° iso

reeout-xcr (aEe rZ)
+ A8C9R10C8

N = A8C-, + R9C9 + A 10C9 + R8C9 Fi g. 15. Noise fi gure components versus frequency.

P = R8 C R 10C8 R9C9 -

fairly good fit is obtained between the theory and experiment.
Stage Four A listing of F,, and I,, values used in the simulation is given in

Stage four is similar to stage three. The noise equivalent ~Table I. By examining the results of the computer simulation ,
circuit is shown in Fig. 14 . For this circuit , one can compare the importance of each term contributing to

the total noise figure F. In Fi g. 15 each component of the
e,,,2 4 = er03

2 +e13 2 +0142 (1 + Bi “w2 ) noise figure has been plotted using the computer results. The
÷ E,,2

2 ( 1 + ~
2 E’ + w4F’) +102

2 (H ’ + w 2 / ’ ) (26) first term in (14), F 1, determines the low-frequency and
midband noise performance. Above 5 Hz the low-frequency

vv ) ere noise of the LM1O8 increases faster than the capacItor C,
= (r 03 C12 + A9C12)2 causes the other noise terms to increase. The fourth term

F” = —2a ’ + (j3’ )2 (F4.i /G1 G2G3) determines the high-frequency noise per-
F ’ = (0 ) 2 formance. The fourth term is always dominant over the third
a’ = C12C~3p~0 fr0~ + A9) term by at least an order of magnitude, The ultimate sensit iv-
(3’ = C13R10 + (r1,3 + Rg) C 12 + C13 (A 03 + Ag)  ity of the circuit at midband is determined by the noise of
H ’ = (A 10 + P9 + 1.03) 2 stage one and this is set by the thermal noise of A, and A 1 as

I ’ (C 12 R~ R 1o + C12 A 10r 0 3) 2 indicated in Fig. 15.

and the noise figure is IV . SUMMARY
2

F4 — 1 = 
~~~~

- + ~.iP(1 + B1 “w2 )~+ !Q2_— [1 + w2 E’ + ~
4F ’ I In this paper, an electrical and noise analysis of a th ick-film

1.~ 3 r0 3 hybrid amplifier/filter has been given. Simulation of the

+ [H ’ + ~
2 /~1 - (27) 

performance of the amp lifier has been accomplished using an
K 1r 03 existing computer program —SPICE. This result was com-

pared to both experimental data and simple theoretical

Th’i above equations were plotted using an HP-2000A calculations. The accuracy and adequacy of computer simula-
digital computer. The resulting theoretical curv e is plotted tion has been demonstrated. The noise performance of the
along w ith the experimenta l data in Fig. 10. As can be seen , a circuit was analyzed using noise-figure concepts and was found

- —I’ • P 4 — — P . - - .0. ‘ • •‘ - - — , -I~ -.-- 
~
-

~~~~~~~~~~- _:__ __ ._ 
~~.
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Computer-Aided Ther mal Anal ysis of a Hybrid
Multista ge Active Bandpass Filter/Am plifi er

KOY B. COOK , JR., MEMBER , IEEE , DAVID V. KERNS, JR.. MEMBER, IEEE,
H. TROY NAGLE , JR.. SENIOR MEMBER , IEEE, TIM D. SLAGH . MEMBER . IEEE , AND VICTOR W. RUWE

Abstract—This paper describes the thermal analysis of a vection arid radiation as well as internal heat conduction are
hybrid microcircuit to be used as a signal amplifier and condi- modeled using node point analysis. Temperature measure-
tioner for an IR tracking system. The details of circuit fabrica- ments provide verification of the thermal models.
tion and an analysis of the electr ical and noise performance of
the circuit have been presented in a previous paper [1) . It is

I INTROD I Nthe purpose of this paper to describe the use of computer-
aided analysis to determine the thermal performance of the The development of a complex hybrid microelectronic cir~
circuit and to present a computer’aided approach to the cuit requires many diverse skills. The development team must
thermal desi~, of hybrid microelectronic circuits , perform electronic circuit design, simulation , and breadboard

Thermal analysis and measurements are made , revealing the testing as well as topological layout and hybrid device con-
temperature distribution and power-dissipating capability. struction and testing. Impo rtant phases in the development
These results also provide design guidelines for the layout of cycle , which are sometimes neglected, are electronic noise
heat-dissipating devices such as amplifier chips. Package con- analysis and thermal simulation.

A propo sed interactive computer-aided-design system to
Manuscript rece ived June 4, 1976; revised July 15 . 1976. This work assist the development team in  the electronic-simulation ,

was carried out at the Hybrid Microelectronic Facility of the U.S. Army topological’ layout . and thermal-simulation phases has been
Missile Command (AMICOM) in Huntsville, AL , wit h support from the describe d [2 1. The thermal ’analysis models and algorithms of
Department of Electrical Engine ering of Auburn University under U.S. - .

Army Contract DAAHO1-76C -0328 . this paper are well suited to computer implementation .
l(. B. Cook , 13. V. Kerns , H . 1. Nagle, Jr ., end 1’. 13. Slath are with The purpose of this paper is tn describe the thermal anal ysis

the Depe rtment of Electrical Engineering, Auburn University , Auburn . of a thick-film hybrid microelectronic circuit to be used as a
V W Fluwe is with the U.S Army Miss ile Command , AMSM I-R GP . bandpass filter and amplifier . The original circuit design, which

Redston e Ars enal , AL 35809 . was done by the U.S. Army Missile Command as part of an IA

Copyr igh t © 1977 by The Institute of Electrical and Electronics Engineem, Inc.
Printed in U.S.A. Annals No. 612PH012
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c 0 p 4 v ( C r c Q N  P A D 4 T c O ~ between the nodes , t hen

RAD,4 Tcea  suRcler c,, = 
1 (4)

-~~ - —-  - - 
Y _ 

- -  ~~~~~~~~~~~~~~~~ 1+1
- - — -  -—~~~~~~~~~ C, Cj

t SCREENED CHIPS PASTF RESiSTORS and
d R ( I J r E C T i C

6 ’  • 0~ = 0 , P

~~~~~~~~~~~~~~~~~ 
—

~~~~~ 

-
~~~~~~ Consider 

~~t onduct~~~ :~ ~ ; ç in the other .

(-i— 
~~~~~~~ 

- — -

~~~~~~~~~~~ 

- 
~~~~~~~~~ 

.
~ 

-‘ ‘ ‘ ‘ ,y thermal resistances for these nodes by using the spreading
SC’S DSP ‘EPOXP KOVA R KOVAR model of Balents [4] - This model assumes a 450 heat spread-

, E ~~OC 826) (A L uMINA) HEADER roe ing area as shown in Fi g. 5. Fi g. 5 shows a single layer of
3• a’ HEA I SINK material with heat entering a square area on the top surface.

Employing the spreading model , the thermal conductance
-— — —- — —- — -- , —

~H through t he layer is 

r C=~~~~( 1 *~~~~) . ( 6)

~ r —-- i i~ 
d v~~

— Let us examine the thermal resistance from node Ito /+1 as

i~~~ 1 shown in Fi g. 6(a), The heat is first carried through the chip to
I •~ the substrate by a resistance

0 1 = — ~— . ( 7 )
- _ __~~~~~~~~~~~~~~~~~~~~~~ L~~~~~~~~~~~~ ~JJ_ k~A~

IbI If we assume that node /+1 is in the middle of the alumina
Fig. 3. Physical layout of the hybrid circ uit used In the therlnal substrate , then a second resistance term must be added using

anal ysis h a l Side view lbl Top view.

_______ 

\
\
\ 

~~~~ 

,

‘

Fig. 4. Model for thermal analysis.

the spreading model:

- 
d2 /2

a 2 -

k5A1 (1 + ,~~=)

Hence the resulting expression is
d d2 12

i -i- i = — + . (9)
\.

~ 

,j - A~k~ k 5 A 1(1 +~~~
_)

v~~iFiq 5 Spreading model of Baler its .
One may use the same model to generate the remaining ther-

anu i mal resistances using Fi g. 6(b) and (c) . Hence

d 1 - d2 /2

k A C  
(3) ~~~ - 

A -  ( 1 4  
~~~~~~)

‘I ‘1 s i- i l 

~~~~ 
- :

i+

where A ,1 is the s’ f fect iv. ’  cross-s ect ional area of conducting .~ d3/2

medium . ( u s  the path lc’ngt li , and k is the thermal conduct iv- k E ( \ /~T d2 ) 2  ( 1 + 
d3

ity iii h’ m c u l , , n u  If there ic a discontcnuity in materials ~/A’T’~ + d2

I

‘i,. — ,
~~~.. .. . ~~~~~ - . - r - .- ~

- — — - - ‘  - - . -s e~ - - a. . - *
- ----

~~~~~~~~ -- ~~~~~~— —
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Ni A0 = na2 , which is at constant temperature and is emitt ing a
_ _ _  4

CHIP j constant power output of 0 watts. Then the differential
__________________________________________ .......L.. thermal resistance at radius r is

d~/3

_________________________ 
dO = 

di (13)
SU8STRATE __i f ’  ~

I

and the differential temperature due to the source is

dT 2 = —OdO - (14)al -i,,

I,’ (_jjj
~ ~ 

Hence
SU8STRATE

__________ -
~~~ ‘s 

_,~~~_ 
T’ = 2.— -2- Q n r + K  (15)

2irkh‘.5 + 1
-~

,---  IEPOXY
____________ 1 “*~

“ where K is an integration constant and k is the thermal
conductivity . At r=a , T5 just equals

ID> T&=—2’- ~ n a + K .  (16)
2irkh

~ ,_ _ _ _ _ ~~i2_ (~_ _  1 + Then, eliminating the constant K ,
‘
~ 

13/3 _j,_
1+3 ~HEADER [ - — —  —

~ 
~~~~~~~ T~=7 ~~— ~2_~ 2n~ . ( 17)

2irkh a
A 1 + ~ Suppose we translate the source node a to —d/2 on the

Ic)
x axis as shown in Fig. 8(b). Now

Fi g. 6. Multilay er spreading model .
2 \

~ tn
(5 /2)2

-+v
) (18)

2irkh~~~ awhere
2 If we consider a second drain node i3 of area A~3= irb 2 , ex tract-A ,~ 1 = (~JA , + d2) ing a constant power output 0 from the sheet , to be located at

and X = d/2 as shown in Fig. 8(c). then
d3 /2 

~~~~~Q Q (s/ ~~—d I2) 2 + Y 2 ) (~9)
+ d3 = 

~ 2irkh b
V~~~~ The sign of the second term changed because 0 is in the

d4/2 (11) opposite direction, If nodes a and ~ are assumed s coexist on+

kH (~,JA,+2 +d3) 2 (1 + 
d4 an infinite plane , then the model of Fig. 9 resu l~c in the

v’A~~ + d3 following. Let

where 
~~ = -~ 5 T&— - 2 -— Qn~ (20 )

A1+2 =( ’ ~/ ~7 +2d 2 +d 3) 2 I x d/2 2itkh a
I v=o

and
d4/2O,+3 3 = (12) Tg = = 7’g +_-2-~ ~ - (21 )

x —d/2 2irkh b

where Then, by superposition , the temperature at node a is approx-

A,÷3 = 
~~~~~ 

2d2 + 2d3 +d 4) 2 . imately

T,y,= T~ + rg (22 )
The thermal resistance between adjacent nodes in the hor’

izontal layers is formulated in Fig. 7. Since the thermal con- , 
+ ~..j 0 d

= - i -—Qn — (23 1
ductivities of the alumina substrate (0.0236 Btu/min in °F), 

~~iri~ b
the epoxy (0.00116 Btu/min in °F), and the Kovar header and at node (3 is approximately
(0.0154 Btu/min in °F) are relatively different , the epoxy will
tend to insulate the substrate and the header. Hence an ap- T~= T~ + (24 )
proximation to the heat transfer between two nodes, say ,+1
and /+1. can be handled as a separate infinite sheet as shown in .~. T~ ~ d 175)— —Qn +
Fig. 8(a) . We assume that source node a resides in a small area , 2irkh ~

— —
‘-‘

. ~~~~~ 

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

‘-  • “~~L.’. a- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —----- --‘- — -~~~~~~~--- - ._— — J
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I I

1 -s i I ’ !

SUISTRA TE r 12 . I . ’  a 1 + 1

EPOXY s l y ?  • l + 7

HEADER 14 .1 + 3  .143
-‘I

~~ HEA T SIN%

Fig. 7 . Lateral n ode model ,

Consequently, the temperature difference is

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(26)

• = -2-_ Qn~~ - (27)
2nkh at,

Ta o e ” Hence the thermal conductance C is

Ia) C = . (28)
~~ Q~ (d2 )

ab

This relationship w ill now be used for the node pairs (/+1,
1+1), (1+2, /+2), and (i+3 ,j+3) or , in general , (i+k , j +k) . See

__________________ 
Fi g. 3.

a a First we assume that the node areas of constant temper-
ature are approximately A ,+k and AJ +k , as calculated pre-

T~~.O 
~.=— d\2 -——.~~ 

viously. Then,

- 
2lrk k dk+1b) C+k , j +k  — , k a’ 1.3 (29 )

~
I (d ,1)2 1

it 
- 

ST

b , where k 1 = k 5 (alumina). k 2 = kE (epoxy). k 3 = kH (Kovar).
Since the Kovar header and top will remain at a relatively

constant temperature due to the heat sink , we assume that
e\i — ‘

~~~ 
each node i+3,j+3, etc ., is sufficientl y isolated from the sides
and top that these thermal conductances can be ignored. That

Ic) is, the top can be considered to be part of the infinite heat

Fig. 8. Sheet.spreading400del derivation, sink , so that nodes 3, 4, 5, 6, 7, and 8 will be at approximately

0

0/3 . 
(

~~~~~

“

)
~~/ 2+b

Fig. 9. Sheet spreading model.

- - — -
~~~~~~ a’ —‘—a , . ~- 

‘a ‘
~ 
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the same steady-state temperature. Hence the conductances ~_ ~, ~_from node 3 to the side nodes will be 
,, ~~9 ,r J  I? ~Zi 

•z
~ ~ OP 4MPS

~ II ~ 51 ~ 9 ~ I3I ~ 171

C3 4  = C3 ,5 d
5d8 k H 2t ‘ 

~ 

‘-4- suBsrRar (

+ d1 
f

~li 25 fl5:6 19 27 f?.326 
ji
2i . . -

— — d5dg 
•L~,z~ 

~\ 
30 0 3i 74 

,~~ 
-‘4-- HEAD E R

C3 ,6 -C3 , 7 k H - (31) .i~.. è. ~
~~ +d4

From the sides t::h: top, the conductances will be S ~~ HEA T SINR

d5dBkH 
+ d 7d8kH 

1 6 7 ‘-4- SIDES

d6/2 dg /2 
ii g

C6 8  = C78 = 
1 - 

(33) a ~ roe

dSdgkH d7dgkH
d6/2 d9/2 

, 47 —4- RA DiAT I ON

Convection

Convection from the vert ical and horizontal walls is 2 -‘4- CONVEC I’ ION

handled in the CINDA by a temperature-sensitive array of data Fig. 10. Node diagram hop on can).
for h~, the surface convection coeffic ient. For natural convec-
ti on , this coeff icient var ies as the one-fourth power of the occur. From the circuit breadboard and SPICE simulations ,
temperature difference between the surface and Convection the major power sources were identifed as the five operational
node 2. Since this coefficient is not constant , an initial “guess” amplifier chips. The predicted power dissi pation in each opera
of the surface temperature must be included in the data array. tional am plifier was determined to be as follows:
This is iteratively corrected by the program . IC1 10 mW ,

lC2 25 mW ,
Radiation 1C3 100 mW ,

The radiation flow is computed by the CINDA using the 1C4 500 mW ,
Stefan-Boltzmann law. Input data include emiss ivity, view 1C5 500 mW.
factor , and radiating area. The hybrid-circuit layout was used to determine the area

Special Case—No Top Cover: If the Kovar top is removed , and distance parameters for the model . The resulting node-
then nodes 4, 5, 6, 7, and 8 are removed from the model . confi guration diagram is shown in Fig. 10. The thermal con-
Hence ductances between node s are shown in Table I . The resulting

CINDA thermal-simulation results are shown in  Table II , Col-
N T = 4 N 5 + 3. (34 ) - , . - .umn a. SInce this configuration is for a sealed package , expe-

Each source I is now able to transfer heat by radiation and rimental verification of these results is very diff icult. There-
convection to nodes 1 and 2. fore , a circuit without a covering lid was simulated as shown in

Convection from a horizontal surface follows the rule Fig. 11. The nodal conductances do not change (only the
radiat ion areas change ) from the previous case . The resulting

C 2 hcAj +i simu lation results are shown in Table II , Column b.

— 0 2 7  i~ I A  )0.25 (35)— - ( i+1 Experimental Results

where A 4  includes some convection from the substrate sur- Thermocouple probes were used to experimentall y measure
face, dev ice temperatures in the vicinity of certa In model nodes

Since A ,+1 is different for each source i , a data array must These measurements are shown in Table Il , Column c The
be ca lculated for each individual source . experimental values agree reasonably closely with the simula-

tion, indicating that the model is realist ic and quite acceptable
III.S IMULATION AND EXPERIMENTAL RESULTS for design verification purposes .

Simulation Results IV. SUMMARY

After the high-gain-amp lif ier circuit was designe d, bread- We found that , in circuits of this type , placing the f ive
—. boarded, and physically laid Out , the CINDA thermal simula- operational amplifiers in a straight line along the largest dimen-

tions were used to verify that therm al problems would not sion of the substrate tends to al leviate peak -tem peratule proh

— I -  ‘•‘~~~ ~~~ 
. .  . ,- — ,.. 
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TABLE I TABL E II

Thermal Conduc tarices IBtu/niin/°F ) Nodal Temperatures l0F )

PIi~ile Pair Conductance ScI’i’ Pa i r Conducta nce (aIsle, ~t’-1 (b i ~~imu 1u tn d ( c l r , r i r i i t w n t a i
lOde Top on Can 1’i’,I ’ ~I~~i C an to~

, s11 Can

3 l 5 . t 8 ( e t ) ,~, 15 t i  I ~~~~~
— 4 . ) i 2 7~-. t).25 16 20 Ou:05a 

1 70 .0 lu ll 75 .0

.1027(o t l .2 5 t l  18 Ui 6/ l.?5 
2 70 .15 i i  / ‘ -

6 . t6a llot) .25 tS t9 .006458 
3 117 ,1) 711 . 1 10 , 1)

2 7 . 168/(atl,25 t8 2? 0, 11/14 , ’ 
4 /0.0 - -

2 1) .15121s1) .25 19 20 .0115494 
/0,0 - -

3 4 .00231 19 23 8.6~ l0~~ 
6 /0.0 - -

3 5 .00231 20 24 01.1225 
8 

70 .0 - -

3 6 .003795 21 22 .00692 5 
/0.0 - -

3 7 .003795 22 23 .0064511 
9 11 .4 70 .6 14.3

3 I?  .02153 22 26 .001/4 
11 .1 705 -

It 70.7 70.4 -
3 56 .02153 23 24 .005494
3 20 .02456 23 27 t .81~~i 0~~ 

t 2  70 .2 70.1 -

3 24 .02456 24 28 .00/32 
13 72.4 71.3 11.1. 3

3 28 .02456 25 26 .00692L 
14 71.9 70.9 -

4 15 /1.1 70.6 —
4 8 2.629x10 26 21 .005458 16 70.? 7~ .2 -

5 8 2 .8t2 xt O 27 28 .005494

6 13 6.812 x 10 4 17 75.) 72.4 72

7 13 6.8t2~ 5O ’~ 
18 /4.1 71.9 -

9 10 .00471 
19 72 .5 71 .2 -

t O 1 1 .005054 
20 70.5 70,3 -

70 14 
21 84 .1 76.1 17.9
22

11 12 .004455 
79.8 74.3 -

11 15 7.68x)0 6 23 75.8 72.6 -

12 16 0.0020 
24 71,1 70.0 -

13 14 .00471 
25 85.0 76.3 77 .9 :1

14 5 3 .005054 
2 80 .1 74.5 -

54 18. .00087 
27 f l” -

15 16 .004455 
28 71.2 70.6 -

2 - -‘4-- CONVECTiON these chips on one end of the substrate separated by about one
ch ip width in order to simplify his conductor routing. This was

/ a our  chief candidate for a thermal problem . However , the

/ ‘4— RADIATION thermal simulation and subsequent experimental results

/ proved that a one-chip separation was sufficient (51 -

/ 59 60 ~ i The thermal-analysis results indicate that thermal simula-

— 9 — 13 iT I — 25 -‘4- OP AMPS tion can be a valuable tool in the hybrid-circuit desi gn process.
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ABSTRACT

This paper explores some of the problems in using therma l sic~u1at ion as a design tool for the layout of
hybrid mi croelectron ic circuits. The paper beg ins with a general discussion of a proposed , in te r ac t~ vE’
computer-aided design system for electrical design and topological layout of hybrid microe lectro r ic
circuits. Nex t , a therma l model for hybrid m icroc ircuits developed in [1] is discussed . Pr e l i ln i r ,a ry
device separation guidelines are developed , The therma l model is desig ned so tha t calcu lat ion of t~er”al
parameters for the model may be done al gorithmicall y by a general purpose computer, Application o~ the
model to design automation is addressed . The model essent iall y serves as an inter face between a comPute r-
aided , interactive graphics layout system and a computer-aided therma l simulation , both of which are
available now.

Experimental and theoretical results are contrasted .

I NTROD UCTION -Interactive Electrical
The analysis , desi gn , and verification of a hybrid Schematic Circuit
microelectronic circuit is a tim e-ConSun ling Program Ana l ysis
process [1]. The electrical and thermal anal ysis,
when done manually, becomes a critical i tem in
the circuit development cycle since the elect t-ical
and ther ;’:vl anal ysis procedures must be accom- Eng~neer/ CRT
pu shed by a highl y skilled engineer , whose time Designer
may be unavailable. Consequently there is a
tendency to “short cut” these important steps in 

___________________

the circuit development cycle. .Interact i’.r’ I Tnerma l
One solution to this dile:’~:’iu ’s to emol oy Top oloci cal Simulat ion
computer-aided-desi gn programs to accomplish Layout Program
both electrical analysis and therma l simulation.
iqu~e 1 depicts a proposed s y s te m which er plo ys Phototools

in t e’-~ctive oraph ics techniques tc decrease the
time requ ired for the circuit design and veri-
fication phase s.

The concept of Fi gure 1 is described as follows: Fiqur ~ 1 . Interac tive CAD Concept

1 . , A designer first enters his theoretical
hybrid microelec tronic network into the system “ ‘ - -

using the interactive schematic proaram 
- . 4. Once a good electrical , . 1 e c : - l n  is

completed , the user ‘4y then emol oy the i~~t e r_

2. The schematic program out puts the circuit 
active topo l og ical program to corerate t~~e Cc-n-

cnn figur a t ion and component values to the C i r cuit 
logical lo -1’~ut for his e,h rid m i c r O c i r c u i t .

analysis rout ine , wh ich calculates the : oxer 
- layout shows the p hysica l pla cl .c’ent ~~

f eict~ hea t

dissipated (hea t genera ted ) a~ each cir c uit 
generat ing c i rcu i~ elem ent ,

el”-en t , as well as other steady-sta te and -
ti-4r.~ ient circuit char acter istics. 5. Topological ir~~’r r—vti o n and m ater ia l

therma l par d~-ete ri , are used to c a l cu la t e th er.~v l
3. thi~ results of circuit ana l ysis are i~~ut data f r  the the ’- ~l sjrul~~tior. r O U tj ~ie ,

1ry.e riti’ l bo Th ta hu l . -r1 1 and g r aphica ll y to the Using this tenol ogic al data ane the hea C 5-E ur O ’?
desi ;ner on th e CRT for circu i t design verif ica - ,,I ,4  f ror - ~ t ic electri cal C li .C U i n  ana l ysis ‘ntine,
‘.iOn. He may ‘edif y s c( r cuit and re t ur n to 

the tr.ei -rna l si m ulati on routine (l I t - ’ - ’- lee s the

c~ r c u i t anlysis until he i s convin ced t c ~~1 ni~ 
~ 1~~~t flow pronr.r-n re s n~ 1he orceo r ed cr r cu i t la g-

nyhi ’id micr oelectronic circu i t the oreti c-aU -v out.
‘i~ r sfies his - i I ’c iq n Cri t ” r i a , 

-
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mod i t h i s lv ,c u t and ret ui ’ri to t 1 orlila 1 anal ysis tflC t Hi’i i i  odi l or , e’.. r l ., ~1 -

until f~~ is convinced that the therma l properties
of his layout are acceptable. One proble m rema inir .q then , is to a ~~~~~~ a

sufficiently low t I er iia l r h c i S t i r , -. ‘ , ,, ‘ I

7. Once the desi nor is satisfied with the each hea t dissipati n g c i r ul t  dn, i ce  to t’’~
electrical and the r-nia l properties of his circuit , package or header. Ihe nur.Le r O~ s~ d ,~~sces

he may use the interact ive layout program to as well as their d i ssipation is ottsined ‘ ‘

generate photo tools for actual microc i rcuit the circuit anal ysts block of the CA9 ‘ .v ’.t1-” -

construction. These tools are usually generated Usually, rany of these dev lce d iSs t )utiOflS are

on a high precision flat-bed p lotter , so small as to be inconseque ntial , lea ,’~ r - ~ onl y
a few devices of importance. Fo r - C l -  rellia - sning

The unique feature of this CAD system is the dev i ces , certain choices rust be dde on an
inclusion of interactive therma l anal ysis. individual basis :
Computer programs exist tha t generate electrical
schematics , that ana l yze transient and stead y— 1 . Area of thick film resist i- rs
state electrical properties of a circuit whose
input is a schematic , that interactively layout 2. Size of IC or discrete tra r si stor chi ps
the topology of a hybrid microc i rcuit , and that
simulate the thermal properties of a circuit 3. Size and construct ion of an y cr .r k
topology described in a nodal model notation , resistors
The weakest link in the system is the generation
of a nodal model description of the Circuit from 4. The bonding or att ach techn ique o’ all
its topological layout. The circuit layout is chips to the substrate.
performed by a human designer , and hence the
therma l nodal model must also be generated The therma l resistance of these devic -c to ‘ ‘ - -

algorithmicall y as the topolog ical layout takes package can often be computed L-~ t in ’ ’ ~1 5 5 1  U-

form. A simplified nodal model , suitable for lation using an approxi m ate tp r La ~~i r ’: rev  i t’’ ’-

implementation in CAD systems , has been described model outlined by Harper [2]. T l i s model 
~

in [1]. In what follows , a portion of this conservative or slightl y h igh v al ue S ut trier’

model that describes the therma l resistance from resistance. The model cannot be used ‘ ‘ bea r-
device to package is developed . Guidelines lead or fli p chip m ountings , but ~ ut i  rs s o O n

for designing Circuits which will ‘fit” the as Shaniash , et .al ., [3], dis cuss ‘eI.’ .e :d~~ro

model are also discussed . with approximate results. The ~0;r u1 ” i .7’i.
dimensions and othe r parameters are also entered
into the therma l model .

CAD T HERMAL CONSIDERAT IONS
The therma l conductance (recip roca l o’~ ‘ I n ” ~~

Basic Probi eros resistance) from the device re al c,’r- I- r - l C -

region to the package or bbd I c r -  w i ll be oe -’o-
From a therma l standp oint , the topological nated as G , with un i ts of r - . - v t 1 - . C T’c- ‘ i ‘ C

desi gner is confronted wi th basically two section will show an exac - p l e ‘ t~ I c,’ ’ - ii
problems. These are: of 6 for actual dev ices using Crc  Spr .’~~ 5 eQ

res is tance  model -

1 . Choice of size , material s and attaching
techniques for the package , substra te and hea t A second problem remaining is Cl - c i i , 1 I” r- ’ -

dissipating circui t elements , such tha t each more than one neat .lene’- ,?C’ r~ 0 1 .  i - .r- On C r - ”

dissipator has a sufficientl y low therma l substrate. If they are spaced too c l osel , . C ’ -
resistance to the ultimate hea t sink. This will interact then’nallj win Nice r- d e . i c e
assures device r e l iabi l i t 1 . Knowl edge of packaq e temperatu res than if  t 1’ey i-e r ,  lSOlà.el
mounting and heat removal means , must of course themselves. If they are Spdcm ’ O C - r 3 5- ~~~~ t ,
be considered in thi s choice, then metalization rout in : p r o t l e i ” s “ . . 3 i  bec u” t-

2. Placement of heat dis sipating circuit severe if not impossible. ~
1iC e’a ~le .- 110 ne a

elements on the substra te , such that heat from power amplifier with two tr a ’ cis’ r Chi c ’. ii ’

one element does not appreciabl y raise the output stange. Later in this 1.30c r, a re la t ~ v e 1 v
tempera ture of other di ssi pating elements , for simp le and reasonatl y accurate 0 1 j n 1 ion is
a fixed header or package tempera ture. That established to det ei -‘~ rve how ‘~~r desices ~~~ . u i .l

is , the elements must be suffi ciently separated be separated to provide reasonable tl i c-r’-a l
so as to minimize therma l couplin g , isolation. It will be found CISC ri

close spacing can be t o l e~.ited in  most c a s e s .

It is assumed , that from a knowledge of tota l If the designer uses these rules , 1’ e ‘w i l l  o l Cv i i-

circu it he at dissi pation , a suitable package and accurate results f or- - the ther m a l si i -’ u Iatrnl.

package hea t removal means have been selected . program of the CAD syste- ’ -

The circuit s:ze (number and type of elements) Individual Devi~ e Th r i -irial C c n d u c t i r - mewill of course ne considered in package size —---- - -  - - - — -—— - - - - —

selection . By thi’ same token , it is assumed
that sul otrate and substrate/header attach means The spi’eadin g resistance model P j  i s ill u s ’ral -.d

fia~ i’ been se [ec r~ : in such a way to assure that in Fi gure 2. Hea t t - w ~ C I i  l U / i .  :11- i J~~ ‘ ‘ , ‘

— 
Ni Cl - pi ’oue r Ci ~‘/ ~~ 

r p i p~ ent  size • attach ti - h 
thic k nr -ss d , i i ’  i i  req he 1 ’ ‘I ‘ - ,~ an a r i d

ni ~un’ v and .ltion , it wi t l be feasible to of dimensions a lv N ~
‘ a b) .  ‘hi’ I’ 1 i . i  ac i ’ - ,-

-a ,,

L~.__~~_ .. . ’: ~~~~~~~~~~~~~~~~~~~~~~~ - ‘ ~~~~~~~ - ‘ ‘ ‘ ‘‘ ‘~~~~~~~~~~~~ ‘~~~~~
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I Heat Sink

Fi gure 3. Chip Therma l Conductance by Spreading

Kovar Header thickn es srhs3O r ” ils

_________________________ 

k h~
4 x l O 4 W / m i l - ’C

d Heat Sink main ta ined ô t  T5
4OcC

side view
From Equation (1), the therma l resista nce of Ccc-
substrate layer is

Figure 2. Spreading Resistance Model

-~ 2.93 C/W
a heat flow spread of 45 so that the heat
exits the bottom of the layer through an area
~f dim ensions a+2d by b+2d . The thermal res is— where the ther- nal c o r 1 - , ,- i ~~ ,‘ ~or 100’C i s
tance th rous h the li ver is given by used , si nce Sn is reC ’- r - - O C n r~ a : p ’ r - ’~ a t e l,’ t h e

top substra te sur face tel n era t -u re below tee .em c - .
l 1 r~ . (1) when it is operated at P 1 - ror the tr -er -a l

d 2k’~~-EJ ~ Lb a+2dJ
resista nce calculation t n ’  i - . ’ ‘~e veo~ .- , tee

where k is the therma l conductivity of the layer . hea t entrance area is i ’Ine,v c d  Cc a~ Cr C , - b+2s .
Ii t i-se hea t entry area is square (b=a), the For the header it is increased to ä• ,~t ( ’ ~ by
ner -mal resistance is g iven by b+2s+2e, Equation (1 gives

(2) = 1 1 .1 ‘C/v~ epoxy layer
k(a +2ad) e

- -  - 2 .3  C/I’, he ader
Phi -,~~r-e.3 d~ rr-1 resistance mod el is now app lied N

to a tr a n s istor chip, eutecticall y bonded to an
al u ” m na substrate , ‘wi - r i c e in turn is ~onded by The total therma l resistance is

r:, :’iv e epoxy to a Kovar header . This is
i tm l: j at~.-i in Figure 3. The appr oor iafe
para- ’r -- ’~-r o are assumed to be: = 0 + ~ + + - - 17 .3r-C/W- - c S e 1- i

C hi2 -‘ c- =UC/w (junction to bondin g base) and

a= lOO so ils b~9O m ilir
G = therma l conductance = - = 0 ,058 W/ ~C

lOO ”C (Nigh reliabili ty )
max

The maximu”l power the chip should dissipate is
OI J ~~St i 1 t i ’ ‘h ickn ess—s — 25 so il s

~ 7 .2xl0 4 
‘w/ mil ~~nC at 40 C [5] P = (T - T )G = 3 . 43Wmax 0

6.2xlLT) W /rnil — °C at lOO’C

thi c~ ness~e=5 soils 1~ is as sL r e s that other dissipating ie-.- Ic e s on
t e e  sub stra te have ne ol ig ih .e th erma l ~~.- U 0 i 1 f l ’~

ke’?xlO~
5 W in’i l ’ C to the ch ip.
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— Tnt ’ Ci ’! t’’ ii ’. i r ’ - S , t i - i  r- j~~’ T~~, a r -~- - - i i -  -j ’ .-l -- - ‘ - 
‘

tee t € - l ’ p C rd t u ’ e  rise another dc- -,Ic e w’ - u ) d  ‘ * 1  €-~ 5 -
O nce it 1$ assu red tea t suffi c ient t e e n - a l  con— ence, when placed on tee ~ ~-~

- O n r  lIlte s q u i ’ t - , CL~C
duc tanCe ex ists between the dissipat m ng device and to the presence of the first dc- ’i ce. ,~ ti , i s
the heat sink , it is necessary to assure tha t rise must be added the product of the Sec
devices are not p laced so close as to cause device power times its therma l resista nce to tic -
excessive temperatures due to mutual heat ing . hea t sink. The principle of superpos iti on is
4n alternative would be to allow appreciable be i ng used here , which holds if the th i.r’~ - coi--
coup ling at the expense of maximum device power ductivities of the materials are jrd cr :-e r , ’:. . - of
dissipat i ons. It will be shown , however , tha t temperature. While this is not quite tr- . ’- , j t
bi c h dissi p ating device densities can be achieved must be rensembered tha t we are dev i-lo - rIr l S
with small to moderate coupling on m any substra te- criterion for low to moderate coupling, ‘w i l d  I i

header configurations in corilmon use , A criterion met , ril nirn i zes this res triction. The c - r i  O r , ,
for dissipating device separation is developed , thc.s , is to detern sine how far frci’- the d i s vipvt -
wInch is necessary for the simplified therma l leg device will the substrate temperature rise
simulation model of [1] to give reliable results. be small compared to T~ . For accurate tf,iI i - ’ :1

It w i ll be assumed that the product of thermal simulation results , thi s rise is necc,rrl’ ,-r -- ~m t o
be 15 of T0, or less.conductivity times thickness for the substrate

is much larger than for the substrate bondi ng
layer , such as epoxy. This is certainl y true It is now assumed that the substrate e~ t, ’ s - onl y
for the co’mnonly used alumina-epoxy system to the edge of the grid . This appro vimn - ’. - or wi ll
exam ined in the previous section. Latera l hea t tend to lead to conservative results. T i - a t  i s ,

flow will then be confined essentially to the higher than actual temperatures for T1 t r - o ~~ . ’ T-
substrate , and tn i s heat flow will cause substrate Temperaturewise , planes of symmetry Cv to t as
surface temperatures rises away from the sii Ssip at shown in Figure 4. Temperatures on urn- sidi ~ 0-s~ing device. This temperature distribution will the plane are imaged on the other side. Thc -n--
now be considered . fore onl y one-eighth of the confi guration nee s

to be considered . The latera l conduct unces
A square heat dissipating device wi th sides of connecting these nodes are shown in Fi gure 5.
length a , is located on top of the substrate as This conductance is the conductance between
shown in Figure 4. A grid of equal area squares
is formed . The mid-layer substrate temperature adjacent tempera ture nodes within the sub st r - vte ,

and is given by

\ I /
Syninetry Plane 

6 - (conductivity) x (cross-sectiona l are a. )
-~~~~~ 

- T -/  s - length of~~ Th~~~~
( 3 )

Substrate 
= 

k5sa
Su r f a c e a k 5 s

• t
L —  —

‘
~ two conductances are halved , since the plane c’

syiiuietry cuts them in two along their l e n ~~th ,

-~~ 

)~~~

T

~~ 

T~ — 

7 
where s is the substrate thickness. Time lower

I , ’ ~~~~~~~~~~~~~
—i Symmetry Plane

Conducta nces also extend from each tcr -~ er re
node , through the layers to the heat si r~ ,— — 

~ 
cross-sectional area is the area of each -]rid

/ Dissi pating 1 square , a~ . Their value is g iven by
Device

I 
( 5)6 = - -

v - ‘ ,r~ ~~1~~~~ 1’
S e h

Figure 4, Substrate Tempera ture Distribution
Around a Dissipating Device

where ~ 
‘

S
below the device is T0. T1 , T2, T3, T4 and T5 

= 

k5a

are the mid-layer temperatures within the
‘sppr

~~

pr ja

~

e squares of the grid. These latter , — e
teolper atures are also essentiall y the surface
tem peratures of the sub s t ra t e , since th is  sur fac e 

— 

Y .
is ad i ab a t i c .  Tha t is , no hea t f l ows  through the
to p s u b s t r a te surface except under the devic e
itself. This assumes neq li qib l e convection and - h

‘Nradiati on ~ the packa’j” , which is the case with kha
2

enclosed ci r uit s . 

.. -S  ~~. 
- ,.‘ -

~~~~~~~~~~~
, ~~~~~~~~~~~~~~~~~ ,

-~~~~~~— - . ~~~— . .  . --- - —---- -
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~ . 36 5 i’ 4 - 6 T. 0s o

6
S 5I -65T4 

+ (—
~ 

+ & = 0

12 14 
Vert. cond ._ (

~ 
substituted into Equation (5). Solution of this

— 

Syiiuietry Pla nes Gs A conductance ratio r is defined as and is

6 /2 system of equations resu lts in Equations (6).

G V
s for all other

nodes
/T~ G

~
/2 Ii 6s’2 13 

—

~~~~~~ 
T I r4 

+ l 2 r 3 47r 2 + 66r + 
______

T o r~~+ 16r4
~~~9Or 3 + 213r 2

~~ 186r 20
/

Figure 5. Conductanc e Pattern Near Dissipating 12 - r 2 # 7r # 13 r + 3
Device ‘

~

‘

~~ 

- ‘
~7~+ lO T0 

- 3r + l0

( 6 )13 1 T
The Os’ term in the denomina tor of (4) is divided = -2 ~~~~ + (r + 4)  ~~~~ -

by 2 since the temperature nodes are in the middle
of the substrate. Except for the node correspond-
ing to T4, the vertical conduc~ances are also 14 - r + 3 T

3 1
halved since a plane of syniiietry cuts them along ‘t” — 

~~~~~~~~~~ 

-

their length.

The temperature T~ is assumed known . T0 through T~ - 2 14T5 are treated as the temperature rises above the 
~

— - 
~~

—

~

—-

~~

-

sink temperature. Writing heat flow equations
for the five nodes corresponding to temperatures
T1 through T5 gives This is shown in tabular form by Table 1 -

+ 2G~ )I~ - 6 1 S I = 
G~ DESIGN EXAMPLE

s 2 ~~~~ 3
Returning to the transistor chi p confi guration

_G
sTl + (—j + 265)12 

— GsT4 
= 0 of a previous s e c t i o n , we obtain from equation

( 3 )

6 6

-‘ 

- 
~~~ 

T~ + + 
~ 

Gs )T 3 - G~T4 = 0 (5) 0 = k s = (7.2 x l0~~)(25) = 1.8 a. 10 2 
~i~ c

S S

Il/T o 12/T o 13/T o T4 /10 15/T O
d = a d l.4a d = 2a d = 2 .3a d 2.8a

__ __ _ _  
_ _

0.3 0.45 0.33 0.29 0.25 0.22 
-

0.5 0.4 0.27 0.24 0.2 2 0. 170.8 0.3 1 0.18 0.15 0.13 0.090.27 0.14 0.11 0.07 0.0 51.3 0.25 0.11 0,08 0.0 5 0.032 0.2 0.08 0.05 0.03 0.013 0.16 0.05 0.03 0.0 15 0.0065 0.13 0.03 0.0 16 0.006 0.00167 0.095 0.018 0.01 0.003 0.0006

Table 1. Temperatur e Ratios versus Conductance Rati o
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.- EX PE Pl’~T’110l ‘.~~ F:co- icl , Or CouP~ :’, ,
3. C ‘was used . Thi s is done s ince Il- - ost  of tee
substrate so -face be i ng considered here is not ~ c -e r-met paste resistor was form ed ci a s~ :.sCi ’~,t e’
under the device and i s  pr o bab ly c loser  in header combination , identical to tha t ‘ J oe, :  ~r
temperature to the heat sink than to T0. This the example proble m . The resistor is 50
will g ive cons ervative results as far as coupling 100 soils and was powered at a level of -) 

~~~
‘ 4.

is concerned . The mean resistor dimension is therefore
a = /~~~x 10O 71 so i l s. Three small t c-mn p e ra tui

The conductance through the layers to the heat sensor diodes [5] are located on the sub strate
Sink 15 computed b~ assuming a square device at distances correspond i ng to 0.71a , 2.la a nd
of sides ~f

’ioOYC9Oi = 94.8 soils, for which 2.8a . The lower header surface was held at
equation (4) gives 26°C.

By a thermocouple measurement , the maximum

~~~~~~ = 
temperature on the resistor surface was found tm

______ 
30 be 109.6°C. The tempera ture , in the middle ‘o f

2 (7.2x10 ’4) 
+ 

2x10 5 + 
4x10 4 the substrate, below the resistor , was ca lc ’u ) a t - -o

to be 109.6° - —

~~~ 

(3,67W) = 101 .2°C. This is a

2.63 x io -2 W/”C difference of T o = 75.2°C from the header t o - ; c i -

ture. While determination of T~ in thi s way is
The conductance ratio is then quasi-experimenta l , there is no convenie nt riy

to directly measure the mid-substrate C’- - : m , ’ -

ture. The result should be accurate to w ’ t h i n  S
0 couple of degrees.vr = ° 1 . 6 = 1.5 

The conduc tance ratio is readil y ca lculat c-i to
be r = 0.83 = 0.8. Figure 7 shows a cur e

It is decided tha t other devices should be placed plotted through the points of Table 1 , corre sso r ,r:-

far enough away so that the coupling temperature ing to this value of r. The temperature rat ios,
ratio is less tha n 5 , which assures almost as measured at the diode sensors are also S e c - ,. - -

complete therma l iso lation. From Table 1 , we
see that a second device placed at the location In genera l , experimental results using otbur
of 14 achieves this result. That is the distance device configurations probably cannot be eepe c t-

ed to agree as closely. it is recomre r ,lcc t v t
d , (center to center), of the devices should be the table be u s ed as a guide. Tha t is, ~~r o r

2.3a , where a = 94.8 mills , the mean chip acceptabl y low coupling ratio , such as 15
dimension. T h l S  does not mean the devices have the actua l separation distance should be at
to line up verticall y or horizontally. Fi gure 6 least tha t given by the table.
Shows severa l possibilities for this particular
example. It should be mentioned that the above
computation of G

~ 
should be made for the larger

of the two devices , with the distance d based
upon the mean dimension of the larger device
a . r i  Table 1 .

I-

z Points from Table 1
1- o Tempera ture rat ios at senso r

,L~ 1 
1/10

L~~ _ _

_________ 

0.2

d —9 I - I—

1 2 3
d/a

Fi gure 5. Device Separat ion for Negl ig ib le  Figure 7. Therma l Couo lin a Ratios , Exoe ii ’ n i r ai
— - 

Therm al Couplin g (d - 2a where a versus Calcul atedis the mean dir ensio r of the larger
device)

- 
‘‘ :,~TT~~~” - - -~~ ‘ S  —‘ ~~,, j , ‘I 

~~~~~

.=- - -— -
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1 . Cook , K. B., 0. V. Kerns , H. 1. Naq ie , Jr .,

This paper has described at the conceptual level 1. 0. Slagh , and V .  W. Ruwe , “The Hy brid
proposed interactive computer -aided-design Integration of a Multistage Active Bandpa ss

procedure to a s s i s t  the designer of complex F i l te r/A mpl i f ie r ,” submitted for pub l ica t ion
hybrid microelectronic circuits to perform to IEEE Transactions on .~~~ts ,_,~y~rid s, and
electrical design , topo l ogical layout , and Packagij~g.

J thermal simulation . The major focus of the
paper has been on a simplified therma l nodal 2. Harper , C . A., Handboo k of Th c - k F11 ~j-ly,br id
model for the hybrid circuits. Theoretical and Microelectronics, McGraw-Hill , 1974 , pp. 1-99.
experimental justification for portions of the
model in [1] have been presented in this paper . 3. SI’,~pi~Sh , M. B ., eta ] ., “Thermal Desi gn
Des i gn guidelines for device separation have Parameters of Multich ip Interconnection
been presented to aid the hybrid designer in his System Packag ing ,” 1968 Intl. Elec tronic
topological layout. The adherence to these Circuit and Packaging Symposium , Paper 3/1.
guidelines helps insure tha t the simplified
therma l model of [1] will give realistic results. 4. Comeforo, J. E ., “Properties of Ceramics for

Electronic Appl icat ions ,” The Electronic
Engineer , Apr i l  1967.

.4 5. McLaughlin , N. H. and Fitzroy, N . D,, ”Therma l
Chip Evaluation of IC Packaging ,” IEEE Trans.
on Parts, Hybrids and Packaging, Sept. T~72T”pp. 39.
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FOREWORD

This is a technical report of the progress on thermal analysis

and measurement of hybrid microelectronic circuits , conducted by the

Electrical Eng ineering Department of Auburn University for the U.S.

Army Missile Command at Huntsville , Alabama . The report is primarily

concerned with thermal analyt i cal modeling and experimental verification

of power dissipating circuit devices on hybrid systems.
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1. INTRODUCTION

A. Objectives

The primary objective is to develop a thermal modeling procedure

to characterize heat dissipating devices on a hybrid microc i rcuit and to

verify these model s with experimental measurement. The models are to

be such, that it would be feasible to incorporate them as thermal computer-

aided-design tools. In addition , thermal measurement techniques are to

be developed and a preliminary evaluation made. Results , both analytical

and experimental , are then to be used for outlining certain thermal

design , layout and construction criteria for effective heat removal and

temperature control .

B. Investigative Approaches

The probl em addressed is that of determining the thermal resistance

from the heat generating region of hybrid circuit devices to the

package header. This resistance , once determined , allows a rapid

calculation of maximum device heat dissipation for a given peak device

temperature . Package (particularly header) temperature is al so assumed

known . Determ i nation of package temperature usually requires an external

heat flow investigation . However except for package size , this is

essentially independent of the hybrid circuit layout and design , and

is not considered in this investigation . The reader is referred to the

literature [1 ,2,3,4] for treatments of this problem .

2
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Hea t flows by conduc ti on from the heat genera ti ng regi ons of

individual devices to the package header. Internal radiation , convect ion ,

or conduc tion through the enclosed nitrogen filled space is neglig ib le ,

as conclu ded by Pogson [5] and Daniels [6]. Conductive flow from the

devices through the substrate and other layers to the header is there-

fore the basis fo this study .

1. Anal ytical Thermal Studies

The app lica ti on of well known conduct i ve heat flow laws to micro-

electronic c i rcu its has been app roa c hed i n many ways , with vary i ng

degrees of success . Most approaches can be classif i ed a s one or a

combination of the following :

a. Analytic solutions of the three-dimensional partial

differential equations for static heat flow .

b. Use of approximate physical models for three-dimensional

heat flow .

c . Graphical techniques.

d. ‘Jum erical techniques for approximate solution of the exact

three-d imensional partial differential equation formulation

for the boundary-value problem.

Anal yti c solut i ons , i f obta ina b le , gi ve high accurac y. T hi s requ i res

however , idealized shapes and boundary conditions , as wel l as low

geometrica l complex i ty. Various transforms and/or eigen-function

expansions are usually used [7,8,9]. The complexity of a total hybrid

structure generally rules out these methods. Likewise , boundary

conditions are rarely ideal , or even approximately so.

- —. . - - * -
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Approximate physical models , usin g such concepts as shape factors

and spreading resistance [10] allow calculation of at least parts of

the overall thermal circuit by simple formulas. These model s have low

accuracy because temperature is assumed to vary as a function of one

independent spatial variable only. This i s true for only a few idealized

geometries , and even if app lied in piecemeal fashion to a complete

hybrid module , would give low accuracy results. However , for a pre-

lim inary qu ick est imate of thermal res i stance , these method s may have

some merit .

Some gra phical methodsq ma inly that of curvilinear squares [11],

do exist. These are limited to two-dimensiona l heat flow , and s i nce

their app licat ion requi res a certa in degree of “art” talent , they are

not apparently applicable to computer solution . Also , where layers of

different med ia exist , they are extremely difficult to apply.

Numerical techniques require the subdivision of the physical model

into many “smal l” regions. Each region , conta ining a node , is se para ted

from each adjacent region by a simply calculated thermal conductance.

The problem basically then is to solve a system of N equations in N

unknowns , where N is a large number . Dusin berry [12] was one of the

first to treat this probl em in some detail. Only since application of

large-scale computer systems, has it been pract i cal to emp loy numer i cal

techniques to complex geometries.

Anal ytical studies for this work do employ numerical solution of

the appropriate partial-differential equation and boundary conditions

by use of the finite difference formulation of these equations . This

method , along with hybrid circuit ramifications , is discussed at length

by Ruwe and Slagh [4].

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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2. Experimental Thermal Studies

Ex per imental determ inati on of the therma l resis tances for dev ices

requires temperature and power dissipation measurement. The measure-

ment , either directly or indirectly, of the heat generating region

temperature of the circuit device presents the most difficulty . The

junct ion region of a transistor is a typical example.

The dev ices cons id ered are electronic ci rcu it devices that diss ip ate

heat power to a heat si nk , wh ich is usuall y a header or some part of a

package. Several examples are :

o a . Discrete transistors

b. Packaged integrated circuits (IC’ s)

c . Transistor or IC chips mounted or bonded to a substrate , wh i ch

in turn is bonded to a header

d. Th ick or thin film resistors on substrate/header

e. Ch ip resistors on substrate/header

Where power dissipation of these devices is significant , it is

im portant to know the maximum temperature within the device that will

be reached , for a g iven header/package temperature. This temperature

may be read ily calculated if the therma l resis tance , of the dev i ce

is known . That is:

T~ = T C +P 8JC

where

is the temperature of the heat dissipating region of the

dev ice.

I
I
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TC is the sink , header or package temperature.

P is the device heat dissipation in watts.

This thermal resistance is illustrated in Figure 1.

While dev i ce power , P, and sink temperature , Tc, may be easily

and accurately measured , the actual heat generating region temperature ,

cannot easily be directly measured . Some currently used procedures

are:

a. Infrared measurement [13].

b. Variation of some temperature dependent parameter of the

device such as junction voltage or current gain of a transistor.

Pulsed techniques are usually used [14].

c. Liquid crystal [13].

These procedures suffer many disadvantages . Infrared measurements

require elaborate optical systems, and recording equipment . The surface

must be treated to assure opaqueness and its emissivity must be known .

Pu l sed parameter measurement techniques also require extensive instru-

mentation and fail when device thermal time constants are of the same

order of magnitud e as electrical time constants; such as in the case

of smaller devices. Liquid crystals are limited in temperature range

and several solutions must be available. Solutions must be calibrated

and are susceptible to contamination and coating thickness variations.

Thermocouple micro-probes were chosen for temperature measurement

of heat generating regions; primarily because of their ease of use , and

the minimal amount of instrumentation required . These probes measure

surface temperature , which may differ from heat generating region

— —. . 3= — - -a -S •,~
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temperature . A differential temperature measurement , vary ing header

temperature and power dissipation such that the probe temperature

remains fixed , removes this source of error . Sensor junctions and

probes are used for substrate surface temperature measurement.

C. Test Circuit Modules

Hybrid test circuits were designed for experimental verification

of the mathematical models used for transistors , thick film resistors

and chip resistors. These were then fabricated at MICOM . All devices ,

along with junction sensors, were screened or bonded to a 1 inch square

alumina substrate , which was epoxy bonded to the header of a flat pack.

The test modules for thick film resistors , transistor chips and resistor

chips are shown respectively in Figures 2, 3 and 4. Film resistor

circuits also include straight and L-trimmed resistors to study the

effect of uneven heat generation over the surface.

These units employ rather large devices for heat generation . It

is felt that if mathematical model s are verified for these , then the

same type of models would be justified for any device size. Because

of their size , thermal probing can be done on the device itself.

Structures were chosen to make maximum use of synunetry , This

serves at least two purposes. First , the actua l mathematical model

formulation will be simplified , as well as requiring less computer time

and memory . Though non-syrTunetric structures are usually encountered

in practice , these can be modeled by the same techniques and will be

valid provided the symmetric case has been verified experimentally.

~~~~~~~~~~~~~~~~ - - —5—,. — -— - - . - .- -‘ ,‘— - ‘ .. .5 - S _ -
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Second , this syninetry allows a cross-checking of different temperature

measurement techni ques~ which employ junction sensors and thermocouple

probes.

Substrate surface measurements , away from the heat generating

device , will also ind i cate how far away other devices should be placed

in order to minimize thermal coupling .

D. Measurement Facilities

A bloc k diagram of the facility l ayout is shown in Figure 5. The

test fixture , containing the test module , is enclosed with in the

temperature chambers which can heat and cool . Thermocouple probe

temperatures are mon i tored by thermometer instrumentation . The test

chamber temperature is also monitored . A diode sensor calibrator and

temperature measurement circuit connects to the sensor junctions on the

test module. Power supplies furnish power to the sensors , the heat

generating elements on the test module and the thermoel ectric module.

Figure 6 pictures the test fixture. The functions of the individual

parts are as follows :

1 . Aluminum Heat Sink provides heat transfer to the environment

within the temperature chamber.

2. Thermoel ectric Module allows el ectrical control of the hybrid

circuit header temperature. Both heating and cooling are

possi b le , depending on current direction ,

3. Copper Heat Spreader assures that the hybrid circuit header is

mainta ined at a uniform temperature . 

1 L11 ~i 
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: 4. Thermocouple Probe under Header monitors header temperature

so that therma l resistances from heat sources to header , in

the hybrid c i rcuit , can be determined.

5. P.C. Board and Connectors provide electrical connection to

heat sources in the hybrid circuit , as wel l as to sensor

junctions. These sensors are calibrated and used for measure-

ment with fixed forward current. They provide surface

temperature measurements at various points on the substrate.

6. Spring Loa ded Thermocouple Pro be measures ac tual heat sourc e

(chips , resistors) temperatu re. Fixed probe pressure is

assured for each measurement. The probe is 13 mils (0.013 in)

in diameter . A differential temperature measurement cancels

probe rea di ng error . Prov i sion i s also made for a convec ti on

sh ield over the hybrid circuit (not shown).

7 . Pro be Hol der and Pos it ioner rests on and is held magnetically

to an iron platform . The probe is accurately positioned and

the pressure adjusted by micrometer thumb screw type adjustments.

A summary of the facility capabilities is listed below :

1 . Independent header temperature control and monitoring.

2. Independent ambient (within chamber) temperature control and

monitoring.

3. Substrate surface temperature measurement by junction sensors.

4 . Peak temperature measurements on actual heat sou rces by probes .

5. Pressure and position adjustments for probes.

6. Hybrid test circuits on P.C. board s may be quickly changed .

I
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II. THERMA L ANALYSIS TECHNI QUES

A. Model Formulation

The formulation of finite-difference model s primarily involves

three aspects. First is the designation of heat generating regions

and the heat dissipation densities. Second , the nodal layout is

assigned so that high node densities exist near the heat generating

regions , and l ower densities in more remote regions. Finally, thermal

conductance values between nodes are calculated , based upon region

therma l conductivities and conductance dimensions. Models were

formulated for the thick film resistor test circuit (Figure 2) and

the chip transistor test circuit (Figure 3).

1. Nodal Layout for Finite-Difference Solution

The nodal layouts for the thick film resistor and transistor

test circuits are shown respectively in Figures 7 and 8. The procedure

for this is described in detail by Ruwe and Slage [4, pp. 49-57].

Both epoxy and eutectic bonded transistor chips were modeled . Parameters

are as follows :

a. Header ( Kovar)
30 m ils thick
l” xl ” active area
k = 3.8 x lO~~ W/mil- °C

b. Conductive Substrate Epoxy (Enotek H-74)
5.5 mils thick (Fairly consistent for all units)
l” x l” active area
k = 2.8 x lO~~ W/mil- °C

*5
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Dimensions are in units of 15 mi ls.
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C . Substrate (96% Alumina )-$ 25 mils thick
l ’ xl ” active area
k = 4 .6 x lO~ W /mil - °C at 20°C

- 
= 3.7 x lO~ W/m il-°C at 1 00°C

t d. Cerrnet Paste Res istors
50 x 100 mils
300 ohms/square

3 
approximately 0.87 r n i l s  t h i c k

e. Transistor Chip Epoxy (conductive)
- 1 mil thick approximately

- 100 x 90 mils active area
k = 4.8 x 10 ~ W/mi l- °C

f . Transistor Ch ip
8 mils thick
100 x 90 mils
k = 2 .44 x 10 ~ W/mi l— °C (75°C)
60 x 30 mils heat generating area

2. Heat Di ssi pation Di str ibution for Tr immed Res i stors

Bot h s tra ight and L tr immed res i stors were investi gated to determ ine

the heat dissipation distrib ution. Unlike the untrimmed resistors ,

the surface current distributi on is non-uniform . Figure 9 shows a

tr iniiied resistor , w i th V0 vol ts applied . The potential V and electric

field ~ are represented by

pV
o

-

- Fi gure  9 . Trimmed Resistor Geometry .
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V = V(x ,y) volts

-— DV -- D V - -E = -~.V = - 
~~~~~ 

a~ - 
~~ ay vol ts/mil

The surface current density, J , is then

K = = -
~~ 

[~~~~

- 

~

_
x + 

~~~~~ ~iJj amps/ mil

where a is the reciprocal of the sheet resistance in ohms/square.

The heat power dissipation density is then given by

W h 
= K - = a 

2 
+ 

~~ 

watts/mn 2

Determi ning the potential , V (x ,y), must be done by solu t ion of

La p lace ’ s equation

~x 2 
~y

2

and application of appropriate boundary conditions at the ends of the

resistor and along the edges inclu di ng the “cut.” A finite-difference

procedure which is readily applied is described by Hayt [15]. This

was done for both types of trimmed resistors. As was expected , the

heat d i ss ip ati on dens i ty was hi gher i n the narrow restricted reg ion

of the resistors , and hence the hot spots would be here. The heat

density distribution was incorporated into the model by inputting the

appropriate heat power into the various resistor nodes (Figure 7).

*5

— I ~~~~ — - -  ,4_ - . 4 , ,. . ,. •5 S • 

. .~~~~~~~~~ —--  ‘ -  _



,,. ‘jJ~~~~j  iijçijj ‘ ~~~J1_ U~~~~~
-
~
-
~~ 

‘ _. __ .L 
- 

~~
_ ‘ t

I
1 21

I B. Computer Solut ion Techni ques

Obtaining the model node temperatures was effected by solving N

equations in N unknowns by a standard computer program [4]. The device

thermal resistance is then the ratio of the differenc e between the

hig hest node temperature and the header temperature d ivided by the

total device power dissipation .

The results are given is Section IV , where t hey are compared with

experimental measurements.

I
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III . EXPERIMENTAL MEASUREMENT

A. Sensor Diode Use and Calibration

Small diodes are located on the substrates of the test circuits to

measure surface temperature . These diodes have the characteristic , that

for fixed forward current , the junction voltage decreases about 2.5 mV

per °C rise in temperature. A low fixed current (251iA) is used so that

electrical heat generation is negligible.

The diodes are calibrated by placing the test circuit in the

temperature chamber and varying temperature over the range of interest

(20°C to 100°C). WIth the exception of the small fixed diode current ,

none of the devices on the circuit are powered . Diode voltage is

calibrated against temperature . Typically, over the temperature range

from 20°C to 100°C, the voltage will drop from about 510 mV to about

300 mV.

After calibration , the diodes may be used to measure substrate

surface temperature , with the dissipating device under power. Diode

locations are shown in Figures 10 through 14.

B. Probe Measurement Locations

Thermocouple probe temperature measurements were taken on the

surface of the heat dissipating device. The measurement location is

designated by the symbol , x. Generally this location is in the center

of the device , except for the two trimmed resistors , where the measurement

4
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was made in the center of the restricted cross—section. This is where

max imum temperatures will occur. Only the center resistor of the

I screened resistor test circuit was powered.

I
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Figure 10. Un -Trimmed Resistor Test Circuit
Measurement Points.
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IV . EXPERIMENTAL AND ANALYTICAL RESULTS

A. Temperature and Therma l Resistance Measurements

Both measured and computed results are presented here for comparison

ease. Figures 10 through 14 indicate points where both measurements

were made and temperatures computed . The symbo l “D” w i t h  a subsc r ip t ,

indicates sensor diode locations . The thermal resistance is calculated

by

= 
Td - 

Tc
P

where Td is the device temperatu re in the heat generating region , T c
is the header temperature (fixed at 26°C), and P is the device power

dissipation. Temperatures are in °C.

1. Untrimmed Screened Resistor. P = 3.67W. Figure 10.

D4 D3 D2 e

Meas 106 5° 57 3° 35 6° 31 4° 22 8°C/W
Ca lc. 121.4° 57° 32 .5° 28.5° 26°C /W

2. Straight -Trimmed Resistor. P = 2.42W. Figure 11.

D4 D3 D2 Dl 0

Meas 113 3° 43 3° 30 1° 28 4° 26° 36 l°C/W
Calc 101 7° 40 2° 29 3° 27 8° 26 8° 31 3°C/W

~ 

~~~~~~~~~~~~~~~~~~~~ J
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B. Con!p~~i son  of Resul ts

Comparison of thermal resistances show deviations between measured

a nd calcu l a ted values from l 3~ to 28k- . Tempera tures a t di ode sensor

locations generally were in fairly close agreement. Some of the error

sou rces are d iscusse d below , along with comments on possible improvement

of accuracy.

1. Parameter Values. Accurate material parameters , such as therma l

conduct ivity , are no t generall y a v a i l a b le from manufacturers . For exam p le ,

pu b l i she d con duct i vi t ies of Kova r can be found tha t var y over almost a

two to one range. Wilson [16] presents an excellent disucssion of this

problem. Conservative design would dictate the use of publ i she d worse

case ( i .e. lowest) values of conductivities available for a particular

material.

2. Bonding Defects. These would tend to give a higher than actual therma l

resistance. In all cases except one, the calcula ted thermal res i stance

was h igher than the measured . Therefore these defects , if they existed ,

coul d not be the primary cause of difference in results .

3. Finite-Difference Model. An increase in node density will given more

accura te resul ts , if there are no other fac tors caus i ng eorror . I t is

doubtful that this would provide a significant accuracy increase.

4. ~~~~r a t u r e  Measurement. Measurement of temperature with thermocouple

probes can be accurately made by use of the differential technique. The

actual probe temperature is lower , of course , than the heat (1enerati ng

temperature . However , by taking two sets of measurener~ s with different

power dissipati on levels and adjus~ inq the header te~perature so that the

,
—--  ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ i~:::-~-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _——-
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device probe temperature remains the same, the heat generating region

temperature must also remain the same. The thermal resistance is then

simply the ratio of the header temperature change to the device power

change. The use of this therma l resistance in the equation on page 5

allows calculation of the heat generating region temperature. In all

cases this temperature was hi gher , as expected , than the first measured

probe temperature . Further , the contact resistance of the probe was

chan ged by the application of a lacquer coating . The same thermal

resistance as without the coating was obtained.

In view of the above , it is felt that the primary source of erro r

was the uncertainty of material parameter values. The results ,

analytical and experimental , were sufficiently close to show the use-

fulness of the finite-difference modeling technique. It can be used

as a tool for predicting thermal performance of a particular hybrid

system. It can also be used for compar i son of two or more systems

employing different materials , bonding techniques , etc.

~~— :-:~: —
~~~~~

- -  J
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V. RECOMMENDATION S AND SUGGESTED AREAS FOR

FURTHER RESEARCH

The use of finite -difference (nodal) methods , for hybrid circuit

heat flow analysis , proved to be readily adaptab le , reasona bly accura te ,

and informative. The avai labi l i ty of modern computer sys tems ma kes

solution of systems involving even thousands of nodes feasible. The

analysis of exist ing hybrid structures is only one area for use of

this method . A preliminary evalua ti on of special s truc tures and

materials can be made and optimized , befo re fa br ica tion .

The probe differential temperature measurement techniQue should

be studied for degree of accuracy . T h i s  could be done by finite-

difference (nodal ) modeling of the hybrid system , with and wi thout the

presence of the probe. The thermocouple technique is especial ly

valua ble because of ease and the requirement for minimal instrumentation.
-I-

$ 

One important result was the drastic i ncrease of thermal res i stance

for trimmed resistors . This was shown both experimentally and analyti-

cally. Hot spots will occur on the resistor surface that could drasti--

call y change the resistance value. For resistors dissipating high

power , trimming should be avoided if possible , or else larger area

resistors used .

The difference in therma 1 resistance between eutectic and epoxy

bon ded transis tors is m i n imal .  However , one system that deserves 

~~T:~ 
~~~~~~~~~~~~~ 
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further study is the use of eutectice bonding on a thick (>2mils) gold

bonding pad that extends well beyond the edges of the chi p. T h i s  w i l l

have a heat spreading effect that should be pa rticularly effective on

a low conduct ivity substrate such as alumi na . A study of the heat flux

density , as revealed by the node temperatures , shows it to be quite

high i n the area of the substrate just under the chip. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I . INTRODUCTION

Thick film resistors (TFR ’s) have been used for many years in

hybrid microelectronic technology . An important application of this

technology is the design and fabrication of linear amplifiers and

analog systems which are capable of detecting very low signal levels.

Since the ability of a system to detect low level signals is

fundamentally lim i ted by the noise of the system , noise performance

becomes an important desi gn criteria. In order to design low noise

hybrid circuits and systems , mathematical models must be available to

predict the noise performance of the individual components in the

hybrid circui t .

In this work, a mathematical model is presented based on previous

work and on a theoretical work to be published in the near future

[10] . This model is verified by experiment for three TFR resistive

pastes.

Earlier investigations have developed models to describe the

noise spectral response of discrete resistors. However , the no ise

characteristics of TFRs have not been adequately investigated .

Particularly, the effect of TFR contac ts , or term i nat ions , has not

been considered separately. Previous experimental data has included

both phenomena in the same measurements [8 , 9]. In this work , contact

noise is el iminated by the experimental method employed and thus the

actual noise of the TFR i tself is obtained .

---.- _ ~~~~~~~~~~~
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~i. LOW FRE QUENC Y NOISE MODEL

There are two types of no i se found to dominate the noise

spectral response of a TFR. The first type to consider is the

thermal noise vol tage [1], e
~h, which is given by

e
~h 

= 4kTRAf Eq 1

e
~

h = mean square thermal noise vo ltage

where k = Boltzmann ’s Constant

I = Absolute Temperature

R = Resistance

~f = Noise Bandwidth of System

Secondly, a dc current flowing through the TFR gives rise to an

excess noise volta ge or 1/f noise [2], which is given by

e = K — ~- A f R  Eq2
ex

~~~~~~~~~~~~~~~ ~~~~!L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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I
1
J where

= Mean square excess noise

K = Constan t

‘dc = dc current through the TFR

f = Frequency

= Constant

The constant  K in  equa t ion  2 has been found in pr evious work

[7, 8, 9, 10] to be dependent on the geometry and the material used

in fabrication of the TFR. This relation predicts an inverse

dependence on TFR volume , or

K = K~-~~~- = K~-~~--- Eq 3

where

£ = Length of TFR

w = Width of TFR

t = Thickness of TFR

p = Bulk resistivity

Shee t res i s t iv i ty

The factor K -in equation 3 is a new constant which is dependent

onl y on the firing condition and the resulting microstructural 

• 5? • -. ‘ -*
--5  -- -- -5------.-~~ -- 5 - -  -



properties of the resistor material. It is independent of the TFR

geometry but it may exhibit some second order dependence on p~ in

cases where the microstructure is altered as the resistivity is

changed [7, 10].

Incorporating eq 3 into eq 2, the following expression is

obtained :
2 — .. dc 0seex

_ 
?r~~ 3 Af Eq4

Since the thermal noise and the excess noise voltages are

produced by independent mechani sms, the two noise components are

uncorrelated. Because of this , the total noise voltage appearing at

the TFR terminals may be expressed as the linear sum of the thermal

component and the excess component.

2 — 2~~~~2e
~0~ 

— e
~h 

ee

i2 3
= 4kIRAf + K c1~ 

p
5
9~ ~~ Eq 5

Equation 5 is the basic expression used in this work to model the

TFR noise output. It gives an expression for determining the entire

noise spectral output of a TFR as a function of frequency . Figure 1

shows a typical plot of the TFR noise voltage versus frequency. The

break frequency , 
~B’ 

occurs when the thermal and excess noise

components are equal in magnitude . Equatin g the two terms of

~

J _



I

1
I
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\ ,
______

I \
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Figure 1. A typical TFR low frequency noise spectral response. 
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equation 5,
2 2

K 
_ _ _

~B
- 4kT 2

U)

_ K 2E Eq 6

where E = electric field across the l ength of the TFR .

I I I . EXPERIMENTAL PROCEDURE

A) E L I M I N A T I O N  OF CONTACT EFFECTS

The initi al problem in designing an experimen t to demonstrate

the validity of equation 5 is to find a way to eliminate any effect

that contacts might have on a measurement of the noise vol tage output

of the TFR sample. This is done quite simply by fabricating the TFR

test resistors in a 4-terminal configurat ion as shown in figure 2.

The curren t ‘dc flows from terminals A to B generating excess noise

in the TFR resistor body and , presumably, also generating excess noise

in the vicinity of contacts A and B. In order to avoid any contact

noise , the outpu t noise voltage is taken across terminals C and D. If

the dc current drawn by the measurement system is negligibl y small

(as is the case when the output is fed into a high input impedance

instrument amplifier ), then no excess noise is generated at contacts

C and 0. Therefore, the output noise vol tage is due to only the noise

generated in the resistor body . This result is , however , dependent

on the fact that the constant current source ‘dc has infinite internal

impedance. In figure 3 the TER is modeled as a network of

-
~~~~~~~~~~~~~~~~
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I
I 7

I TFR
DC1 TEST 2RESISTOR et0~

Figure 2. Circuit configuration used to exclude contact noise from
measure ment .

S

C — — — — - - . — .- 4._ , •_

—-5— —- -5 -.—--~~~~ — -— -- - - - - - -~~~— - ——- — ---5-- - .——-—- .---——- 



— ~~~~~~~~~~~~~~ —-5----- —-----.—-_ —-5 - - —

8

___________________- A

RAA
R5

RA C
A’ —MA- 0C

V RN 
= RA IB , 

1etot
2

B’ —MA~ 0
R D
B’D

R
BBI

B

Figure 3. Equiva lent circuit for the circuit in Figure 2.

1~~• t -  - •_—_ — — - . - .  , - - .- 4 • S .  ~ *
___ - - - - -5- - — -  ,-5— - -.—— -- ---- -— --

~~~~~
-- -

~~~~
-- -

~~~~~~~~~~~~ --..
- -—— 

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



~~~~~~~~~ PPP’~~~ 
— -- 

~~~~~~~~~~~~ —5---— —

9

RM4 1~~~~ I 

2

R 
eA ,C

A’ —..MA--- Q--o

R5 ‘RS RN 1N

eRS ( )eN
2 

RB D  
eB~D

B’

RBB ’ ~~~~~~~~i BB,
2

eBB

= mean square therma l no i se vol tage of 
~~

= mean square excess noise current of R

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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resistors and the current source is modeled realistically as an idea l

voltage generator , V . in series with a resistor Rs.

The output noise voltage of this network is found by replacing

each of the real resistors in figure 3 by an ideal resistor with

the appropriate noise generators inserted. This is shown in

figure 4. To simplify the expression for e~ , the following assumptions

may be made;

R — R  A R .2 .2 A. 2  2 _ 2 A 2
AJ~ 

— BB A ‘AA - ‘BB = 
1A eAA 

- 
= 
eA

R - R  R 2 — 2 ~ 2
A C  

- B D  — B eA_ C - eB D  
- eB

The resulting expression for the mean square output noise voltage ,

e2, is given by

e2 
(eRS + 2eA )RN__~_ + ‘RS RN Rs

° (R
N 

+ 2RA + Rs ) 2 (R N + 2RA + R5)
2

+ 
i~ (2g~) R~ + [e~ + R~ i~ ] 

(2RA + R5)
2

(RN + 2RA + R5)
2 (RN + 2RA +

+2e~ Eq7

If the constant current source resistance R5, is chosen to be suitably

large . i.e., Rs ~
> RN + Rc~ 

then the output noise voltage may be

approximated as

e~ 
1RS R N 

+ 2e~ + e~ + i~ R~ 
Eq 8

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~ - - - - - - -
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It can be seen in equation 8 that two undesirable terms appear

in the output. One term is due to the excess noise of the series

resistor , R5, and the other is due to the therma l noise of the

resistors RA C  and R8~0 in figure 4. When this technique for

eliminating contact effects is actually implemented , steps must

be taken to assure that the two undesirable terms are either

negligible , or cancelled by the measurement technique.

In order to determine the effective value of resistance for that

portion c-~ the TFR body in which the output noise voltage is generated .

RN , the following equation is used (refer to figure 3).

RN 
= 4AB CD~~CDS~ Eq 9

where RN RA ..B. (Figure 3)

RAB = Resistance seen between terminals A and B

RCD = Resistance seen between terminals C and 0

Rc05 Resistance seen between terminals C and 0 wi th

terminals A and B shorted .

B) SINE WAVE METHOD OF NOISE MEASUREMENT

Since the noise voltage developed across the terminals of the TFR

cannot be measured directly, an indirect method known as the sine .~ave

method [3] is employed .

Consider the circui t shown in figure 5A. If 4 is the mean

square noise vol tage of a test resistor , RT , then the amplifier mean

- 
~~~~~~~~~~~~
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Figure 5. Sine wave method of noise measurement .
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square output voltage , v~ , is given by

v2 = A~, (f) 2 Eq 1001 eT

where A
~
(f) is the voltage gain of the amplifier.

If a known attenuation is now inserted into the gain path and a

sine signal is inserted serially with the test resistor , as in

figure 5B, as new equation may be written ;

V~ = A~ ( f )  (e~ + V2 ) (atten)2 Eq 11
2 g

If the special case where V = V (by adjustment of either the01 02

mag ni tude of Vg or (atten)) is assumed , then the mean square no i se

signal at the input is

2 - ~2 (atten)2 2 E 12eT — g 1 - atten 
q

This equat ion may be used in the determination of the input noise

voltage when the stated conditions are met.

C) IMPLEMENTATION OF THE MEASUREMENT SYSTEM

The actual circuit used in the measurement system is given in

figure 6. The system includes five major components which are listed

and d iscussed below.

1. Constant Current Source

The circuit for the constant current source is the result

of considerable trial and error experimentation . The value of the

-. ~~~~~~~~~~~
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resistors Rx are changed to obtain a given constant current output

value . Any noise generated by Rx or the 900v battery is shunted to

ground by the 1 microfarad capacitors. In addition , the .5 Megohni

resistors are wirewound to preclude the generation of excess noise.

T h i s  p o i n t  is of paramount  cons ide ra t ion  in the source design because ,

as can be seen in equation 8, any noise generated by the current

source wil l  appea r in the noise measurement.

2. Probe Station

The probe station consists of a copper-clad box with a

hinged lid for easy access. The base is of a 1 1/2 inch thickness

of steel plate with a 3/4” well in the middle. The TFR sample

under test is positioned in the well and electrical contact to the

TFR is made through four magnetic—base probes positioned around

the periphery of the well (See figure 7).

3. Instrument Amplifiers

In fi gure 6, there are two amplifiers inserted in the signal

gain pat h. From equation 12 it can be seen that the actual gain of

the amplifiers is not a factor in determ ining the noise level input

to the system. However, the signal must be of sufficient magnitude

to drive the wave analyzer input. The actual circuitry for the two

amplifiers is shown in figure 8, along with performance characterist ics.

A 12 volt lead-acid battery is uti lized as a low noise supply. Amplifier

A is of low noise design while the noise performance of Amplifier B

is negligible , because of the re latively high signa l level at its input.

As wi l l  be pointed out later , the no i s e  of the system is eliminated by

—. 
experimental procedure .
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8K* 5O pF~~~~~ 
00 ~F

4uF

l60K* ~5K 3.6K

~~~~t5~

0 1.8K Rt =50

Figure 8A. Amplifier #1 
—

= 100 = 300 KHz NF 1.3 dB
R = 2r-1~ 

~LO 5 Hz @ 20 Hz , RN 30 K~
Q1, Q~. Q3 a re Sy lvan ia ECG 234 , Low No ise , Beta 400.
* low noise

3M . - 33K ~ lOO~~

2~F  _ -~~
_

1.5M 30K 

t~°°f 
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3K _[511F 1OK -

Fi gure 8B. Amp l ifier #2

A = 75 = 400 KHz
= 75 K~ fLO 3HZ
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4. Attenuator

The attenuator used is a Tektronix 2701 5Oc~ step attenuator ,

with a range of 0-79 dB in 1 dB increments. Its passband extends down

to dc.

5. Wave Analyzer

The wave anal yzer is a Quan Tech 304 TOL . The 3-Hz

( noise bandwidth ) filter and a meter time constant of 100 seconds

is used on all measurements.

Several problems were encountered during the course of attempting

to implement a workable measurement system . In order to eliminate E-M

interference , the bias source , probe station , and ampl i f i e r s  were each

constructed in copper-clad enclosures and all interconnections were

made with 5O c~ shielded cable. After experiencing persistent problems

with interference , the system was moved to a screen room .

Because of the shielding employed , ground loops were found to be

coupling in excessively large 60Hz signals. This was solved by

breaking the ground connection in one of the interconnecting cables.

The most effective point to apply this remedy is found through trial

an d error.

Another interference problem was traced to mechanical vibration.

Because of the low frequency region of interest and the low -level signals

involved , vibration originating with , for example , air-conditioning

equi pment in the building causes an interfering signal . This problem

was solved by resting the entire table (on which the system rested) on

four lft 2 plywood plates , underneath each of which is a 6 inch deep by l ft2

foam cushion. Additionally, the most sensitive components of the system 
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(bias supply, probe station , and amplifiers) rested on foam cushions

several inches thick. This arrangement effectively dampens the mechanical

vibrations.

Due to the fact that a comon supply is used for both amplifiers ,

the possibility exists for strong signal coupling around the attenuator.

This problem is avoided by employing a supply bypass capacitor at each

amplifier.

D) OPERATIONAL PROCEDURE

To measure the excess noise of a particular TFR , it is first

positioned in the probe station with the probes contacting the appropriate

terminal. Then resistors Rx are adjusted to give a desired current.

After tuning the wave analyzer to a desired frequency the following

steps are performed:

1. Open switches A , B, and C and set attenuator to 0dB. Record

the output level of the Quan Tech meter. Severa l meter t ime constants

(100 sec.) must be allowed for the meter to reach steady state .

2. Set the attenuator to some value , say 60 dB , and close

switch C. The potentiometer is adjusted until the Quan Tech meter reads

the same l evel as in step 1. The noise input is then calculated

according to equation 12 where V g = (voltage indicated by DVM )X

l0c~ . Note that -if the attenuation is sufficiently high then equation
1 2Kc~
12 becomes

e~ v 2 (atten)2
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Because the ou tpu t me ter on the wave anal yzer is an avera ge readin g

meter , the value obtained is not the true rms value for a noise

si gnal. However, correc tion may be made for this fact by adding 1dB

‘ 

[6] to the existing attuation level .

The noise volta ge ca lcu la te d a t this point is the sum of the

- - - 
thermal noise of the TFR and system noise.

3. Repeat steps 1 and 2 except switches A and B are left

closed to provide dc current to the TFR. The noise voltage

calculated here is the sum of the excess and thermal noise of the

TFR , and system no i se .

4. The excess no ise generated by the TFR is the difference in

the two calculated voltages , or

2 = 1no i se volta ge1 rno i se volta ge1 E 13eex Lfrom part 3 -‘ 
- Lfrom part 2 -~ 

q

Note that the excess voltage calculated is for a Af centered at some

frequency . The spot noise in volts 2 /Hz is found by dividing the above

equation by Af.

The measurement procedure described cancells both system noise

and the thermal terms present in equation 8. However , it must be

further demonstrated that the term iRS RN (e q u a t i o n  8) is negligible.

In other words , for accurate measurement , the noise contribut ion of

the constant current source must be negligible. In order to

experimentally assure this condition , a wire-wound resistor of known

value  ( 20K) is probed . For ‘DC = 0, the resu l t ing  measuremen t i s

due to the sum of the system noise and the resistor ’s therma l noise

which can be calculated (equation 1). Since the 1/f noise of a

I~ 
— I — — — - S — - . - - - p - --— — - • - * .

~ -* ._ -

- -5--- - —-—--5---.-- -  -~~~~- -— - -~~ - -- ---5
-- 5--- — 5- - - --5--- —5----— -- 
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quality wire-wound resistor is negligible , no increase in noise

should be detec ted when 1dc ~

The noise band width of the filter in the Quan Tech Wave

anal yzer is determined by a graphical integration according to

the equation [5]

= k f G(f) df. Eq 14

where G(f) = power gain as function of frequency

= peak power gain.

The procedure is to obtain a curve of the output voltage of the

filter as a function of frequency , for a constant in put voltage. Then ,

this curve is graphically squared . The area under the resulting

curve div id ed by the peak of the curve is the noise ban dw idth , Af.

E) LIMITATI ONS OF MEASUREMENT SYSTEM

Because of the s imp l i fyi ng assum p t ions ma de i n the develo pment

of the measuremen t system , certain limitat ions must be imposed on

the operation of the system . These are discussed below .

1. Al l owa b le va lues  for RN
The maximum allowable value for RN is a function of the

im pedance of the current source , Rs. Figure 9A shows an AC equivalent

circuit for the constant current cource and the body of the TFR . The

th erma l noise sources are no t cons idered her e, as they are ca ncel led

from the measuremen t, anyway .

-

- ~~
_ _ i 

~
, ‘_ _i__ 

- - --5--- - - - -- 5-
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Figure 9. The effect of R5 on the output noise of the TFR.
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From fi gure 9A , then , the noi se output , e~ , is

R 2
e~~= R ~ i~~~[l - (- ~.---~-~----) ] Eq 15

I A normalized plot of e~ vs R5 is shown in figure 9B. The curve

a pp roaches a p l ateau when R5 > 8 RN. For R5 = lm T
, then , RN must be

l imited to less than approximately l25k~ . However , i f  the i n p u t

impedance of the instrument amplifier is considered in shunt with

R5, then RN must be l imited to less than approximately 8Okc~ (for an

input impedance of 2mQ).

2. Low Level Limit of Excess Noise Measurement.

The l owest level of 1/f noise that can be measured by the

system i s limi ted by the thermal noise of 
~~ 

and by system noise.

Si nce a de ter mi na tion of the excess noise level involves taking the

di fference between two separate measurements , i f the va lue  of

~~ 
i s muc h smaller than the system no i se an d the thermal no i se of RN

then it has the same order of magnitude as the experiment al error.

Typical ly,  consistent data is obtained at a minimum 
~~ 

of approximate l y

the same level as the sum of system and therma l noise of R~.

3. Accuracy

The theoretical limit of accuracy of the measurement system

mus t be determined from a statistical approach , due to the random na ture

of a noise vol tage. A relation [4] between noise bandwidth , Af , output

meter time constant , r , and rela tive erro r, a, is

a = / 2-rt , f . Eq 1E 

T —
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For a meter time constant of 100 seconds and a noise bandwidth of

3Hz, the relative error is approximately .04 or 4%.

The error predicted by equation 16 applies to a single measurement

of a noise signal . The measurement technique employed , however,

computes excess noise as the difference of two such measurements.

Depending on the relative magnitude of the excess noise , the error

(for excess noise) may vary from acceptably small values to very large

and unacceptable error.

For the actual measurement system, the error is conservatively

estimated to be approximately + 10%. However, scatter in the data

is also effected by variation of parameters external to the measure-

ment system, such as noise pickup and variation of geometrical

dimensions of the TFR, etc.

F) TFR FABRICATION

The TFR test samples were fabricated in the microelectronic

laboratory of the U. S. Army Missile Comand , Huntsville , Alabama . A

sample is shown pictorially in figure 10. The three resistive pastes

used are ESL 3000 series (iridium based ) with 8835—lB gold conductor ,

DuPont 1400 series (ruthenium based) with 8760 gold conductor , and

EMCA 5000 series (ruthenium base) with Firon 212B gold conductor .

Each type ink was mixed for six nominal values of sheet resistance;

lc~, lOc~, 100c2, l ko, 10kg and 
lOOkQ . These pastes were checked with a Haake

viscometer to ensure compliance with the manufacturer ’s specifications.

[
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Resistor Length (cm) Width (cm)

#1 .254 .025
#2 .254 .051
#3 .254 102
#4 .254 .203
#5 .254 .406
#6 .254 .813
#7 .610 .051
#8 1.52 .152
#9 1.27 .127
#10 1.02 .102
#11 .762 .076
#12 .508 .051
#13 .254 .025
#14 Al .762 .051
#15 AE 13.7 .102
#15 BE 8.38 .102
#15 CE 4.27 .102
#15 DE 1.44 .102

Figure 11B. Dimensions of RN for the resistors indicated .

I
• 4

A



• - • ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

28

Various numbers of samples were fabricated from each of the 6

resistivities for each of the 3 inks for a total of 114 samples . The

samples were fired according to the manufacturer ’s suggestions.

• The geometric variations incorporated into the test resistor

patterns are (see figure 10): 1) constant width , variable length ,

2) constant length variable width , and 3) constant aspect ratio.

In addition , two extra resistors are provided , one normal and one

with extra terminations included serially in the body of the resistor,

but both having the same total number of squares. This was done in

order to allow some insight as to the effect of resistor contacts on

the noise performance.

In figure 11 , the system used for resistor identification is given .

Each res istor is numbered. Al so , resistors 14 and 15 have letters

to identify their extra contacts. Thus, a particular resistor is

identified by the sample number , res i stor number, and by which contacts

were used (for resistor 14 or 15).

IV. EXPERIME NTAL RESULTS

Al though three geometric variations (constant length , width , and

aspect ratio) are availabl e on the TFR sampl es, only constant l ength

and width were used . The reason for this is that aspect ratio does not - •

appear in the noise model . Thickness of TFRs is assumed constant. •

‘•.

- 

_
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A) Length

Figure 12 gives the experimental variation of excess noise,

~~~ 
as a function of TFR length , for the three different inks . The

‘engths available on the TFR samples range from 1.5cm to 13.7cm.

The nominal* sheet resistance, (p 5), of the samples used is l00~.

Lower did not produce a measureable level of excess noise and the

higher p
5 

resulted in too large a value for RN (see Limitations of

Measurement System). The slope of the curves is approximately one

as prediced by equation 5.

B) Width

An experimental curve for 
~~ 

vs (1/width)3 is given in

figure 13. From equation 5, 
~~ 

is expected to be inversely propor-

tional to (1/width)3. The slope of the curves are approxima tely

one, indicating agreement within experimental accuracy .

C) Sheet Resistance

Figure 14 gives some experimental plots of 
~~ vs ~~ 

The

slope of approximately 3 for the range of p5 indicated agrees wi th

the predicted value . A wider range of p5 is not used due to limitations

of the measurement system. Note the variations of the actual values

of from the nominal values.

D) DC Bias Current

An experimental plot of 
~~ 

vs Idc is given in figure 15 for

the three resistive inks . The slope of these curves is approximately

• 2 as predicted by equation 5.

*The word nominal is used because the actual value of
Pc varied significantly between the 3 inks for a given
“~Som inalt ’ value.
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E) Spectral Plots

A family of curves of e
~x 

vs frequency wi th Idc as a

parameter is given in figure 16 for an ESL sample. Similar curves

are given in figure 17 for a DuPont sample and in figure 18 for an

EMCA sample. The slopes of these curves is approximately -1 which

is consistent with the usual value of unity for the constant in

equation 5.

The break frequencies , 
~B’ 

from the spectral plots of

figures 16, 17, 18 are plotted as a function of the electric field , E,

across the l ength of the resistor in figures 19 , 20, 21. As

predicted by equation 6, the slopes are approximately 2.

F) Temperature

It was originally thought that the constant K might exhibit

some dependence on temperature . In order to test this , the probe

station was placed in an environmental chamber and data was taken at

-35°c and +50°C. The ESL (iridium ) and the EMCA (ruthenium) resistive

inks were tested in this manner. The results are shown in figures

22 and 23. The data points at both temperatures generally coincide on

the same line , wi thin experimental error, indicating that over this

temperature range the constant K~ has no apparent 1st order dependence

on temperature . The temperature dependence of f8, then , is due entirely

to changes in the thermal noise level , as predicted by equation 6.

G) Contact Effect

Two resistors , #7 and #14, are provided to determine the —

effect of TFR terminations on noise performance. Resistor #l4AI has seven

• -- - -w-—— — —- .—e — • -  ,,- • . , 7
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extra contacts fabr icated seria lly in the body of the resistor , while

resistor ~7 is fabricated with the same number of squares of resistive

material (same total aspect ratio) so that the total resistance is the

same for each. It was , however , found that resistor #14 has substantiall y

less resi .tance than #7. Resistor #12 was used instead , its

RN 
= 24 .2K .  being very close to the 24.7K c1 terminal resistance of resistor

#14A 1.

The results of this experiment are given for the ESL ink in Figure

24. Notice that 
~~ has been reduced by the inclusion of the extra

contacts. At least two possible mechanisms may be responsible in

whole or in part for this reduction in noise. Possibly, in the vicinity

of a t e rmina t ion , contact metal is diffusing into the resistive paste

during firing. This would have the effect of lower ing p
5 

i n  t h i s

region . Since 
~~ 

exhibits a direct dependence on p~~, any relatively

smal l change in results in relatively large change in 
~~~ 

Another

possible mechanism is an increase in film thickness in the vicinity of

a termination. Again , this would result in a lower average value of

P~~
.

V. CONCLUSION

A new approach to TFR noise performance analysis is suggested by the

results of this work. A noise model (equation 5) has been presented which

is specifically tailored to use in thick film technology . It allows the

computat ion of the en t i r e  low frequency spectral response of a TFR.

Another approach to optimization of frequency response in TFRs is

suggested by equat ion 6. In the past , the excess noise level of resistors

• • — — — — - — v—- -— - - - .-~ • -- - • • — — - . II . ~ -s - - - ~ ~~ ‘I



1
in the low frequency region of the spectrum has often been of such

a magnitude that designers considered the entire noise response to be

of a 1/f nature . However, as can be seen in the spectral plots - -

presented, in modern high performance, low frequency circuits , the

TFR’s noise break frequency, 
~B’ 

may fall within the low frequency

region or the region of interest. Since the thermal noise level

places a fundamental l ower limi t on noise performance, maximum noise

performance optimization is achieved when is placed below the

frequency band of interest. Equation 6, then gives the designer a

powerful tool for TFR noise optimization ; any parameter change which

reduces the electric field , E, across the l ength of the TFR will l ower

a proportional amount.

Use of either equation 5 or 6 requires only the determination of

a single constant, K , for a given resistive ink. K- has been shown ,

to a first order approximation , to be a property only of the resistive

material and firing conditions and is independent of the various TFR

parameters over the ranges tested . From the data presented , values of

K may be computed for each of the three resistive pastes. Caution

is advised on the use of equation 5 for this computation. Using equation

5, values of K computed for a given ink from various data curves were

found to vary by as much as an order of magnitude . Except for normal

scatter in data, this was found to be largely caused by the fact that

the actual 
~ 

differed , in some instances , by as much as a factor of

about 2.5 from the nominal value. Whether this is caused by variation in - -

bulk resistivity or print thickness from their nominal values could not

be determined .

• • - - - 1 4 -.P • 5 - - 
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A more accurate determ i nation of K is achieved by use of the

~~ 
vs E2 data curves and equation 6, where p5 and other factors have

been absorbed into the E term , which is easily determined . The

following approximate values for K were obtained from this

calculation:

ESL - 5 x l0~~ mho-cm2

DuPont — 1.3 x iO~~ mho—cm2

EMCA - 7 x 10-20 mho-cm2

Since the constant K offers an index for comparison of relative

noise performance , it is interesting to note that the two ruthenium

based inks (DuPont and EMCA) exhibit superior noise performance over

the iridium based (ESL) ink.

TFR terminations have been demonstrated to have a significant

effec t on noi se perform~ice for the ESL resistor/conductor ink system.

Two possible mechanisms for this phenomena have been presented , but

the means to prove or disprove either was not available. Avai lable

time precluded the testing of the other two ink systems for this

same phenomena.
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NOISE IN OPTICAL ISOLATORS

I. INTRODUCTION

The purpose of this work is to investigate the noise behavior of

the optical-isolators. Investi ga ti ons on the term i nal no i se behavio r

of the optica~-iso1ators have been made , so that a com par i son

between the noise behavior of the optical-isolators and that of

the conventional bipolar transistors can be made . The contribution of

no i se due to the lig ht emi tt i ng di ode and the phototransistor w i ll be

anal yzed . Investigation concerning the noise behavior of the optical-

isolators will gi ve an evalua tion of the LED bi as ing used i n opt i cal-

isolators. Noise in low frequency region is emphasized . Both burst

no ise and excess noise are examined . Finally, a no i se mo del for the

optica l— isolators will be constructed , so that the noise behavior

of the optical -isolators can easily be determine d in term s of

measura b le parame ters .

II . OPERATION OF OPTICAL-ISOLATORS

The optical -isolato rs can be divided into severa l types. The

device s to be investigated in the task are those with a ligh emitting

diode (LED) as input device and a phototransistor as output device.
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The devices used in the experiment were from different manufactures ,

but all with the same construction. A gallium arsenide infrared light

emitting diode and a silicon phototransistor are mounted together in

a dip package to form an optical-isolator. When forward current

is passed through the Gallium Asenide Diode (LED) it emits infrared

radiation. The radiation energy is transmitted through an optical

medium and falls on the surface of the phototransistor. The photo-

transistors are designed to have a large base area and a small emitter

area. Some fraction of the photons due to radiation strike the base

and .ause the generation of electron-hole pairs . For NpN photo-

transistor , high electric fiel d across the col l ector base junction

draws the electrons into the collector. The conmion circuit

configuration is to leave the base floating. With this connection ,

the holes generated in the base region will cause the base potential

to rise, thus forward biasing the emitter base junction. Electrons

are then injected into the base from the emitter trying to neutralize

the excess holes . Because of the close proximity of the collector

junction and high electric field between col l ector and base. Most of the

electrons are swept into the collector region. As a result, the

collector current is much higher than the photoaenerated current , thus

providing a current gain.

Al though the optical-isolator is not originally designed as a

linear device , with a proper choice of LED forward current I~
, it does

give a wide range of linear operation . Figure 1 shows the transfer

relation between I~ and Over quite a wide range, ‘C can be
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expressed as

= KID

where K is a constant depending on the manufacturing process and may

assume a value from less than one to greater than one.

Biasing the phototransistor through the LED is more convenient

than the base biasing of the bipolar transistor. It avoids unnecessary

ground loops and provides better noise inununity . However, biasing the

optical-isolator through the LED , unl i ke the base biasing of bipolar

transistor for which noiseless biasing is available , tends to introduce

noise into the device through the LED. This leads to a more complicated

noise behavior for the device. This point can be verified once the

noise performance of the device is examined .

III . NOISE OF LED AND PHOTOTRANSISTOR
Thus far , no complete investigation on the noise behavior of the

optical-isolator has been performed. G. T. Daughter [1] first examined

the noise behavior of phototransistors. He characterized the noise

behavior of phototransistors into three regions; (1) frequencies

below lQkH
~ 

where excess noise (l/f~ noise) dominates , (2) the midband

frequency region where the noise behavior is dominated by the shot noise,

and (3) the high frequency region where phototransistors exhibit excess

noise increasing as the square of the frequency. No further work has

been done to correlate the experiment data with the theory.

— 
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De La Moneda [2] investigated the noise in phototransistors and

constructed a simple model . He der i ved the ex p ress i on for dc curren t

flow ing across the emitter and col l ector junctions with base floating,

then used the expression to obtain the corresponding shot noise

genera tor that is located across the device junction. The noise of the

photodiode of the phototransistor was treated as a shot noise generator.

His  model for photo trans i stors i s goo d onl y for hi gh fre quencies ;

low frequency noise behavior was not explored in his work.

Noise behavior of the LED was also investigated by T. P. Lee [3],

Jean Conti and others [4]. In Lee ’s work , ex per iments were performed

on GaAs diodes and (Al-Ga ) As diodes under high current densities .

The results revealed that the LED’s investigated showed f~~ no i se

behav ior a t low frequenc i es w it h less than uni ty . Jean Cont i

investigated the intensity fluctuation of GaAs LED at room temperature .

His work concern i ng the f~ no ise behavior of LED ’ s reveale d the

dependence of on LED currents.

• As was men tioned above , the LED itself might exhibit undesirable

levels of noise especially when the device is used in low noise

application where low frequency noise is an important design criteria.

Since the optical — isolator is composed of an LED and a phototransistor ,

it is clear that the noise behavior of optical-isolators be a

comb inat i on of both of the LED and the phototrans i stor .

~~~~~~~~~~~~~~~ ~~~~II4.~~~~~~~~~~~~~~~~~~~r
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IV . TWO DOM INANT LOW FREQUENCY NOISE SOURCES

For most active devices , the low frequency noise behavior is

dominated by two noise sources, excess noise and burst noise .

Many have investigated the existence and physical origins of

these two types of noise sources. Different investigators have

approached the problem from different points of view and have

arrived at different conclusions.

A) Burst Noi se

Burst noise has been found in resistors, reverse biased or

forward biased p-n junctions , operational amplifiers , transistors

and optical-isolators. Burst noise appears as telegraph-type,

randomly distributed dc level shift. It has equal amplitude but

different pulse widths. The pictures attached on the back show the

burst noise that was found in optical-isolators . Both bistable

and multistable level burst pulses may exist in devices with burst

• noise. The power spectrum of bistabl e burst noise is of f~ form wi th

l <c’~<2. A refined form of its current spectrum can be expressed as

[5]

= 
_________

~~~ f
2/4a2

where K1 is a constant and a represents the number of burst/sec.

The existence of burst noise will significantly affect the noise

behavior of the device. Many have investigated the functional

dependence of burst noise on current, vol tage and temperature.

Physical mechanism for burst noise has been searched for , but

IIirii~ - - — -—_
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so far no unique answer or model can satisfactorily explain all the

behaviors of burst noise.

Card and Chaudhar i [6], after investigating the reverse biased

germanium p-n junctions , tunnel diodes and carbon composition -

resistors , found that burst noise may exis t in such components and

suggested that the burst noise was due to surface breakdown .

In D. Wolf and E. Holler ’s work [7], it was found that when the

base to emitter junction of the p-n-p transistor was reverse biased

far below breakdown , the transistor would show bistable fluctuations.

Leonald and Jaskolski [8], in their observation of the burst noise

in the reverse biased collector and base junctions , rela te the

phenomenon of burst noise to the negative region of the collector and

base V-I character istics.

In Knott ’s work [9], resul ts showed that the burst noise may exist

in forward-biased emitter and base junctions with collector floating .

A burst noise model for forward-biased p-n junction diodes was

first constructed by Hsu and Whitter [10]. It proposes that burst noise

results when the current through a defect i s modula ted by a cha nge in

the charge state of a single generation-recombination center located

adjacent to the defect. Both the burst amplitude and pulse width are

rela ted to the basic properties of the generation-recombin ation center

and the defect .

Cook and Brodersen [11] extend Hsu and Whitter ’s wor k of burs t no i se

to include sources of burst noise in bulk material and at the surface.

They i ndi ca te severa l locat i ons of crys tallo gra phi c defects wh ich can

I— • — --..-—. -.- - .- - ~~~~~~~~~~~~~~~~~~~j :: . 4 - _ __ . — ( - .  4p .5 S. ~~ .
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lead to burst noise. The locations are the bulk emitter-base space

charge region , base surface and the area of the emitter-base space

charge region at the surface.

In Oren ’s correspondence {l2], different views on the burst noise

were compared, conflicting ideas about the burst noise were

mentioned . It was indicated that burst noise was due to many factors,

such as surface problem , metal precipitate , dislocation of crystal

lattice and so on. No unique explanation can properly account for all

the behaviors of burst noise.

It must be pointed out here that since burst noise can be found in

forward biased diodes , the use of the LED in biasing the optical-

isolator will inevitably increase the possibility of significant burst

noise in such devices. The results of the measurments on the noise

of the optical isolators will verify this point.

B) Excess Noise (1/f noise)

Excess noise will dominate the low frequency noise behavior in —

the absence of burst noise . It is found in most electronic devices ,

such as tubes, trans istors , diodes and resistors. An excess noise power

spectrum has an f~ form wi th between 1 and 2. In most cases, is

close to unity .

The origin of excess noise in transistors was explained by Fonger

[13] as a phenomenon of fluctuation in current combining at the base

surface. Sah and others [14] have shown experimental evidence

supporting the surface noise theory.

4,4,*S~~~~•~~~~~~~- -  .. .
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I Gibbons [15] suggested that in low noise transistors the

i princi pal source of excess noise may be in the emitter and base

transition region instead of on the base surface.

I R C. Jager and A. J. Brodersen [16] indicated that more than

one 1/f noise sources may exist in silicon planar transistors and

I indicated their proper locations in the transistor noise model .

They indicated thatone l/f noise is due to surface recombination
- 

which is affected by the inactive base resistance. The other 1/f

noise is due to the recombination in the vicinity of the active

region which is affected by the entire base resistance.

In order to investigate the noise behavior of the optical-

isolators , a total of about twenty optical-isolators from different

manufactures were used . Devices wi th clean burst noise and a higher

rate of incidence were examined separately. Devices that do not

show conspicuous burst noise for direct burst noise amplitude

measurement were investigated by their noise spectrums .

V. MEASUREMENT TECHNIQUE AND RESULTS OF BURST NOISE

Burst noise measuremen t is approached in two ways. One is to

examine the functional dependence of burst occurence rate, pulse

wi dth and pulse amplitude on the biasing voltage , b i as ing current

and temperature . The other is to examine its noise spectrum.

A Fairchild 820—527 optical-isolator wi th clean and high

incidence rate of burst noise was used in the fol l owing experiment.

The schematic circuit diagram for measuring the burst noise is

shown in Figure 2. The LED of the optical—isolator is biased with

I
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a constant current source. A ten-turn wire-wound potentiometer is

used in adjusting the desired LED forward current I~ . All

capac i tors are large enough so that they appear as AC short-

circuited and do not affect the frequency response of the system.

Because the amp l i tu de of the burst  can not be ade qua tel y measure d

with  a volt  meter , a Textronics 5103 N storage scope (calibrated )

was use d to measure the burst noise on the sco pe . The burs t no i se

was stored on the scope and its voltage amplitude Ml was measured .

By injecting a lkH
~ 

sine wave signal from terminal A and ground

with RMS volta ge V , a sinewave output was again measured on the

scope giv ing a peak to peak vo l tage M2. The equivalent burst noise

current ampli tude reflected to the LED can be ca lcula te d as

,Ml~
I — 2 8 28 ~p~’ R2BN — - (i~1+R2).(R2+R4)

A mathematical derivation is given in Appendix 1. The dependence of

burst noise ‘BN on LED current  I~ i s shown i n F ig ure 3A . The

• dependence of on ‘E is also shown in Figure 3B. 1BN can be

• expressed as a function of

N11BN = k1 10 , N 1 0.36 , (1)

where k 1 = 41.3 uA.

I 
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Figure 3A: Dependence of 1BN and ÔI C on

C
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Figure 3B Dependence of and 5I~ °n
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If we define the output burst noise current at the collector of

phototransistor as

C RC

then the dependence of &1C on ~ 
can be expressed as

N
C 2 D

where K2 = O.l327mA , N2 0.7.

Equations (1) and (2) indicate the strong dependence of the burst

noise on the LED forward current

From Figure 3B, the dependence of 
~‘C 

on ¼ can be written as

N N3
~
IC K3 IE

3 = K 3 IC ‘ 
N3 O.5 (3)

where K3 = 75.59uA.

Equation (3) is in good agreement in form with the results

obta ined by R. C. Jager and A. J. Brodersen [16]. In their burst

noise model for the bipolar transistor , they expressed the equ i valent

burst noise voltage EBN to the base terminal as

E = K I N N~~ 
0.5 (4)

BN C ‘ 
-

where K is some constant.

~
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I
The burst noise model constructed by them is shown in Figure 4. In the

optical -isolator , the base is floating, Figure 4A can be mod ified

into Figure 5, with

EBN = ‘BN (yd + yii) KI C
N 

. (5)

From Equation (2) and (3), an expression for I~ in terms of can be

wri t ten  as

= [ Cc
) ‘D ~ ~ K I D 

(6)

K 1/N 3
where K = 

~
-K
~

-
~ 

, N =

3 3

Inserting Equation (6) into Equation (5), we have

= K( K I D
N )N ( 7A)

Equation (7A) can be simplied , by inserting into the values of K and

N , as

EBN = K[3.08 (I D)
L4]N (78)

Equa tion (7B) expresses the burst noise voltage for the optica l—isolator

in terms of LED currents and some constants that can be determined by

rneasurenients.

Work on burst noise is not finished and w ill be continued in the

future.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 5 Burst Noise Model for Optical-Isolator
with Base Floating.
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- IV . MEASUREMENT TECHNIQUE AND RESULTS FOR LOW FREQUENCY NOISE

I The devices without large burst noise were investigated . Figure

6 shows the experiment set up. Measurements of the equivalent input
I 

noise voltage spectrum were performed using a combined technique of

sinewave method and noise generator method . The equivalent noise

input of the low noise preamplifier is very low over the frequency

range of measurement , so that the noise of the pream p l i f ier can be

neglected in the calculation of equivalent i nput noise vol tage spectrum

EN . Load resistor RC of the optical-isolator was chose so that the

phototransistor was operating in the active region and not loaded by

the in put impedance of the preamplifier. Mathematical derivation of

the equivalent input noise voltage is shown in Appendix 2.

Figure 7A shows some spample noise vol tage specturms for the

devices with relatively low LED current I~. Figure 7B shows some

of the noise spectrums for devices with relatively high ‘D~ 
Comparisions

between f igure  7A and figure 7B reveal that for the case of high I
~
,

there are dist inct break frequencies in the low frequency region ,

while for the case of low ‘D’ break frequencies are not so distinct.

As was mentioned in Part II , the b i as in g of the photo trans i stor

was set by the LED. It is possible that high current densities in the

LED w i l l  cause mor e no i se throu gh surfa ce recomb i na t ion , lattice

d i s locat i on an d other mechan i sms tha t affec t the to tal noise behav io r

of the optical-isolator. Data is not yet available to verify this

con jec ture .

I
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I

Figure 7A: Noise Voltage Spectrums for Optical-

I isolators with Low ID ’S.
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The break frequencies 
~B 

in figure 7B separate the spectrums in

the low frequency into two parts. For frequencies higher than the

break frequencies , the spectrums have slopes approximately equal to

unity corresponding to the form of power spectrum f~ with equal

to 2. For the frequencies l ower than the break frequencies , the

spectrums have slopes close to one-half corresponding to the power

spectrum f~ with f~ close to unity. The equivalent noise power

spectrums for figure 7B, in the low frequency region , can be expressed

as

EN
2( f) = K4f~~l l 1 for f < 

~B 
(8)

EN
2( f) = K5f~~2 2 = 2 for 

~B 
< <

where K4 and K5 are constants and f5 is the frequency where shot noise

begins to dominate . K4 an d K5 are functions of ‘D and some other

factors that will be examined further in future work.

Figure 8 shows the dependence of equivalent input noise spectrums

on I~. The spectrums can be described with equation (8) and (9). The

break frequencies are around 600 H
~
.

Both figure 9 and figure 1OA show the dependence of noise voltage

spectrums on I~. Again all the spectrums can be approximated with

equation (8) and equation (9). For frequencies higher than the break

frequency, the curve resembles the form of burst noise , but it will take

the form of excess noise for frequencies lower than the break

frequency.

I
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Although the break frequency separates the spectrum Into two regions

characterized by the form of excess noise and burst noise , this does

not necessarily mean that excess noise and burst noise dominate each

region separately. A more thorough investigation is necessary to

determine what mechanisms really contribute to the noise behavior of

the optical—isolator.

Figure lOA shows a uniform shift of break frequency wi th respect

to I~. Figure lOB shows the relation between break frequency and I
~
.

It can be seen from figure 9 and figure lOA that there is no distinct

break frequency for very low I~, and the noise voltage spectrum can

be simply described by excess noise region and shot noise region .

Figure 9 and figure 1OA seem to suggest that for low noise design ,

should be chosen as small as possible. This is in agreement wi th

the choice of small in a low noise design with bipolar transistors .

Figure 11 shows the dependence of noise ‘input voltage on I
~
. For

fixed frequency, in low frequency region , the equivalent input noise

depends linearly on ID .

EN = K I D (10)

where K is a frequency dependent constant.
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Figure lOB
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VII . CONCLUSIONS

So far, most of the work has been limited to experimental

measurement on the noise characteristics of the optical-isolators . In

general , the noise behavior of the optical-isolators resembles that

of the bipolar transistors. Noise spectrum in the low frequency

region takes the form of excess noise and burst noise . Excess noise

and burst noise dominate the low frequency noise in a complicate

way .

This work i s not comp l ete , the work to follow will be divided

into three parts :

(1) The work on the investigation of the burst noise needs to be

continued , more functional dependences of burst noise will be

investigated to determine the effects of burst noise on the noise

behavior of optical-isolators.

(2) A comparison of noise behavior of the optical -isolators and

that of the bipolar transistors will be made . Since most of the

optical-isolators show high l evels of burst noise , futher work will be

done to determine the physical origins of the noise . Noise contribution

to the optical-isolator due to the LED biasing and the phototransistor

itself will be analyzed . Finally, the evaluation of the optical-

isolator as a low noise device will be given .
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I
(3) An analytical form for the noise model of optical -isolators

I will be derived such that the noise charac ter i s t ic  of the device can

be ex pressed in terms of measura b le parameters .
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Appendix 1

DE RIVAT ION OF EQU IVALENT BUR ST NOI SE CUR RENT AMPLIT UDE

Figure Al is used in the derivation of equivalent burst noise

current ampl i tude.

Assuming the burst noise current through LED is ‘BN’ burst noise

voltage at the output of the device is

Ml = I B N .G , (A l )

where 6 is the transresistance from LED to the output.

With a sinewave input from A and G wi th RMS vol tage V , a current

with peak to peak value 1s is passed through LED causing a peak to 
pea k

sinewave voltage

M2 = = 2.828 V R1+R211(R4+yd) (R4+yd)+R2 
6 (A2)

where R1 = l0 .2lK~, R2 = 97c~, R4 
= l.9Kc~, yd <<

Equation (A2 ) can be simplified , with yd << R4, as

M2 = 2.828 V (R 1+R2)(R2+R4) 
. 6 • (A 3)

Solve equation (Al ) and equation (A3) for ‘BN ,

1BN = 2.828 V (R 1~R2)(R2+R4) . (A4)

_ _ _ _  ~~T’ T ‘1: 
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I

APPENDIX 2

DERIVATION OF EQUIVALENT INPUT NOISE VOLTAGE

Figure A2 is used in the derivation of equivalent input noise

vol tage for the optical-isolator.

With the switch open , the noise measured on the wave analyzer

with noise bandwidth ~f is Ml ,

Id//RD 2(M i ) 2 = [EN (R 1+R3)+ yd// R0 
6 Au] t~f (A5)

where EN 
‘is the equivalent noise input vol tage to the system , yd is

incremental  resistance of LED , ~f is the noise bandwidth of the

wave analyzer.

Since yd << RD. equation (A5) can be simplified as

(Mi ) 2 = [EN (R 1+R3 )+~d 
G A~ ]

2 
~f (A6)

= [K EN 6 Ay]2 Af , K = ( R 11R3)+yd

W i th the sw i tch on , the RMS vol tage measured on wave analyzer is

M2 ,

M2 = [K2 (E~ Af + v2)]~~
2 

6 Au Att (A7 )

j
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I
where Att = 10

Set MI = M2 by adjusting the attenuation and solve for EN~

E2 Af = v2 (Att)2 (A8)
N l- (Att)

EN 
= V ( Att2 ~ Af ”” 2 (Ag )

l -Att

A correct i on factor 1.13 must be included in equation (Ag), thus

EN 
= l .13V ( Att 2 )

l/2 . Af L’2 (A lO)
1 - At t

I

~~~~~~ ‘ T 11~’~~~~ ‘ ‘i~i: :‘~~i’ 
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I . PROBLEM STATEMENT

The a im of th i s project i s to develo p a com puter p rog ram t hat

w i l l  au toma ti cal l y rou te the in terconnections present i n a hybr id

circuit. The hybrid board routing problem is assumed to be equivalent

to printed circuit board routing.

The basic problem is to connect pairs of points with a path

that avo ids previousl y la id paths . W it h the hun dred or more

connections that must be made for each circuit , the pro b lem len ds

i tself to solu ti or by computer. The algorithm used in solving this

problem mus t meet the two fol l ow i ng requirements :

~The al gorithm should determine the shortest path that meets

all constra ints imposed by the designer with the minimum

likel i hood of preventing future connections .

-T he algorithm must have reasonable requirements Cf computer

memory and execution time .

C ‘ - -. ‘ ‘ ‘ ‘ ‘ ‘ 5 _’ ‘5 “ 1
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II . ALGORITHM DESCRIPTION

$ 
The algorithm being developed to meet those requirements .‘i il l

now be described . The router will presently work on boards with up

to eight l ayers ,~i th each boar d measur ing  u p to 15” x 15 assuming

5 m i ls between con ductor paths . The a pp roac h use d is to trea t the

interconnection of layers by means ov vias (or feedthroughs). A coded

array that is stored in memory , rec3rds a~1 i nformat i on about the

state of the board . The actual routing algorithm consists of a series

of i terative steps that use an extension of Lee ’s Algor ithm and that

involve decisions on the basis of the state of this array . Routing

term inates where all paths have been completed or when all paths

have been exhausted.

The CELMA P array (C-array ) is set up in memory as shown in

Figure 1. Each array position or cell occupies a full word of memory

(32 bi ts), with each of these words further divided into four fields

(bytes). The fields , described in Figure 2, are now def i ned :
- The sequence or S-field is used to record the marking sequence.

To conserve memory space a 1-2-3 marking sequence is used

with a 0 being used to si gnify an unmarked cell.
- 

- 
. The availability or A-field is used to record whether a cell

is occupied or unoccupied on each later. For each l ayer , a

value of 1 denotes an unoccu pi ed cell an d 0 an occu pi ed one .

5_. I -  - - -
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Fiqure 1. Descr intion of Celman Array

VIAS FIELD AVAILABILITY FIELD PATH FIELD SEQUENCE FIELD

I 000 0 0 0 0 0 JL8L7 L6L5L4 L3L2 L1~ 8 L7L6 L5L4L3L2 Li lO p 0 0 0 0 0 0 1
,J ~~~~~~~~~ -J L~~

)

No V ia - 0 For Each Layer For Each Layer Unmarked .-00
Potentia l Via - 1 (Layers, < 8) (Layers < 8) 01
(Extends throuqh 0 - 0ccu~ ied 0 - No Path Seque nc i nq 10
all Layers) 1 Available 1 - Potential 11

Pat h

Fiqure 2. Descriotion of a Cell
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~The path or P-field is used to record the unoccupied layers

in  the availability field on which a potential connection

path to a marked cell has been discovered . For each layer ,

a value of 1 denotes a potential connection path whereas 0

indicates no path.

The vias or V-field records potential via cells. A value of
8

1 denotes a potential via. (V = 1 if H A~ = 1).

Now that one is familiar with the array and with the i nformation

stored in it , the routing algorithm w ill be presented step by step.

Step 1) Retrieve the path field from the starting cel l .

Step 2) Determine the layers on which a connection path may

leave the starting cel l . If the vias field for the

starting cell is 0, then the path field identifies the

layers on which a connection path may leave the starting

cell; otherwise , the starting cell is a potential via ,

and a path may leave on any layer.

Step 3) Determine the neighboring cells to the starting cell

using Lee ’s Al gorithm .

Step 4) For each neighbo ring cell , determine if the cell is

unmarked on a previous cycle. (S2S1 = 00)

Step 5) For each neighboring cel l that is unmarked on a previous

cycle , test for a possible path from the starting cell

to the neighboring cell. A path exists if for any of

the layers on which a connection path may leave the

~~~~~~

‘- 

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



starting cell as determined in Step 2 there exists a

1 in the corresponding layer but in the availability

field of the neighboring cell.

Step 6) Record any paths to the neighboring cells that are found

in Step 5 by:

(1) Marking the S-field of the neighboring cell with

the present value.

(2) Recording the layers on which the path exists by

storing a 1 in its corresponding layer positions

in the path field (For i = 1 ,...,8; P. = p . fl A.
N ‘S ‘N

Step 7) Make each of the neighboring cells that are in the path a

new starting cell and repeat.

Figures 3 and 4 illustrate the application of the steps just

mentioned . Retracing the path upon completion (reaching the target

cell) is easy providing the following two conditions are sufficient:

- The S-field mark on the next potential cell on the path must

equal the current value.

Either the V-field of the next potential cell on the path must

be a 1 or the P-field must contain a 1 in a position that

corresponds to at least one of the l ayers on which a path may

reside on the last determined cell on the path . The layers on

which a path may reside are determined by anding the P-field of

all cells along the path from the last cell used as a via.
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Fioure 3. (a)  Simn le Two—Layer Board With Several Paths
Al ready Comp leted a nd Anothe r to be Ro uted
From S to T. (b) C-Arra y for the Two Layers
is Shown After Comnletion of 1 Cycle.
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3 1  11 0 00 0 10 0 10 0 09S I • I I I I ‘ S

~~O~lO 01 9 010 010 U o—I——— I I I  1 5 1  I
5 1~ l1 • 

1 l1~~~ 
1 11 0 10 0

—I,  I— I I I I6 1 11 
________ ________ ________

* ‘ T1’i~ 
1 11 0 10 0 Ou

4 - $ $  —4— ---•-— t O  $ 4 1
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Figure 5. C-Array Has Now Been Updated To Include The Path
Between S And T. The Algorithm Can Now Be
Reneated Wi th  The Next Pair Of Points To Be
Connected .
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Once a path route is chosen , the C-array is updated to show

the new path by:

1 

(1) Removing the l ayer bit of the path in the A-field and

setting the via bit to 0 for all cells along the path .

1 (2) Setting the A- field to 0 for any cell used as a via

along the path.

(3) Resetting the P-field and S-field to 0 throughout the

entire array.

The updated array for our example is given in Figure 5.
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III. DEVELOPMENT STATUS

At the present time coding of this routing algori thm has been

completed (See accompaning flowc hart , Figure 6) and testing is under-

way . Th is leaves usable input arId output connections to the a lgorit li

to be developed . Once th is is completed the router will be usable.

Further prograrrmling, however , will continue to make the router more

efficient. Techniques of ordering the connections , framing part of

the boa rd to the path , and interactive c~~trol ove r the routing

process are planned .

0
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Interactive Schematic Program - EAGLE

A gra ph ics in put language to be used to provide input to a circuit

analysis program as outlined in Part 3 was developed using existing

I-- facilities at Auburn University . Thi s program is entitled EAGLE which

4- is an acromym for Electronic Ana lysis Graphic Language Extension. The

program is written in BASIC for a RSTS (DEC) system . Its portabilit y

to MICOM is assured if the hardware configurations are compatible. The

software upgrading of the MICOM system was recomended early in the

project development.

EAGLE is capable of producing a data base that contains both

graphical and topolog i cal data . These two forms are required for the

schematic sketcher and the circuit analysis program respectively. A

simple correspondence between these two data types is established by

forci ng key graphic features to a fixed grid spacing in the d i splay .

The size of the grid mesh is fine enough not to distract the user and

coarse enough to perm it easy sorting and association of graphic and

topological inputs. The x , y position of a component is established

by the crosslair mechanism of the TEKTRONIX 4000 series graphics

term i nals. Circuit features are specified by a single character :

N - establish node

draw a wire

R - add resistor

L - add inductor

C - add capacitor

Q - add transistor

‘- . -  —
~~~~ 
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V - ~~ wul tage source

I - add current source

M - request menu for add i ti on schemat i c
saving schematic -:
editing existing schematic

A number of standard library transistors are available and may be

called by name . Additional transistors may be specified by the user.

The program relies on a classification in the library to know about

sketch i ng the a ppro pri ate NPN , PNP or MOS circuit symbol .

An example of design session is presented to show how the design

program is utilized .

Figure 1: Begin design session with a voltage source and a 100 mH
choke

Figure 2: Add a previously designed portion -~f the circuit. Called
AMP (the system appends an .CKT extension. The file
AMP.CKT may be handled as an ASCII file by any system
program.)

Figure 3: The single transistor stage is added to the figure.

Figure 4: A lpF emitter bypass capacitor is added .

Figure 5: The biasing circuit is to be modified (the wire pointer
up from the base of Ql.). The program recognizes a
number of standard transistors such as 2n2222 as NPN or
2N2 907 as PNP .

Figure 6: R4 is added and connected to the l ower supply (V
~~
).

Figure 7: A menu request for the edit mode is shown .

Figure 8: The circuit is drawn one component at a time and the
user decides whether to retain the component in his
circuit. The 100 mH choke is deleted in this example.

Figure 9: The circuit is shown without the input inductor .

Figure 10: A 10 1jF capacitor is added as CIN.

Figure 11: The circuit is saved as File AMP.C~~.
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I F igure 12: The drawing is reproduced same menu.

The data base AMP.CKT is attached . General Format is

@ X coord . Y coord . .Orientation Type Value

This information is sufficient to produce network information for any

circuit analysis program.
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Reconrnended Improvements

The EAGLE program is reasonably easy to use once some familiarity

with the system is acqu ired. Extensions and refinements to the program

will include

1. A more flexibl e EDIT mechanism

2. The ability to transfer schematic segments on the screen

3. Self help programs to aid the learning process and assist

designer in the programs nuances

4. Careful selection of a specific EAGLE-circuit analysis

support program.

With these additions and modifications EAGLE will become an effective

tool in the design of electronic circuits .

Reference

Newman, William M. and Sproull , Robert F., Principles of Interactive
Computer Graphics, McGraw Hill (1973).
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E AGLE • i~AS Cr e~3te?d i 6 - F i~b — 7 7  ~3t 10:36

:1 ! I EAG l E VER SION 6A Etl i 1 16—Feb ~~7?
2

PROORAMME:R : GERA LD R • KAN E

3 I I AUBURN UNIVERSITY
EL.F:cTR : L:~AL . ENGINEERING DEPARTHENI

P AUB u RN , A L A B A M A
I ! ! !

I I I T H I S  SOFTWARE IS THE PROPERTY OF THE ABovE: STATE : r’ PROGRAMMER
I I I ~HO RE T A  [NC~ ~HF k1f_’H r 1) OEI A [N I 01 Yk [ O H  r I Ok i r rHOSE

r iE :SIRING ro MA K E. COPI ES OF THIS SOFTWAR E : ARE: WARNEt ’  TH A r
[‘(3 ! NO SO (41 rHouT r HE PROGRA MMER ‘ S F E R M  ISSI ON M A Y  V lOLA ~E

I c o p y R I o H r  L A W S .

THE [N E 0 R M A r I o N  IN THIS L I O CL JM EN T (5 Su BJECT TO CHANG E W ITHOIJ

~s ! I N or  ICE ANti  SHOULD NOT BE cows:r t IE RE D TO BE A C O M M I T M E N T  BY tHE
I I P R O G R A M M E R  (JR AUBURN LJNI VERS.t T Y

I i

I NEITHER THE PR OG RAMME R NOR AUBURN uNIvERSIry ASSUME ANY
7 ! RESPONSIrI ITY F O R  THE cORRE :cr  PERFORMANCE OF THIS SUE ~WARE

I ON ANY E ( lUT l ~ MI N T  O T HLF. I HAN I HA r ON WHit H 11 WAS D EVE I OF E l i .

1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I I  I I I  I I 1 1 1 1 1 1 1  I I I  I l l i l l i l  I I I I I I ! !  ! I I I ’

:1. 9 I

M O D I F I C A T I O N  H I S T O R Y

99 499
:1 00 I

P R O G R A M  r ’ E S C R I P r : [ o N

I / 0 C H A N N E L S

:1. I CHANNEL. USED F O R :

40()

v~~~~R J : A B L E  ri F : F I N I r I o N S

VAR IABI .. E f ’EF[NIrIoN

x~~~~~~~~~~~~ LL~ LL~~~ :~: i~1-~~ --- - -
~~~~~~~~~~~~

-
~~~ 

-
~~~~~~~~~~~~ . .. ~~~
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EAGL.E.BAS Crea ted :L6— Feh--71 at 10 36

I F U N C T I O N S  A N D  S U B R O U T I N E S

:;(r( P ! PROGRAMMER DEFINED SUBROUTINES

D E S C R iP T I O N

83() I I PR ( :) ORAMMER fi EFINEt I FUNCTIONS

900 I

ri : [ M E N S I O N  g r A T E M E N T S

filM S$(i00 )

v z :.o [t IM V Z (  100)

1/9 9 I

S T A R r  O F  P R O G R A M

.1.000 ON E:RR OR (3010 19000
I ERROR rRAF

1.010 $: F N F t 2 N 2 9 Q 7 .$~

1020 Q6$~ NF’N42N222 2t

030 NPN AND p~ p TRANS I STOR DI RECTORIE S

200() S$(0~~) :~N 1JM$ (0~~)\GO SU B 9000

2005 EZ~~O

B$:::FNR$
\XZ (X% ANtI i6~~) (JR ~~

“/~
\Y % ; ( ~~% AND ~167~) OR O~/~
I P ICUF A COMMAND

~c) 1 ~ B$::~C V T  ¶~ $ ( B$ ,32Z )

ON .T N S r R (  1%, UG NWR LCQDVIX MS~ ,B$) GOSIJB
3000,3100,3200 ,3300p 3300 , ~3300 p3400,3300,

p 3500p 40 00 ,  32766

203() .i: E E Z  THEN (30TC) 20(X) ELSE: (3010 2010

3000 A$ : ~@‘ + N ( J M $ (X Z ) f N U M $ (Y % ) + ’ .0 (3 •

301() X 1Z~~X O”/ .\X0%~:X % \ Y 1 % = Y 0 Z \ Y 0 % :~Y7~

30.1.5 GDSUF~ :t 0000

~~~~~~ ~~~~ L~
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EAGL E • SAS Created 16- Feb— 77 at 10:36

3020 :[ X~ VA L ( S$ (0 % ) ) + :1%

:3 )3o S$ ( 1% )  :A$\S$ ( 0 % )  :— NUM $ ( 1%) \RE FUR N

3 100 A$::~~@’+N UM$ (X %) + NU M$ (Y% )

31 1 0 (3 O F  0 3010

3200 A $:~~(~~+ NU M$ (X 0% ) + NU M$ (YO %) + ’ @ 1+ NU M$ (X %) + NiJM$ (Y %)

.52 10 GO FO 3010

330() I . [ NPU r RES:( SF OR

331. 0

3315 A$:= ’@ + NU M$ (X %)+ NU M$ (Y %)

3320 IF (4 1 z:>o THEN
IF W2%::::0 FHEN A$= A $+ ’  .0
ELSE IF W2 % ::.0% THEN A$=A$+ l • 7 ELSE A$ A$+ ’  • 1 U

3330 IF W i % ~~0 THEN
[F W2%::: 0 THEN A $=A$+ .6 U ELSE A$=A$+ .2

3340 [F W i % < 0  THEN
[F W2 %= 0 THEN A$= U .4 U

E L S E  [F w2 z>o% rH EN A$:~A $ + U  .5 • ELSE A$~ A $ f U  3 U

3350 [1$, A$~~A$+ B$

3360 A$~~A$+ U 4

(3OSUB :10000

3300 X l  Z:~;r X 0%\X0% ~~x %+ Q i *48%\Y 1%: Y0%\Y 0% :~Y %—Q2*48Z

~:39 ()  P R :(N r  FNQ$ (2 %)+ F :N P$ (t1 3 %,04 %)+ FNO$ ( 1%)+ U 1;\ I N P U T  #ix~~rs

:5:19 F R I N r  F N O $ ( 2 % ) + F N P $ ( t 1 3 % , Q 5 % ) + F N (~$ ( 1 %) ~~\ IN Pt i T #1%~~K$

c394 ~ $::~I:I $ +r $ +  U l

(:•~oTO 302()

I r R A N S . T s FOR

0$

~‘4 ~() I F  W2Z>0Z rHU : N A$ :~A$+ U .0 ELSE A$ A$+ .4

~~~~~~~~~

-
~~~ .~~~~~~~~~~~ 2 1 :  ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ .

‘ i~ i~ :~~
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~~~~
-
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E A O L E , B A S  Created 16— Feb—77 at 10:36

.3450 A$: A $ + U  I

3460 GOSUB 10000

3470 X :L %=X 0% \X0 % : X%+32Z*O 1 \ Y 1 %: Y0%\ Y0%~ Y% — 32%

Goro 339()

:ssoo FIELEFE.

~3510 IZ=VAL. (S$ ( 0% )

.55 20 A$~~S$( 1%)

3530 IF [%=0% THEN RETURN

3~.. 4O S$ (0Z ) NUM$(I% 1Z)

:555() IF LEFT(A $,  : i%)C : U & U  TH EN 0010 3500
DE L E T E  NON GRAP HIC C A R D

3560 B$~~C V T $ $ ( R I 0 H T ( A $ , 2 % ) , :L % + 4 % . f 8 % + 16 Z + 3 2 % )
I DROP rHE: I~ S:[ (3 N

3570 RX= .[NSFR( 1%,B$ , ’ U )

\XZ=V A L( L EF F( B$ ,R%) )
\B$:~C v r $ $ ( R : [ G H r ( B $ , R % )  ,8Z )

3580 R%= ~I N 6 r R ( i % ~~B$~~
4 U )

\ YZ~~V A L ( L E : F T ( B $ , R % ) )
\B$=CV T$$ ( RIOHT ( B$ ,R% ) p 8% )

3590 IF L E F T ( B $ , 1 %) ~~~@ FHE: N 0010 3700

.3600 [F L.. E :N ( B$ ) :~0Z THEN 3800

36:1 0 R% I N S F R ( i Z , B $ ,  U

\ O Z — 1 0 % * V A L ( L E F T ( B $ , R % )
\Bs =cv rss ( R IGH r ( Bs , R%)  ,8Z)
‘~0:L~~C( 3 S ( O% *P I / 4 ) \ Q2 = S I N ( ( J % *P I / 4 )

36:?0 ON :( NSFR ( i% , Uc,RLCVIOEI U , L E F T ( B s , 1 % ) )  0010 3800,3900,3900,:3900
p 3900,3900,3950,3900

.3700 r’0Z=Y %\X 0% ~;X %
\B$ CVT$ $ ( R I I3HT ( B$ ,2 % ) , E3% )

3i1. () R% : : I NST R(  i%,B$ , U K )

\xz=vA L. ( l..E : F r ( Bs , R% ) )
\r:~s : : :cv Fss (R :(oHr ( Bs ,Rz)pez )

3/ 2() ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.373() XZ X %— W 1%\Y %=Y %-W 2% \GO S UB 3800
\X ”/.~ X7.—W 1%\ Y% YY.—W2 %\ 0O TO 3800 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~---~~~ -- -.
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E A G L , E .B A S  C r e a t e d  16— Feb — 77 at 10 36

:sooo c$:~FNI~$(2%)+FNN$(.- . :[O% p :L0%)+FNN$( 10% ,— 10Z)+ FNO$(2Z )
+FNN$( 10%,10%)+FN N$(-10% ,- :[0%)\RET URN

XZ :

~

X %f 01* 12%\Y% ::Y%

~

O2*12%\GOSUB 3800
\X % :=X % fcl i * 12z\Y % :: :yz—02 * 12%\GO S(JB 3800
\X%:::X%+(1i*:L 27.\Y%:::Y”/.—02*12%\OOTO 3800

I +FNO$(4Z ,- :1 6%)+ FNO$(36Z , :L6%)\ RET URN

4 00() I

401() P R I N r  r N o s ( 2 z ) + F N P s ( 8 1 6 , 3 o 4 ) + FN Q s( i z ) + ’ r : l  SAVE ’

4020 PR:(NT FNO$(2Z) FFNP$(816 ,240)+ FNQ$( 1Z)+’E]  APPEND ’

‘1030 P R I N T  F N O $ (2 %  )+FNP $( 816 ,  176 ) +FNO $ ( 1 % ) + U  C]  REDRAW U

404() P R I N T  F N o s ( 2 z ) + F N P s ( e 1 6 , 1 12 ) + E N Q s ( i z ) + ’ : :  E R A S E U

4045 C$ :F N F $ ( 8 16 Z ,4 8 % , ’E]  E D I T ’ )

4050 B$:~FNR $\ C$ :: :FNF$ (X % ,  Y% ,

4060 X % X% AND -32%\ Y% : Y% AND •-‘32%

4065 X 0 % = X % \ Y 0 % = Y 7 K

4070 [F X% ~800% AND Y%:~160% THEN (3010 9000

4000 (F X%= 1300% AND Y% :=96% FHE N E Z = — 1 % \ R E T U R N

409() IF X % =800% ANt I Y%=288 % THE:N 4200

4 1.00 (F X% 800% ANt I Y%~~224% THEN 4300

41 . 10 (F X%:::800% AND YZ 32% THEN 4400

4 I 20 Gor o  4000

4200 F’R~[N ~ FNO$(2%)+FNP$(800%,272%)+F NQ$(i~~
)
~~\IN PUT U N A M E U ; L $

1210 OPEN C$+’ • C lc r’  FOR OUTPUT AS F I L E  13%

4220 . [%= V AL (5$ (0%)) \K% =0%\
ic Z:~K%+: I % IF L E N ( S $ ( J % ) )=0% FOR J%= 1% TO J~%

4~~~~~I ) FFUNI 13%, I % - K %

42  ~() PR [NT t3%,S$(JZ) (F LEN (S$(J”/.) ) FOR J7.= 1% TO 1%

L~~ 0 CLOSE: 13%
~~ I

0 RE. u R N

~ ~ 00 I APPEND 

~~~~~~~~~~~~~~~~~~~~~~ :.: ~:
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4310 PR:[NT FNQs(2z)+FNF$a300z,2o8%)+FNQ$ (1z);\INPIJT ‘NAI1E ’~~C$

4320 OPEN C$+ ’ .CK T ’  F o R  INPUT AS F ILE  13%

4330 INFur 13%,J%
(JET LENGTH OF ADDED PI CTURE

4340 I%:~VA L. (S $ ( 0 % )  ) + i %

4350 INPUT 13 % pS$ ( K%)  FOR K% :~:I % ro I % + J % - i%

4360 S $ ( 0 % ) : N U M $ ( J % + I % )

43 70 G0~ O 9000

4400 I E:rilr

4405 C$:~FNQ$(0%)

4410 I1% : V A L ( S $ ( 0 % ) )

4415

4420 FOR J 1%~~1% ro 11%

4425 IF 0% THEN C$:~~NU\ OOTO 4450

4430 A $ = S $ ( J i % ) \ O O S U B  :L0000

4440 PRINT FNos(2%)+FNps(o3z,Q4zfi5z)+FNt~s(1%);\IwpuT 
U RI ~ FAI N U ~~C$

4444 IF C$=~~NONE U rHEN D% =— : 1 %

4450 IF INST R( i%,C$, U N U )  THEN GOSUB 3550\S$(J1%)~~~

445:2 IF INSTR ( 1%, C$ , U ALL U ) THEN (3010 4470

4460 NEXT J1%

4470 G O F O  9000
REDRAW EtIIFE:r’ PICTU RE

900() S%~ V A L ( S $ ( 0 X )
I (JET NUMBER oF CARDS

9005 C$~FN O$ (0% )
RESE FHE SCREEN

9010 FOR [%~~1% TO 8%
I DRAW EACH CARtI

9020 A$~:S$ (I% )\ ( 3 OSU R 10000

903() N E X t  IX

— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-
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I: ‘~0I. . F . • C r€ni,ted :Lo Feb~ 77 ~t, :t 0 : 36

‘~‘O40 REF URN

10~:)O() [F L E E r  ~ A $ , : l X ) : : :::~~~~~ r I•IE :N RE T UJRN
Mt ls r BE: A GRA PH I C CAR Et

i <:I() 10 (~$:::t ’Vi$$ ( R i o l i r  (A $  , 2 % )  , i %+ 4% f 8 %+ 1 6 %f 3 2 %

I [ IROF I F I E  i~ S :U3N

1 01)21.) l: Z:::: I N S t R ( [ % , ~) $ p  • I)

I i~i~~:o rilE: F:[ l:~s T  8LANK EN t~$

100:30 X~::: VAL.. l E F r  8$, R% ) ) \
0$:~~t~~cIr~b$ ( R:[ (3H r ( 8$,R% ) ,5%)

O E : T ~HE x COORI:I ( NA TE:

1.0040 R%~: I N S F R ( 1 % p B $ ,  1

y% ::~V Ai ( i l l T  ( 8 $ , R Z )  )\
I:1s ::i :;vrss ( R:[ (3 11r (8$ ,  R% ) p8%)

(JE: r rHE v COORtI I NArE

I 0045 [f : Ll:Fr r~s i ~ 
) ::: ~ @ “  THEN (30T0 10500

W :1: RE: CARt ’

10046 IF LEN 8$) :0 T H E N  (30T0 10600
I NODE CAR! :I

100’ C ~~~~~~~~~~~~~~~~~~ 1 IV

I ‘)Z *VAL. I. E: l~T ( B$ , R% ) ) \
8$ :: :(V F$$ ( R:l OHr (8$ ,  R% ) ,8%)

I G E t  O R I F :N T o  r: [ON

I :~~;5 t .U r  1:)s((:)%*pI:~~4 )\02 ::::s :(N(O%*P:[/4)

1 ( ) O i < :() Rz . [N S r R ( 1z , 8 s ,  • )\  

I (3l~ T T YF’E: [tIIE~1:[FIEF ~

I , ( ) ( ) ’0 ~X::: I p ’ ,1f ~(L%,f1$, 
U

K$::::l E:I: r
8II~~;CVF$II1  ( R:[GH r ( 8$ ,  RZ ) ,8% )

(3E: r ~~~~~ OR R I N D

1 O0~0) ON I NSrR (1%, (3RL.CVI (lii ’ y LEFT (1$ u i % ) )  GOF O 1.0700, 10800, 1 090()
i 1 00() , 1 :11.00 , 1. 1200 , :1 :1300, 1 1400

I 0 1)0 u :$ : : : :FN0$ (2% ) f F N P s ( X % ,  Y %)
~; T A R T  OF w :l:Rr:

:1 ’)50~ 1~$:: ’ V T 3 $ ( k l G H !  (8$ ,2 %)  p 13 % )
I F I ~.MOVE ~ @ SI ON AND L E A D I N G  SPACES

I : )  I ( ) I ~~
.
~ I:Ns FR( :1%, f~$, U U

(Z :::VAI ( I F F T ( f { $ , R % )  )\
8s ( ::vrss (F .1c3H r (I’$,RZ) ,8%)

U N E X T  X 

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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[ l Ol l : : • I :, ’~C C i ’ € n i t c~d :Lo—F ~ ,b — 7 7 at  :l0 So

I os: o y~’ :::t)Al (11$)
I Nr:t4 ~

. )~~ .SI.) ( : $ — I - N l $ I X % P Y % ) \
I:. 1 l i l~ ~
I~IRAW TH E: Iii 1 RE

:I o c .)~:, ::s::~.rN ps 2% f F N N s ( i % , 1 % ) + F N N s iZ i % ) + F N N $ ( 1 % , - 1 % ) f

RE 1 lJ RN
I Nk::I X:IE or. (:c)NNEcr:I oN po:l:Nl

10700 G R O U N D  NODE

( ( ‘ 7 1  0 C$ ENO$ (2% 1 ~ FN N$ (0,0) +F N N$ (0, 4 % )  +FN Q$ (2%) + F N N $  ( :I 2 2 ~ ,

107:::. ) RE:iuRN

1 OfJOo I R ESISTOR

10011) C$ ~FNO$ (2% ) +F NN$ 0% p 0 % )  +FNO$ ( 8 %  ,0% ) +FNO$ ( 1 2 %  p4 % )
s- F N O $  ( 20% ~ - 4% ) +EN O$ ( 20% p 4 % )  +F~N O$ 36% ~ 4%

FNO$ 4O:~ 0% )  +FN O $ 48”/~ p 0 % )

10020 I I  U% $ %  T H E N
1lZ:::12%*O l ~\çJ%:::: 28%*0 l—12% *(~2\GO ro 1084()

‘~l ’~) i% :=i %* U 1 l 2 ~~~*C~2\V 7~:~:28Z*Q 1 -:12%*02

:t .;’I~4() ~ 3

1 :olso C~~=F N T $  ( ( ~3Z , (:~4%, 1$ ) f E N  r$ 03%, 05% p

:L (:o~~o ~I:~: 1 L . IRN

:1 o~~oo ‘ I :NI :I u CrOR

1 091  o C$ :: FNO$ ( 7 Z .  t f N N $  (0 ,0)  +FNO $ (12% p0% ) +F:Nfl$ ( :16 %, 4%
t F N O $ ( :L2% ,G% ) + l N O $ ( 8 X ,4 % ) + F N 0 $ ( : L 6 % ,— 4 % ) t F N O $ ( 2 0 X , 4~~

)
fl NO$ ( 20X , 4% ) F I NO$ ( 24%, 13% ) + FN O $  ( 20% ‘ 4%
+l NO $ :~~3~~, 4 % ) f F N I : ) $ ( 3 2 % ,  : z

I. :)~~15 C$ l: N( :)s (4oz ,4: :~)( FN( :)sc 36Z :~% ) + F N O $ ( , 3~~%~~4 % ) H  N ( ) $ ( 4 1 : .0~~) H N 0 % 1  1I : ’;~~~)

0 10820
I ( ::i M M )N I . :~ I I ::l. R O U T I N E :

1 000 C A F A C . . . 1 10k

10 I 0 C$ :: I:;NU$ (2 % )  +FNN$ 0% , 0 % )  +F N O $  (20% ,0Z )  fFN 0$ ::~% ) + FN Q $ 20% ,  8% )
t F N O $  20% ~ - 8 %)  +FNO$ ( 2% )  fFN O$ (3 2 %,  - 8 % )  +EN O$ ( 28%~ 4%
t FNO $ ( 28%, 4% ) ~ F f40$ 32%,  13% ) +FN 0 $  ( 2 % )  + F N D $  ( 20% pOX ) +F N O $ ( 4}1~ 0%

~ ~~

. .- 
~~~~ — — •_  _‘_*

~
_

i • ~~~ • $~ 
-.—., -, . . -~ . ¶~~ S . . .,.
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I
I iOL L: • 1 1 5  Crol t rO :16 1 cTh 77 lI. 10:36

L I .  020 00 t O  :L002 ()
t UMMO N l. ASEI IN G Ro( . ii :r N E:

I 1. I 0 ’) I I~I ( f l  T OO l :  ~ I) i I I L~E

I t. 0 I:$ :FNOs ( 2 % )  + F N N $  0% ,  0 % )  +FN O $ cI 2% , 0% ) +FNO $ ( 2 % )

I. I 2 ( 1  I ‘I: ~f N0% :I. I N ( A ) +24% , 1 2Z*COS ( ~ ) ) f : ( ) f ~ i ::: () r I )  2*1 I + .~ 2 T I E

I I I  30 I : ’ I : . E~4 ( ) $ (  . ) . Y ) 1 l : :N 0$ ( 137 ,  12%)fFN0$&8%,4%1fl NO$ (2)
f lN IJ$  (4 % ,  0% ) fFNO $ :12%, 8%) H NO$ (2% ) +F:NO$ (36%, 0%)

I N O ’h (4 13% 0%)

1. I I 40 00 11) 10020
(31:’ T I:) COMMON [ A B LE ROI J r :(NE :

II. ‘oØ I ‘ :uRFENI SOURCE

11 ‘ 1 1)  i~~[ FN0 f (2 % )  I INN$  (0% ~O% ) +F NO$ (8%, 0% )  fFN Q $ (2% )

I i  22~ I$ :~iNO$ (1.2%*S: [N (A)f2O%,i2Z*COi3 (A)) FOR A : 0 Fl) 2*I :[+ , 1 ~ l E

I .2 .3 0  C$:~FNU$ (2%)

I .I.2~4() ( I0:::ENO$(12%*SI:N&A)+28%,:l 2Z*C013 (A)) FOR A= 0 FO 2 * P E t . : L  b T E

: 1 .  250 0 ~f~ .FNG$ ( 2 %  ) 
~ FNO$ 

(36% 0% ) +F NO $ ( :1.2% p o X  ) +FNO$ ( 14%
4 . f :~4 (~$ ( ~~ ) H ::N O$ :I 2% 0% ) I F N 0 $  ( : 14 % ~4% ) +FNO$ ( 2%
fF NO$ ( 40%, 0% ) +FNO$ (48% p 0% )

I I ‘ .0 00 10 :l.082()

1 1 8 f F  O LA R 1RoNS :l :51ORS

1 I :~ 1 o 0$ rIms 2x i +FNN$ (0% , 0% ) + F N O s  ( 12 % , 0 % )  H N O ’h ( 2 % )  fF N O$ ( I :.::.: • 20% 1

H N I ’S ( 1  , 0/ ) F E N UIS ( V f-F N OS I V , 1 ~ ) I F  N OS ( ~ ‘/ ) 1 I $ (
f-F N O $ ’ i 2 Z . 1 2 % ) + F N O $ ( 3 2 % , 32% )

i l  ~~‘( .) ii ( INSTR( iZ ~~i.)5$~~K$ t  U f  U )  AND O % — 4 )  FHE:N
0$::~FN(~$ ( ~~~

‘ ) •4j p~ f$ ( 24% ,  -20 % ) f-F N O$ (2 0 % ,  20% 1 I F  N O$ ( 2 0 % ,

. 1. I ~~( 1: 1:: ( I N S F  R (:1 %~ 05$, l~$ 4  ‘4 ‘ ) AND O% :~0% r i—l EN
I.;$ I NO$ ( ::~% fF : NO $ (24% ,  20% ) +FNO$ (20 % ,20X ) +FN O $ ( .2 0 % ,  2 4 % )

1 134( :  I F  ( : [ N s r R (  I %~~O 6 $ , K $ + U  1 ’ )  AND ~ %::~4 % )  t HEN
:~1 : I  N U$ ( .

~ 
) .f p:.~~fl$ ( 24% p 2 0 % )  +F NIJ $ 1 24%~ 2 4 % )  I F : N O$ ( 2 0 % ,  24%

I I  ( .I N S F R ( 1 %, 0 6 5 , K s + ’ :l ’)  ANt I O%:~;0%) FHEN
( : t ; : I N ( ) $ ( ’ , ) 4 l NO$ 2 4 % , — 2 0 % ) I F N O $ ( 2 4 % , - 2 4 % ) 4 E N ( .) $(20% p - 7 4 % )

I. I : i  ~~ y %\O5% 04% 1 5Z \
1 j H~~~3 % UNE N 03Z= :XZ—96Z El SE 0:3%:::X%+3:.’%

l .1 39() :iOr O 1 013 50
1 F R  I NT I. ~I 1.11:1

—

~ 
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11 • ~~~~ i:re~1lted 1 6 — F : ?b— / /  ~~t. : I 0 :56

i :1 400 I DiOX:I E

.4 I 0 ( : :s :.FNos ( 2 % )  IFNN$ ( 0 , 0 )  f FN O$ (20 % p 0 % )  + F N O s  (2 0 % ,  13%)
t F N O $  1 26% , 0% )  f F N O $  ( :2 0% p • 8 Z )  f E N D S  (20 % , 0 % )  f F N L :~s ( 2 % )
I F  NO$ 213% v 8% ) f-F NO$ ( 28% 8% ) +EN O $ ( 2% ) + FN O $ ( :.~0Z ,0%
T ENC ) s ( 48% , 0%

. () ii I O 100ic)
I C O M M O N  t A ’ : .IE: I . Rot J 1:I:NE

1 . 000 PRI  11 l ::NI:~% ( 1% ) \ R E S U M E  :1. 9 :100

I ’ . ’ (~~~.‘ : : I~I~I \ W ~~i7: lE F~i .

I . ~“ S 11) 1
,

)0 1. 0 L EE I NNS 1 liX , VZ ) = F N F $  ( X % I i J %~ Y % f V Z )
l UNC r :l:oN FL ) DO rRANSI .  A r  :i: I:) N OF P O I N T

2 ( I (  ~ OH l NO$ ( U% ‘ VZ )

:2(o::’3~) i:~0:=lJ%\li%:~l.)%*O :i fVZ*02\VZ ::::V %*Qi -00*02

~~~~~ END$::: F:NN$ (( . 1%, V%

2,,~
)
~ ’() Fj ~JE: N I:l

‘00/0  LIEF F N F : $ ( X %  ~~
I r I I : [  S F u N o i ION :l: s USE r .i To  D RAW ~ I~ I::( T f l l .~ F R(:) M r

I I I  II [005 H) [N I  sI I L I I  I ELI T I )  TH E F I) [NI A T  X / ,  y /
TH E :  I IRS I vE:c::I(:)I:~ AFT ER ~ 1101:11: COMMAND ( F~ ms
[5 NOT U : E S F i A Y E : D .2

:..Ro.)B0 I S E T  I~~ ::::( I . If ~$ ( .32%I-  ( YZ/ 32Z AND 31% ) ) + CHR$ ( 96%f ‘r % AN !: 3:1% ) ) 4-
::HR$ ( 32%+ ( xz ,32% AN D 3: 1%) ) f-Cl-IRS ( . 4 Z +  ( X Z  ANT .’ . 3 1 % )  1

( ::I )NvI: :Rr co oRI:’ : l : N A I E : s  10 TEK F O R M A T

2~’oY o I : :ui 1 l . % , R E C O R L I  : L % , 0 0 U N  F 4%
I t:’R AW THE I’l :i’I (il~

70 1.00 CNF $= ‘

I NUll . I .. vAL UL to F U NC T: I :ON

c, I I . F N EN f-I
I E1’41t 1)1:: F l .  ( I I  ::(J~~f’~ ~~~

, .~ I 2) I

201 ‘.0 f I l l I: NU $ ( OX
I HI:: FIJNc r I ON FNO$ 18 USED TO E STA I3L :( SH T H E  MODE. UI  I F-I F

IJRAF: H:I:cS T I:RM: [NAL. • E.G.  A$ FN0$ 0% ) (41:1.1 ERAsE: T HE: SCRE EN

.20 114 0 I
FN0$  ( 0 % )  E R A S E S  THE SCRE :EN AN D F u r s  THE FERM:l .  NAt l:~ ~~~~~~ ~~ I l ~ I

— — 1*S . ‘ • 4 - .. 
fl
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I ~~~ C _ ‘:‘:. f ’ l I  ~~ TF’II: rF:I:~M.FNr ~I. IN F~l~i’ 1I ‘f~
NL: ’~ 
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I: lOLL • :.ioS Cre&3t~~1 1o —- F~~b -— 7? ~ t 10 36

2’. ’ 3(0. ) i F  ) % . 5 %  T HE: N (30 1 0 202?()
I ,00 F : tJN ’ T :I: l. WE G E T  I T  A [_L.

. .; . ,~~l o  14 tI-,~~; (( :: I—IFCs ( :~% ) fC l—I I~s (’ : ’z ))
\ I,I t3 1:: 2%

- I 58 uI:: tHE: T R A N S F E R
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1 X 000RDINA FE AS A NUMBER
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IN TRODUCTION

I The list of disciplines impacted by the digital computer is grow i ng

at an increased rate. The devel opers of the first electronic computer ,

the ENIAC could not have imagined the many a p p l i c a t i o n s  of the descendants

I of t h e i r  ~work. ” Some of the present technol og ies were not even in

existence then . Significant among these technologies are computer graphics

and computer-aided-design. Computer-aided-design systems (most often

- 
with computer graphics capability ) coupled with a knowl edgeabl e user

c o n s t i t u t e  a man -machi ne combina t ion  marked ly  super ior  to e i ther  of them

acting independently. Such a team is not only capab le of doing “standard ”

tasks more quickl y, it can accomplish jobs that were here-to-fore

impractical if not impossible. Precipitious drops in hardware costs

coupled with increased usage have resulted in the availa bility of hard-

ware suitable for a fairl y sophisticated system for under $50 ,000 . The

cost of coninerc ially availabl e systems including graphics software is

sign ifi cantly higher.

The potentia l of computer graphics has been recognized wi thin the

m icroelectronics branc h of AMICOM . Severa l years ago , an interactive

CAD system was installed . Its use has been extensive in the preparation

of artwork for t h i c k f i l m  hybr id  microe lec t ron ic  c i r c u i t s , pr inted

circuit boards , a~d fluidic devices. However , severa l deficience is have

I kept the system from real iz in g i ts  attainable capaci ty . Perhaps its most

serious deficiency is its inability to ass is t  the user in resolving

—. 1

~ 
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2
design probl ems that are more complicated than the placing of components

and routing of conductors. In fact the problems of placement and

routing where hundreds of components and conductors are involved is

far from triv ial since these procedures are not automated . Layout

influences the eventual maximum temperatures in the circuit and its

supporting substrate. Improper routing of conductors can lead to

undesirabl e feedback and crosstalk. Clearly the design of a hybrid

microelectronic circuit involves much more than the evolution of a

schematic and its implementation on a small piece of substrate. Many of

the associated tasks are tedious and time consuming . Fortunately some can

be done by computer ; computer assistance in addition to computer graphics

is desirable.

Numerous computer-aided-design systems for electronic circuits have

been developed in university , governmental , and industrial laboratories .

Many are capabl e of widespread application , but no known system addresses

itself specifically to the probl ems of thick film hybrid microelectronics.

This section describes the overall concept of computer-aided-design and

surveys available CAD programs which might be used at AMICOM .

~ 

~~~~~~~~~~~~~~~~~~ ~~~~~“ 
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ELECTRON IC C I R C U I T  DESIGN

Development of microelectr onic technologies has had a major impact

on the process of designing electronic circuits . A decade ago designers

had at their disposal discrete components such as transistors , diodes ,

resistors , capacitors , inductors , and others , plus a few models of small -

scale integrated-circuits. Component interconnections were made using

discrete wiring or pri nted circuit boards. Today a designer has in

addition to the above , components such as medium and l arge scale integrated

circuits of several technologies. Furthermore , passive components such as

resistors and capacitors can be constructed using thin or thick film

techniques which permits the fabrication of hybrid circuits containing

combinations of discrete components , integrated circuits , and thick or

thin film components in the same package. Interconnection techniques now

ava ilable include printed circuit board s , wire-wrap planes , discrete

wiring , t h i c k  f i l m  substrates , t h i n  f i l m  substra tes, and m o n o l i t h i c  sub-

strates. These complex components and dense packaging and interconnection

techniques have increased the c a p a b i l i t y  of electronic circuits and have

magnified the problems of circuit designers. Design aspects that have

been made significantly more difficult are design verification , circuit

analysis , physical design , and testing. Computer aided design methods

are being developed to enabl e the design engineer to solve these probl ems

in a cost-effective and time-effective manner.3
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The steps given below represent an outline of the process for

designing and fabricating a complex electronic circuit. See Figure 1.

It is important to understand that during the process it often becomes

necessary to return to earl ier steps in the process. Hence , the process

is iterative .

1. Formulate a preliminary circuit design - This step is performed

by a design engineer using his intuition and knowl edge of the circuit

specifications and of the avail able components and packaging techniques.

2. Val idate the prelimin ary design - Design validation is a difficult

and important step where computer-aided design tools can be effectively

utilized . Valuable design tool s inc l ude circuit analysis programs and

logic simulation programs. Such programs can be used to evaluate a circuit

design without the need for construction of a prototype circuit. However ,

construction and testing of a prototype should be considered when feasible.

When prototype construction is not feasible it is imperative that the

computer analysis be thorough and accurate.

3. Make an implementation decision - This step represents the start

of the physica l design of the circuit. Possible choices inc l ude standard

modules on printed circuit boards, hybrid microcircuits with either

standard or custom components , or customized integrated circuits. Factors

influencing the decision are schedules , quant ity, size , power , g-factors,

cost, and others.

4. Partition the circuit design into physically realizable components

Automation of this step is difficult and is most effectively accomplished

by a design engineer using his knowl edge of availabl e standard components

and of feasible custom components.

— ‘: :  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Concept ______________________ Preliminary
Design

4

Technology ValidateDecision _____________________ 
. •

(components, Prel iminary
hybrid , LST, etc.) Design

1~
Partition _____________________ 

Layout
System Components

Route ________________________ Order
Conductors Components

4 
_ _ _Check Layout __________________ 

Accept
Against Design Components

_ _ _ _ _ _ _ _ _ _ _ _ _  ~ I-
Test ~~ Fabricate

Figure 1. General electronic circuit implementat ion process.
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5. Procure components. 
-

6. Layout components - The l ayout process involves the placement

of components at particular locations on a circuit board or substrate.

Placement is not arbitrary but is made in such a manner as to facilitate

the routing of electrical conductors between components. Heat buildup

and electrical interference should also be considered when making component

placement . Automation can be appl ied to the placement process, but the

most effective approach is for an engineer to make the placement with

the aid of a computer driven display system.

7. Route the conductor paths between components - This step determines

the exact routing of all conductor paths between components on the board

or substrate. Automation of this step will be discussed in more detail

in a later section .

8. Analyze the fi nalized design - An analysis of the finalized

design that considers both the electrica l and the physical properties of

the circuit is needed . In particular , the analysis should consider

loading , power, coupling , interference, noise , and heating characteristics

of the circuit. Computer analysis programs can be effectively used in

this step.

9. Perform acceptance on all procured components - Automation can

be used here for selecting test patterns and for performing the actual

testing of components.

10. Fabricate the fi nal circuit - Automation is extensively used

at this step in the production of masks , etc .

11. Test the fina l circuit - Automation can be appl ied here as in

step 9.

- - - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . - . ‘ V -# ~~ ~‘. S -
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The generalized electronic circuit imp l ementation described above

may be tailored somewhat for different circuit types. For example ,

Figure 2 shows an expanded version of Figure 1. The figure is for both

analog and di r~ tal logic circuits. The technology decision is usually

based on severa l f . ;tors: project schedule; quantity of circuits

needed ; envi i--n ~~nta l factors such as size , weight , temperature , humidity ,

g-factors, etc.; cost limitations , power requ i rements , and many others.

The details of hybrid substrate and custom LSI chip implementation are

displayed in Figures 3 and 4.

The implementation process of Figures 1 , 2, 3, and 4 implies that

a team of designers and technicians are performing the listed tasks. If

portions of the process can be computer-aided , the design and production

time can be greatly reduced . For example , a design automation system is

outlined in Figure 5. This system, under computer control , would perform

all of the initial system design functions and automatically generate a

circuit level implementation .

• “‘  —.— ‘~~~~~~~~ S~~ ’•_ -., V - - ~~ - 
- — ______~~__ __
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Circuit or Circuit or
Concept ~ Logic ~ Logic

Design Simulation

Standard Substrate 

Custom LSI ~~~~~~~

Module Implementation Implementation
Procurement (See Figure 4) (See Figure 3)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Stress
Component Placement >— Conductor .._._. ...........

~~~~~ 

Noise , Vibration
on PCB Routing Simulation

_ _  

P
as /

Test ~~~~~
— - Construction

Figure 2. Expanded circuit implementation
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C i r c u i t
C t LSI Selec t
Chip Specs ~~~ic ~~~~~~~~~~~~~~ ~t~~Idard —

Design

Cell 
__________ 

Build _______ Cell
Layout and Test Library

1’ 
_  _ _

Circuit Cel l No All .~~~~~ .—
Anal Circuit ~ Cellsy Design Available?

S i m u l a t e  Yes

Connected ~~C e l l s

Cel l  ~~~Interconnect  ~~ Topology to
*Placernent Routing Design Check

sail Thermal , Noise
Simulation

.-~.Test Generation—
Pass

_____________ 
Plotting and

I 

Mask Generation ~

Build
Chip

If
Test

— - Figure 3. Custom LSI Chip Implementation
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H b ~d C i r c u i t

~ubs tr a te  .> > ~~~~ —

p Sketch

Circuit
__________________ 

Assign Functions 
_________

Logic 0 PS

Simulation

~~ Chip ~~Conductor ____________

Placement Routing

Fail
4

Thermal , Stress, Noise
Vibration , Simulation

~~Pass

Test Build ______________ Plotting and
Generation Substrate Mask Generation

1~Test

Figure 4. Hybrid Substrate Implementation
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System 
__________________________ 

System
Specs ~~

r
Test Generation

System Level \
~, 

S i m u l a t i o n  \
4

Functional or Functiona l \ \Register Transfer —
~~~~ Test

System D e s c r i p t i o n  Generation -.~~ ____________

I t

I ~
‘

• COMMONFunctional DATAI Level Simulation — — — BASE

V —
p

Module  or Gate Module  / /
Level System —

~~~~~ Level Test~-Description Generation ~ / /
I /
I Module or / / /
I Gate Level Sim. /

1,1
Circuit Level Ci r c u i t  Level~~System Description Test Generation

C i r c u i t  Level /
S i m u l a t i o n

Figure 5. Design Automation
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AVAILA BLE CAD PROGRAMS

Many CAD programs are availabl e, and in  use , for the des ign and

implementation of ana log and digital electronic c ircuits . Appendix A

gives a brief description of a few programs [l~ and Appendix B describes

how other programs are used at typical locations around the country .

In this section , several tables are used to suninarize the various

programs that have been identified during this survey . Table 1 lists

27 circuit analysis programs which have been developed at various

locations. Auburn University uses ISPICE and ECAP . The U.S. Army Missile

Comand uses ECAP and NEDAP. Tabl e 2 compares the outputs of severa l of

these programs. ISPICE has better genera l application than does ECAP.

Some additional circuit analysis programs are listed in Table 3.

Digital logic simulations and/or test generators are presented in

Table 4. The LOGSIM proaram availabl e at NASA ’ s Marshall Space Flight

Center does not operate properly for many design needs.

Table 5 lists two available schematic layout programs. Others are

surely available; however , no others were readily available to the

project personnel .

Topological and automated drafting programs and system are abundant.

Tabl e 6 lists a few of the accessible ones . The major difficulty with

some of these systems , for example IGDS-7 , is that they do not allow

tolerance checks and the coninand structure is not tailored especially for

electronic circuit mask generation .

12
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Tab le 1. Circuit design program s [2].

Type of Analysis
Statements Req~~~~ments

Program Name Linear Nonlinear X ( K bytes )

ADA 74 x x 4 64 GE

AMP 3 x 4 80-135 Tech. Univ. Denmark
ASTAP x x 60 200 IBM

BELAC x 10 120 GE

CIRCUS 2 x x 18 180 -600 Boeing
COMPACT x 2.5 96
CORNAP x 3 80-110 Cornell Univ.
ECAP 2 x x 25 200-300 IBM
EXHOPT x 1.5 250 Co lumbia Univ.
IMAG 2 x x 10 100 Honeywe l l - Bul l ,France

I SPICE x x 2 5 330 Nat iona l CCS

ITRAC 3 x x 7 120 Berne Elect.
LISA x 17 140 IBM
MARTHA x 32 MIT
MOFRAN x 4 156 Same as ANP3

NAP 2 x x 6.5 104-250 Same as ANP3
NET 2 x x 70 GE lempo

NICAP x x 10 300-250 Bel l Labs
PTNA x 1.5 64 Univ. of Ill.
SCAP x 1.4 12 Columbia Univ.
SCEPTRE x x 30 228 Air Force Weapons Lab
SLICE x x 10 200 UC , Berkeley
SNAP x 1.5 26 Purdue Univ.
SPICE 1 x x 10 184 UC , Berke ley

SPICE 2 x x 13 135 up UC , Berkeley
SUPER SCEPTRE x x 40 238 Univ. Sou . Fla.
SY~1AP 2 x x 20 60- 155 Roc kwel l Intl.

___ _ ___
~~L11~~~~= ~~~~~~~~~~~~~~~~~~~ : ~~~ ~~~
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Tabl e 3. Additional circuit design programs [3].

I
ACRONYM USING ORGANIZATI ON

AEDCAP Raytheon

ALCAP Rockwel l International

ASAP IBM

CIRC Silicon Systems, Inc .

DCNL Coll ins  Radio

DICAP Roc kwel l  I n t e rna t iona l

FETS IM RCA

FVAPC5 Coll i n s  Radio

MOSTR.AN Honeywell

MSINC Stanford University

NEDAP Army M i s s i l e  Comand

PV A PC5 C o l l i n s  Rad io

RCAP RCA

RECAL RCA

SNAP National Semiconductor

TESS TRW

TR.AC Silicon Systems , Inc .

TR ACAP Roc kwell I n t e rna t i onal

TRANT Advance d Memory Systems

UCCAP H a rr i s  Semiconductor

WCAC5 Coll i n s  Rad io

_

~ 

~~~~~~~~~~~~~~~~~~~~~ ~Li1c~~~~ — —-- ------ - -- - -_ -
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Table 4. Availabl e logic simulation programs [3].

ACRONY M USING ORGANIZATION

DIGISAT Hughes Aircraft Company

D-LASAR United Aircraft

FA IRSIM F a i r c h i l d  Semiconductor

FANSIM Syl van ia

G-LASAR Gruman

HAL1900 Philco Ford

LASAR Lockheed-Georgia

LATS General Elec t r ic

LOGCAP Harris Semiconductor

LOGIC Westinghouse , TRW

LOGICBLOSSOM Harr is  Semicond uctor

LOGICS Auburn University

LOGICSPEC Singer-Kearfott

LOGSIM NASA-Marshall Space Flight Center

SAL OGS Sandia Laboratories

SIMPAC Sperry Univac

SIMSTRAN Rockwel l International

SIMULATOR Raytheon

TEGAS Naval Weapons Laboratory

TIBSD Texas Instruments

-p

—— ~~~~~~~~~~~~~~~ 

-
—~~~~~~ 
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Table 5. Availab l e schematic generation programs

ACRONYM USING ORGANIZATION

GAIN Sandia Laboratories

EAGLE Auburn Univers ity 

- .- ---_ -
~~~~~~ . 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~—~~~



Table 6. Available Topolog ica l Systems.

SYSTEM USING ORGANIZATION

CSSL Draper Laboratories

SAL Sandia Laboratories

Appi icon Sandia Laboratories

IGDS-7 M & S Computing

Computervision NELC

Macrodata Martin-Orlando

Calma Harris Semiconductor

-p

-_-_-- _ .4— _-- . —--------- -— :~~~
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I Finally, Table 7 lists a few component placement and/or conductor 
-

routing programs . These programs are generally very large and requ i re

a very competent design/engineer to use them successfully.

I 

II
_______________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ dill
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Tabl e 7. Available placement/routing programs [3].

ACRONY M PLACE ROUTE TECHNOLOGY USING ORGANIZATI ON

AEW RAP no yes Wire -Wrap RCA

AIDS yes yes Multi-Layer PC General Electric

APAR yes yes MOS LSI Sandia Laboratories

AUTODRAFT yes yes Hybrids RCA

CARl no yes Hybrids Raytheon

GWRA P --- yes Wire-Wrap General Electric

MULT I --- yes Multi-Layer PC Westinghouse

PCCARDS yes yes 2-Layer PC Harry Diamond Labs

PL INT yes yes MO S LSI Genera l Electric

PRF yes yes MOS LSI Nationa l Security Agency

REDAL yes yes 2-Layer PC Boeing

SCI-CARDS yes yes Multi-Layer PC Martin - Orlando

WIRE --- yes Wire-Wrap Westinghouse

- - ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ — - -- -- --~~~~—-—
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I
I R ECOMMEND ATIONS

Currently, AMICOM is undergoing a vast reorganization. Generally

speaking, the programs l i s t e d  in  Table 8 are recommended as target goals

for AMICOM. T he implementation of most of these programs , in  an i n t e r-

active mode , requires a direct data communication link to the CDC6600

from the PDP 11/40, as well as ready access to a remote job entry

station. Since AMICOM is reorganizing and planning to install a second

CDC6600, an implementation plan [4] can not be completed at this time .

However , it can be stated that a direct link from the hybrid microc i rcuit

facility to a CDC6600 is essential to the successful implementation of

any CAD system , and that high-priority , interactive access to said

CEC6600 is prerequisite .

~~~~~ ~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~ ~ 1 -‘ 

~~~~~~~~ -~~~~~~
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Tab le 8. Suggested CAD Programs .

CAD Program Type Suggested Acquisition

Interactive Layout-Hybrids IGDS-7

Circuit Analysis ISPICE

Thermal Analysis CINDA

Logic Simulation LOGICS

Interactive Schematic EAGLE

Multilayer P.C. Routing Sd -CARDS

Vibration and Stress NASTRAN

Noise Analysis N/A

LSI Layout Upgrade of
NASA-MSFC System

*4
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_- ,-

~~
-—._,- —-. -.- -4..— -. 

- .  

. ‘ -- - - .. - - •— ~~~~ ! .  4 -* 5



-~~~~

I
I

REFERENCES

[1] CAD/CAM

[2] G. Kaplan , “Computer-Aided Design ,” IEEE Spectrum, Vol . 12 , October
1975 , p. 40.

[3] P. R. Owens , et.al. ,  “Computer Aided Design for Electronics in 197 5 ,”
Survey Report , Air Force Avionics Laboratory , Wright-Patterson Air
Force Base , O h i o , 1975.

[4] H. T. Nagle , Jr. and J. Knaur , ‘Hybrid Microel ectronic Computer-
Aided -Des ign  Project ,” Summary Report , Battelle Laboratories , 1975.

[5] M. A. Breuer , “Recent Developments in the Automated Design and
Analysis of Digital Systems,” Proc. IEEE, Vol . 60. Jan. 1972, p. 12.

[6] A. Bolop ion , et.al., “A New Approach to CAl by Interactive Design of
Electrical Engineering Systems ,” IEEE Trans. Education , Vol. E-18 ,
May, 1975, p. 87.

[7] M. C. van Lier and P. H. J. M. Otten , “Automated IC Layout : The
Model and Technology ,” IEEE Trans. Circ. and Systems, Vol. CAS-22 ,
November , 1975, p. 845.

[8] G. Szentirmai , ed., Computer Aided Filter Design , IEEE Press , 1973.

[9] H. Falk , Design for Production ,” IEEE Spectrum, Vol . 12 , October ,
1975, p. 48.

23

~~~~~

- : 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



4 . -~~---__-- -

APPENDIX A

Some CAD Program Descriptions [1].
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COMPUTER-AIDED DESIGN AND ENGINEERING

Ira W. Cotton
Nationa l Bure~~ of Standard s

Obj ect ive:  Assist ing ECOM in the ut i l ization and performance
measurement of its computer graphics design terminal test bed system at
Fort Monrnouth.

g Scope: NBS has assisted in connecting this system to the ARPA
network through special interfaces at NBS , and wil l  continue to refine and
improve the present configuration. Performance criteria , performance measure -
ment , and new tools (including both hardware and software ) w i l l  be developed
to help determine the best systems configuration to support interactive
graphics in laboratory environments. Assistance wi l l  a lso be provided in
the area of network and graphics protocols and standards.

Methodology : The ECOM facility was connected to the ARPA network via
a dial -up line connected to the NBS PDP-11 minicomputer which is a host on
the A RPA network Terminal Interface Processor (TIP) at NBS. Since a
couiounications protocol was already implemented in the PDP-ll for a Univac
OCT2000 terminal , programs were written at ECOM to mimic that terminal . This
technique has enabled ECOM to ut i l ize faci l i t ies such as a large IBM 360 run-
ning the NASTRA N program for structural analysis. Plans are being considered
to enable ECOM to connect to the ARPA network directly as a very distant host
by writ ing a network control program for the minicomputer in the ECO M test bed .

Sta tus:  The study began in 1970 and wi l l  continue through June
1974.

Hardware/ Software: At ECOM : Computer (Varian 620)
Display processor (1011DM )

At NBS : Computer (PO P- i l )
Access to ARP A network th rough  TIP

Publ ic .3tions: NBSIR 73 -217 , “Use of Computer Networks in Support of
Interactive Graphics for Computer-Aided Desi gn and
Engineering ,” Nationa l Bureau of Standard s , 1973.

I
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WIRING DESIGN AUTOMATION SOFTWARE

James H. Haynes
University of Cal i fornia

Objective: A family of computer programs to aid wiring design.
Our research and teaching require the construction of digita l systems ,
computer accessories , and similar hardware. Our usua l method of construc-
tion is based on integrated circuits mounted in sockets and interconnected
with wrapped wiring.

Scope: The princ ipal value of automated wiring design for one-
of-a-kind equipment is that it allows the use of pre-cut and stripped wire ,
at a great saving in construction time over hand cutting and stripping.
Additionally, the programs reduce the effort involved in creating a wire
list , minimize wire length , and provide printed lists in various formats.

Methodology : Input to the system is through a program which minimizes
keystrokes. A keypunch operator is trained to punch directly from logic
schematics proepared by the engineer; or the l atter may do his own keypunching .
The information is expand ed to one record per pin to be wired . These records
are sorted by pin number to permit detection of duplicate names on pins ,
and printed . Then the records are sorted by logic name , to bring together
all pins to be wired together. The next program , using a tabl e of informa-
tion about the geometry of the mounting board , calculates a minimum-
length wir ing path for each net , constrained to a maximum of two wires
per pin. This is printed . Then the pin -to-pin wiring records are sorted
into the optimum order for wiring and printed in that format for the
operator who does the wiring.

Status: Programs are debugged , documented and in use. Future
p l a n s  are to write additional programs to aid in modifying existing wire
l i s t s  and e q u i p m e n t .

Hardware/ Software: Computer (IBM 360/40 with 256K core under OS-HASP )
Sort-merge utility
PL/ 1

Publications: Programs available from author for the cost of dupli-
cat ion.

Keywords:  Wrapped W i r i n g
Pin-to-p in Wiring Record s
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GRAPHICAL CONTI NUOUS SYSTEM SIMULATION LANGUAGE

Trav is  L. Herring
U.S. Naval Weapons Laboratory

Obj ect ive:  A general -purpose too l for scient i f ic  computation u~ ing
interact ive computer graphics. Specia l attention was to be given to
providing fac i l i t ies  for the modeling of physical systems and solvin g
ordinary differe ntial equations. Simulation -contro leld animation was to
be provided .

Scope: The completed system is usabl e by al l professiona l
techn i cal personnel and requ ires l i t t le training. It is completely inter-
active . Plo tti ng curves and produc ing an imated pi ctures of entiti es under
simulation is made easy by the design of the systeni . An interactive graphic
language is provided which is close to FORTRAN but simplifies the solution
of probl ems involving ordinary differential equa tions.

Methodology : A cont inuous system s imual ti on langua ge modi f ied ro run
as an interactive grpahics program , the system was designed to handle a wide
range of user sophist ication. Complete error recovery is provided so that
the user can correct errors and continue.

Status: This language is a proprietary product called CSSL III.
A batch version of CSSL III i s avai la ble . Hard co py output of ~raphs and
tables can be obtained .

Hardware/ Software: Computers (CDC 6000 ser ies) running under SCfl PE 3.3
Graphics terminals (CDC 274/ 1700)
Lightpen
(8K) Refresh buffer

Publ icat ions: Travis L. Herring, “User ’ s Guide to Gra~ hica l CSSL-A
New Tool for Computat ion Us i ng Interac ti ve Com puter
Grpahics ,” NWL TR2905, January, 1973.

Related Studies: Travis L. Herring , “A User ’s Gui de for OLDA S-An On-Lire
Digita l Analo g Simulator ,” NWL TR2257 , January 1969.

CSSL I I I  User ’ s Guide/ Reference Manua l , Prograrniry
Sc i enc es Cor pora ti on , 1 900 Avenue of the stars ,
Los Angeles, California 90067 , January 19? ’
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DESIGN AUTOMATION OF DIGITAL COMPUTER S

Melvin A. Breuer
Un iversit ~’ of Southern California

Objective: To develop new algorithm s and evaluate their performanc e ,
relative to problem of design and implementation of dig ital systems. Our
overall goal is the development of an i rteract ive design automation system
that wil l  al low a designer to implement a system in an efficient and
accurate manner .

Scope : We have investigated the following problems : (1) register
transfer languages and a multitude of applications for such a language;
(2) logic synthesis; (3) selection of components; (4) functiona l parti-
tion ing of logic circuits; (5) assignment; (6) placement; (7) logic simu-
lation; (8) test generation. Programs implementing a number of our
algor ithms have been written. Our most successful program dealt with the
automatic generation of fault detection tests of sequential circuits.

Methodology : Most of our probl ems deal wi th finite combinationa l
probl ems . Many of these are expressed in graph-theoretic terms . Because
of their complex ity , heuristic solutions are often sought . The problems
dealing with logic simualtion and test generation requ ire study of mode ling
tec hniq ues as well as analysis of fault modes.

Status: These long-term basic and applied research studies
are on-going .

Publications : Melvin A. Breuer , “A Random and an AlgoritI~~ic Technique
for Fault Detection Test Generation for Sequentia l
C i r c u i t s ,” IEEE Trans. on Computers , C -20 , 1364 — 1371 ,
1971 .

Melvin A. Breuer , “Recent Developments in Design
Automation ,” IEEE Computer , 23 -35 , 1972.
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ON -LINE LOGICAL SIMULAT IO N (OLLS) SYSTEM

Richar d M. T av ) f l
Charles Stark Dra per Lavnr at o r- ,’, Inc .

Obj ect ive: Fast , precise system documentation and accurate logic simu-
la t inn to improve the design process.

Scope: The ‘On-L ine Logical Simulation System ’ (OLLS) is a complete
software package which permits a logic designer to interactively design ,
layout and simulate large di gital systems using the IBM 2250 CRT . The
user communicates with OLLS through a set of interactive displays using
the lig~ tper , keyboard and programmed function buttons. The major sub-
systems includ e file handlin g, device definition , drawing manipulation ,
simul at fon and input -output. OLLS is uniqu in its freedom of device
definition , generality and adaptability .

Methodology : OLLS aids the logic designer in lay ing out , simula ting ,
documenting and fabr i cating di gital systems . Its major sub s , cte !ns include
file management , device definition , drawing manipulation , sirn nlation and
input-output. The dev i ce def init ion program p laces no res tr ict ions on the
num ber , ship or complexity of the logical bui lding block n. It includes a
-~arieLy of drawing aids such as tracking symbols and syniiietry axes and a
copy facilit /’ r~ t eliminates most of the tedium of init I alizing large
glossaries. ~he draw icq display provides variable scale and wi ndow position ,
a~ lo~s easy si -inal routing and avoids many common restrict ions , coch as
req .~ si te names , by using consistent default conventions. Drawing plots
inlcude complete frame and title blocking, the format of which is con-
t ro l la~ le. A user may logically interconnec t any subset of drawings in
his f i le to function as an integrated system . This process is very fast
and lends i tself  to frequent reuse . The drawing and r~evi te descr ipt ions
themselves dri v e the simu la or - subsystem. The simulator curre ntiy provided
~s tim e-d irecte t Its use is interactive and imposes no additiona l constraints
on device complexity or system s ize.  It supports wir~d log ic , var i a ble
delays , i r t e ~-nal var iables , ‘ powe r -on ” sequencing and s inu la t i  on -onl y
patches. Device L- ohevi or  is specif ied for simulation purposes by standard
I3oolean eçuations ul ing a unique (optional) syntactical con’.ertion for
spec i fying the delay and requ~ ced-tinie-on effects of each i put , output and
interna l va ri oble on each output and interna l var~ahle . In this way, the
highly compie~ logical behavior of MSI devices may be re ali st ica lly
modeled . A cons i c t e nt  nj r c h _ card format for inpu t and out Put of drawi ng
descriptions and s ’m ulat io n data a l lows optiona l of f-lin e prooa ra t i on and
rno~ if icat 1on a t  data . OLLS provides a complete set of high - need-printed
l is t ings ut ~~~~~

- data f i le and plots of drawi ng s and simulation resul ts.
Plott ing is isolated to a ning le , compact , dev ice -dependent module to
ac~ui- odat e the wide variety of plotters in use. The highly modular system
is wr i t ten  in TIM 360 assembler language and runs in les s than lOOK bytes
of core . Its data base ~s a l ist -structured set of ce l l s  mari nulated in
v i rtuc i  memory of a multipurpose f i le program . Addit ion of s r - - Ia 1 features
and a l t e r r ~~~t~~

-
~~: simulation algorithm s re qu i res l i tt l e r r  no ch a nge to

exist ing modules . For cxa cio le , only a few min’-’r changes were ne cessar y
when we dec ided , 1 ~e in development of the system , to add f lowc hart
d rewi ur up~J-i 1 ity .

The pr or:rnn t-~ -~an in 1968 and the system is in use Ht further
a~pl led research end a pp l ic u~ ion deve lopment are on-going . The sof tware
pac kaci e has b~e~ debugued wi th documentation .
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Hardware/Software: Computer (BM S/360)
Display Console (2250- 1)

Publications: H. R. Howie and R. M. Tavan , “OLLS: The On-Line
Logical Simulation System ,” Design Automation
Workshop Atlantic City , N.J. (197 1).
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P R I N T E D  W I R I N G  BOARD N U M E R I C A L  DA 1A BASE VERIFICATION

C. R. Borgman
Sandia Laboratories

Obj ect ive: To provide a syntax check of Gerber codes defining
a printed circuit board and to provide an indicator of the location and
type of error encountered and , to i~rcv ide a fas t , econom i ca l v i sual c hec k
of the actual plots that wi l l  he gencra -ted on the Gerber photop lo~ters.

Scope: The system all ows the input data to be on either
punched card s or on magnetic t a pe. The program named ‘ PEEK” and i t s
associa ted  program “ REPEE K , w h ich it automatical ly ca l ls , operate on a
NOVA 800 computer w it h 32K of core , a card reader- , a magtape drive , a disk ,
and a line printer. These progoams execute under DOS and are designed to
interactively query and instruc t the u ser to prov id e all necessary i nfor-
mation to the program without prior knowledge of its operation procedure .
The in put Gerber codes must confc -~n to the standard format for defining a
two-sided printed wirirg board in use at Sandia Laboratories , Al buquerque .
A listing of the inpu L on the li ne printer is optio nal. Error messages
will appear in the list ing with a pointer to the character in question if
the listing option is selected and a ls o wi l l  appear on the DVST . A hard
copying device is attached to the TEK 401 0 DVST to al low a copy to be made
of all pertinent information. The program generates an intermediate data
structure which is sorted on the disk attac hed to the NOVA 800. Since
the final plots are generated from this f - le , the  user ma y re p lo t the
plots without reentering his input data.

Methodology : The user places his input data (either a ca rd d eck or
a magtape) or the a I p r a I r i a t e  I ~ dc-v ice. He causes the program PEEK
to be executed in the NOV I\ P00 by using standard DOS comand strings. He
respond s to the questions and command s which appear on the screen of the
DVST . The desired re~ults wil l  be a list ing of the Gerber codes and error
messages if any, a plot of the lands , common circuitr y and side 1 circu i try ,
and a plot of the land s , common circuitry and side 2 circuitry .

Status: The syst  has been debugged wi th  doc coentation and
is in operation.

Hard iare / Sof tware:  Minico pu~ er ( Nova 800 )
Plotter 10
Terminal (Tek t ron ix-4OlO)
Disk Operit ing Systu : ( ros )
FORTRAN IV
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OPTICAL PROCESSING TECHNI QUE FOR IDENTIFYING CIRCUITS (OPTIc)

Wi l l iam C. Burd
Sandia  Labora tor ies

Study funded by Atomic Energy Commission

Objective: A geometric model of a printed circuit board by
reducing data col lected while scanning a colored design layout .

Scope : Plotting codes are generated from the model and used
to produce artwork masks for etching and NC data for dri lling. This
process eliminates manual digitizing of the design layouts and thus
realizes savings in manhours and equ ipment.

Methodology : Design layouts defining printed circuit boards originate
in drafting organizations. They are regular line drawing s normally made
on grids. Color coding is used to separate the circuit’ s two sides.
Average scanning time is 5-10 minutes. Several pattern recognition
techniques are used in transforming scanner data into the geometric model
The boundary pairs are first reduced to contours complete with topology .
Centerl i ne se gments are nex t ex trac ted from the line contours . The total
interconnects are formed from combinations of these segments. Component
pin locations are entered using the Sandia Artwork Language (SAL ) or by
scanning dots and numbers. The number contours are recognized by consider-
ing Fourier shape coefficients and used to associate size information with
the pin positions. The mode l is finally subj ected to analytical clearance
chec k i n g and au toma ti ca l l y adjusted where necessary . V e r i f i c a t i o n  is
performed on the DAVINC J interactive graphics system . Final artwork is
generated on a Gerber precision plotter.

Status: The system is in use .

Hardware/Software : Computer (Nova 800, CDC 6600)
Color  detecting high precision scanner
FORTRAN
Nova assem bly lan guage



I
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I SANDIA ARTWORK LANGUAGE ( SAL )

W illiam C. Burd
Sandia Laboratories

Obj ect ive : To faci l i tate rap id conversion of artwork speci-
fications into plotting codes for Gerber Automatic Drafting Machines.

Scope: The language is an operator precedence grammar
allowing powerful calculation capabi l i t ies . Jobs may be run either from
remote time -sharing teletypes or by norma l batch methods. Output media
include l ist ings , punched paper tape , card decks and magnetic tape.

Methodology : In addition to commands tha t produce a one-to-one
correspondence in plot codes , SAL has matrix commands and pattern
capabi l i t ies.  Patterns may be built from commands (including previously
defined patterns ) and used in combinations of translations and rotations ,
thus taking advantage of the regularity of ma ny artwork features. SAL ’ s

- grammar inc ludes conditional and unconditional branching, thu s a l l o w i ng
looping- and interactive calculat ions. The data structure (GERBER Codes)
generated by postprocessing SAL can serve as an input to the DAV INCI
system , thereby , providing an interactive graphics editing system .

Status: The system is in use.

Hardware/Software: Computers (PDP-lO , CDC-6600)
FORTRAN

Publi cations : “Sandia Artwork Language (SAL), SC-M- 72-Ol55 ,
March , 1972.

I
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SANDIA IMAGE DIGITIZER , CONNECTOR , ANALYZER AND PLOTTER (SID CAP )

C. R. Borgman
Sandia Laboratories

Obj ective: A quick f lexib le mod e of digitizing patterns and
inputting these data into a computer . The connector , analyzer and
plotter (CAP) is to develop computer techniques to process these data to
determine information about the pattern.

Scope: The latest version of SID , SID -9, is an automatic
“ Image Digitizer ” capabl e of digit izing any picture , object , scene upon
which a c losed circuit television camera can be focused . It has an
adjustabl e level detector , whic h provides a two-level output (either on
or off ) of the input scene and the capability o- displaying this two -
level digital picture on a TV monitor and of send ing these data to a
computer in a specialized format that conserves the amount of memory
necessary to store the digital image.

Methodology : SID -9 has a resolution of 1000 x 1000. It was
designed to use standard , commercially availabl e parts. It uses a standard
high-resolution closed-circuit TV camera as its input device and state-
of -the-art integrated circuits , memories , and power supplies. SID -9
data are input to PDP-9 computer through its data channel . These data can
be processed in the PDP-9 or outpu t to any I/O device for later input
to other computers. Once commo n mode of operation is to output the data
onto seven-track magtape and send this tape to the centra l computer center —

for further processing. Other software options include the disp lay of the
digit ized data on an interactive graphics display terminal attached to
the PDP -9 for visual verif ication of the data . The data format stores
transit ions from white to black and vice versa. —

Status: The system is in use.

Hardware/Software: Computer (PDP-9 )
Operating System (PDP-9 V5A )
TTL integrated circuits (SSI & MSI)
MECL integra ted circui ts
Memory (Cogar)
Closed-circui t  high -resolution TV camera
Mon i tor
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$ DELETE ADD VERIFY INTEGRATE NETWORK CIRCUIT IMAGES (DAVINCI)

Wi l l iam C . Burd
Sand ia  Labora to r i e s

Object ive: Printed circuit artwork edited in a graphic mode .

t Scope: The input f i le consists of Gerber plotting codes ,
Sand ia Artwork Language (SAL) programs , or data co l lec ted by scann i n g a
colored design layou t (Proj ect OPTIC). The outpu t contains plotting
codes suitabl e for generating the updated artwork on a Gerber Automatic
Drafting Machine and N/ C information for drilling.

Methodology : Basic PAV INC I options selected by a liqhtpen allow
the  user to display various combinations of circuit layers. The pictures
can be enlarged by a software window option to examine areas in closer
d e t a i l . Cleara nce for el ectrical standoff is an important design parameter
and the system provides several visual and analytic checking methods.
Some automatic adjustment is available with the analytic checks.
Manipulation capabi l i t ies al low parts to be added , deleted , revised or
duplicated . Severa l methods for adding interconnects are provided to
meet var ious requ i remen ts . In additi on , a pattern opti on allows sever al
items to be grouped together and revised or duplicated as an entity .
Commands are oriented toward PC boards; produces masks , assembly drawi ngs;
and does clearance checks.

Status: The inI tial varsion fo the system is in use. A
second improved version is in development .

Hardware/Software: Computer (CDC-66 00 . PDP -9)
D i s p lay (Vectc -’ Genera l)
Operating s cte m (Scope 3 .3)
Sandia Interactive Graphics System (SICS)
FORT RAN 
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GRAPHIC AID FORINVESTIGATIN G NETWORKS (GAIN)

Dan Blazek
Sandia Laboratories

Objective: Appl icat ion development to provide the capabil i ty to
define circuit topologies in schematic format through an interactive
display system and postprocess these circuit descriptions into card images
suitabl e for input to the SCEPTRE circuit  analysis prog ram .

Scope : This appl ication program provides the user wi th the
capability to define the basic input descriptions required by the SCEPTRE
circuit analysis program through the interactive cathode ray tube display
system . Included in these input descriptions are circuit topologies ,
model topologies , element values or types , analysis outputs , and modes
of analysis. Output from the anal ysis program is also displayed on the
CRT in graphical and tabulated formats.

Methodology : Interaction with the CRT system is through a lightpen
and keyboard assoicated with each terminal. In defining circuit topologies ,
the lightpen is used to identi fy nod e loc a ti ons and the nodes between
w h i c h  c i r c u i t  e lements  are connected . The keyboard is used to identify
element values or device types as they are added to the display schematic.
When the circuit topo l ogy has been defined , the user may add addi t ional
information required by the circuit analysis program . The iightpen is
use d to id en ti fy c i rcu it elements  for wh ic h ou tput i nforma t i on i s desired .
The keyboard is used to add elapsed circuit time if a transient ana lysis
is requested . After th is phase of definition; the SCEPTRE input card
ima ges genera ted from the c i rcu i t topolo gy an d added i nforma t ion are
displayed on the CRT . At this point , the user has the option of adding ,
deleting , or replacing cards through the CR1 keyboard . After SCEPTRE
execution (which is initiated through the CRT terminal), output results
are displayed on the CRT . For transien t anal yses , p lo ts of current  or
vol tage versus t ime may be viewed sequentially. For initial condition
analyses , the requested outputs are displayed in ta bulated format.
Tabulated numerical data on transient analyses are also available to
the user requiring detailed information.

St -i tus: GAIN is available to users through four interactive
graphics terminals at Sandia.

Hardware / Software : Computers (DEC PDP-9 , CDC € 300 )
Cathode ray tube (Vector qeneral)
FORTR A N
Sa ndia interactive graphics system software

Publ ications: ‘GAIN - An Interact ive ~r-aphics Interface for
C i r c u i t  Analysis Progra -i s ,” Sandia Dev l eopment
Report SAL-73-0670, 1973. 
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I
APPENDIX B

Examp les of CAD i n Operation

S a n d i a  L a b o r a t o ri e s

Naval Electronics Laboratory Center

Charles Stark Dra per La boratories

Army Electron ics Command

National Security Agency

Martin - Orlando

Harris Semiconductor
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Sandia  L a b o r a t o r i e s

Date: 11 -12 August 1975

Pr i nc ipal Contact: Dan R. Blazek
Sandia  Labora tor ies
Organization 9624
Albuquerque , NM 871 15
( 505 ) 264-6141

~ntrance requ ires an I.D. with photograph. Send clearance if possible- -

not absolutely required .

Summary: Four groups were visited .

1. P.C. and Drafting (Gino Carli , Dan ’ s boss )

2. Hybrids

3. Integrated Circuits

4. Computer Aided Design & Analysis (Dr . Charles W. Gwyn )
( 505 ) 264 -5373 )

Sof tware Packages Sandia has severa l somewhat similar graph ics

systems for CAD .

G A iN  - T h i s  is  an i n t e r a c t i v e  program w h i c h  i n p u t s  a schemat ic

in nodes and branches into the CDC 6600 through a Vector General CRT and

an 18-bit PDP-9 minicomputer. Sandia has a pooi of 3 CDC 6600’ s a l l

wor ki ng from one I/O queue. Only one 6600 handles graphics so tha t a

GAIN user must “ring ” the 6600 oeprator to insure that he gets the right

machine. 20 second pauses for 6600 access are common using GAIN. The

code is in FORTRAN and is 3” thick in printou t form . Dan wi l l  send code

if we furnish a magnetic tape. He uses the 6600 update pac kage to

generate mag tapes. GAIN outputs card images ready for SCEPTRE and lets

the user Edit the output if he wants to change parameters. Once SCEPTRE

has  executed , the output is avai labl e on the Vector Genera l as plots.

~~~~~~ -p - .45— — ~~~ — -~~P- j%- - - - - 1’ - ’~ P — PP -‘ —:
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I DAVINC I - This is a program , oriented toward PC board s, to

layout and produce masks fur photoprocess ing . It a l so  uses t he Vector

General , PDP 9 , and CDC 6600 . IGDS-5 w i ll do most of what DAV I 7~CI w i l l .

DAVINCI provides a “clearance check” which allows one to expand lines to

look for problems .

MASK - T hi s program was purcha sed fr om Systems , Sc i ence an d

Software (10 Octo ber 1971), now Computervision of La Jolla. In capability

is also looks a lot like M & S systems.

Al l  of these programs generate data f le~ds in CDC 6600 for Gerhur s

2033, 1232 and Xynet - ics 1100 plotters.  The Precision Graphics group a l so

has a PDP 9 remote unit to the 6600. They read the file to magnetic tape

and transfer to the plotters.

IC layou t is done by Chuc k Gwyn ’ s group. They use Auburn ’s CAD

package and say i t works we l l , better t h e n NASA ’s BOOLEAN . Palme r at

Los Alamos also uses i t. Chuck uses SALOGS , a lo gic simu lator . and ~R 2 D ,

and RCA layout program. Sandia has optimized routing and Improved

execution time (20 to 1 in some cases) over the RCA version . Chuc k has

a PDP 15 remote to the CDC 6600 for his work. He is setting up a new IC

facility that will be a whole building full of equipmerì t to begin operation

in Feburary 1976. He would be a good contact for Bill Carroll. He

knows John Gould. He suggests Hightower at Bel l Labs as being a routing

expert.

rhe hybrid s group at Sandia does all their work by hand . In fact ,

Bendix , Kansas City , does most of their construction - Sand ia eng i r-ers

spend weeks at- a time in Kaases City redesigning and testing the hybrids .

There is talk of closin p down the h y b r i d  g roup  at Sandia.

1 
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Computing_ Har-Jwc re at Sandia

Large Machines: 3 CDC 6600’s
1 UNIVAC 1108
4460/4020 Stromberg Carl son

Remote Terminals: 2 PDP9’ s at Blazeks
1 PDP9 at Precision Graphics
1 PDP15 at Chuck’ s group
CDC Sys 17’ s (D i sc , CDU , High Speed CR and LP)
2000 Series (MICOM )

Eac h PDP 9 has CPU (18 bit), 512K word FHD , PTR/P, 2 Decta pes ,

magnetic tape (7 track), Vec tor General Graphics Unit ($60,000),

Tektronics 4014 , 24K x 18 bit core memory .

The Gerber plotters are driven by HP2l l6 ’ s. The Xynetics 1100 uses

a lockheed MAC /JR mini , and a m a g n e t i c  tape unit. The Xynetics use

magneti cs to move pen and it is y~~~ fast .

Sandia is just pu rchasing a new .Appl icon AGS/7C System . The

applicon has 3 terminals (4014 with tablet , a 14.5M word disk (2.5M

word s is used by system software , PDP 11/35 CPU , m a g n e t i c  tape , 2 dec-

w r i t e r s , and a digitizer/plotter). Command s are entered by pattern

recognition on the tabl et. Write to:

Applicon , Inc.
154 Middlesex Turnpike
Burlington , MA 01803
(617 ) 272-707 0

The AGS/700 costs about $200,000. It sorts 4014 commands to minimize

CR1 drawing time. It has 16 levels , with 3 remove-bins , for  an effective

64 levels.

- - 
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Naval Electronics _ Laborator1 Center

Date: 13 August 1975

Primary Contact: Dr. Dean McKee , Code 4800
Naval Elec tronics Laboratory Center
271 Catalina Blvd . (Point Loma)
San Diego , CA 92152
(714) 225-6 877
Autovon 8-993-6877

Dean is a ceram ics engineer who came from industry to the Navy in 1973.

He ’ s from M ichigan or Illinois and has liven in L.A. Age: 50 (has a

26 year old son). Dean met Vic Ruwe at a conference and had Sal Cruso

MSFC for a v isi t  on 28 July 1975.

Summary:

Organization. Microel ectronics at NELC is currentl y d i v ided between

the Electronic Material s Sc ience Divis ion and the Microelectornics

Division (O.H. Lind berg). The Microel ectronics Division is further divided

i nto 3 groups .

1. An advanced dev leopment group (Issac Langnado) that ma kes

wafers using metal gate CMOS technology ; they are developing a

silicon gate capability ; a new ion implanter ($150,000) is just

being installed . One current proj ect of this grou p is an integrated

optics light detector and amplifier being bu i lt by IBM Federal

Systems D i v i s i o n , maybe in Huntsv i l le.  This group builds chips

for use by the hybrids group. Another current proj ect is a CMOS

ROM chip 256 x 8 to be placed in a hybrid pac kage 4K x 8.

2. The LSI and circuit desi qr- group (Gene Haviland ) does most

of the electrical design and chip testing. They have a Fairchild

:. : 4- 
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Sentry 600 LSI tester ($200 ,000 ) which is avai lable from :

Computervision
201 Burlington Road
Bedford , MA 01730

3. The hybrids group (Dr. Dean Mc Kee) fabricate other people ’ s

designs . They get support from the LSI grou p an d from users when

c i r c u i t  desi gn probl ems arise. They are funded by Navy Industrial

Fund s so they must find customers . The hybrids group has produced

20 or so different jobs. Several are very complex , 1.5 x 2 ’ and

more compact than the Jennings job. The group is in a lull now wi th

only 5 people. They have done several digita l CMOS proj ects and some

analo g video work. They sometimes use thin film on hybrids. They

buy alumina substrates coated with nichrome nichol gold. Dean says

i t ’ s easier to go dense i n one la yer , and it can be as cheap or

cheaper than thick film. He took issue on this point with Jerry

Sargent , USF , at a recent meeting.

Mission. NELC advises Navy at all levels on p -electronics. They

are chartered to do prototype development and advanced R & D.

Consul tant. Al Tusz~rski
Electrical Engineer
University of Minnesota
M i n n e a p o l i s , MN 55455
( 612 ) 373 - 297 0

He comes summers and other times during the year.
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Charles Stark Draper Laboratojy, Inc.

Date: September 9, 197 5

Contact: Richard M. lavan (617) 258- 1469
Cambridge , MA 75 Cambridge Parkway

CSDL has two compu ter systems on which CAD is done. An IBM 360

is used with the On —Line Logical Simulation (OLLS) System while a DEC

PDP 11/ 40 is used with some Tektronix graphics terminals , storage s lave

screens , an Interact IV plotter/digitizer , and peripheral storage devices

for a grap hics system .

The OLLS system was developed by CSDL for NASA to provide fast ,

precise system documentation and accurate logic simulati on to improve the

design process. W ith this system a designer an interactively design layout

and simulate large digita l systems through the IBM 2250 CRT . Or , if

terminal time is of concern , information can be inputted through a card

reader and , within the limitation of a l i ne pr in t e r , outputted . This

feature is especially nice for off-line data modification . The logic

sim ulation completely simulates each device behavior and standard Boolean

form s whose variables are the termi nal names used in device definition.

Time delays for the devices can be designated using a simple syntax .

Using a schematic data base , the log ic simulation program runs in a 120K

byte partition in a batch mode. Although the software has been highly

modularized it i s written in IBM 360 assem bler lan gua ge so tha t it woul d

hav e to be comp letel y rewr itten to run on our CDC 6600. Therefore , it

would not be cos t effect i ve to implement on our com puter system .

CSDL has develo ped a DEC PDP 11/40 based interactive graphics

sys tem for d raw i ng mec han ical systems and electr ica l networks. This

I- __i .,
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development was fu nded by a 1972 Fiat contract. The basic software package

wi th which CSDL started was the same one Gerber Scientific Instruments

started with. Gerber developed a three dimensi onal design system whereas

Fiat and CSDL developed a system to do mechanical design and documentation.

The CSDL system runs in batc h mode under a DEC (DOS 11 ) operating system.

The program is written largely in FORTRAN IV with some macro assembl er

interfaces for I/O , etc. The code meets ISO (European) and most ANSI

(knerican) standards for FORTRAN programs .

The chief advantage of this system , according to Tavan , over the

M & S Comput ing  type , is the use of a geometric construction approach

ra ther  t h a n  a connec t the dots approach. The current version of the

mechanical design program was completed in December of 1974. In order

to make the program usefu l for printed circuit board layouts and

desi gn the prog ram had to be adapted . The first phase of adaptation ,

begun in January of 1975 ), was completed last June and a l lows CSDL to

design multilayer boards for Trident. The hybrids and IC groups wi l l

eventually use the system . There are several output programs so tha t

data out is avai lable for most photoplotters. The hardware complement

H includes a DEC PDP 11/40 with 24K words of core , EIS and FIS , a

Computervision Interact IV di git izer/ plotter , Tektronix 4010 , 401w , and

40 14 ’ s , a Plotter LP3000 printer , two RKO5 disks and two Dectapes. The

hardware belongs to Fiat . Draper is buying their own set of hardware

centered around DEC PDP 1 1/45 ’ s and RSX 1 1/M operat i ng systems .

CSD L designs their own small or complex p.c .  boards. CSDL has used

Algorex to design their med ium sized p.c . boards. (Since Algorex ’ s

automated  system can ’ t  handle large , complex boa rd s , they are done in-

house. )
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U.S. Army Electronics Command

Date: 10 September 197 5

Contact: Randy Reitmeyer
Ft. Monmouth , NJ

S 

Genera l

The integrated circuits group at ECOM is divided into linear and

d i g i t a l sec t ions , each co ntaining 4 engineers/designers plus a technician.

There is a separate hybrids group which we did not v is i t .  Randy

Re i tmeyer has an Applicon system upon which he does most of his designs.

They are heavi ly involved with RCA-Camden . Reitmeyer reports to Dr.

Clare Thorton who is the LSI expert at ECOM . Another group headed by

Bob Larken has about $6 million in computer graphics equipment and

is connected on the ARPA network. The Applicon system was purc hased as

an “ interim” measure and Reitmeyer expects to use Larkins local ly developed

system in the future.

LSI Placement and R o u t i n g

ECOM has funded several years work at RCA-Camden. The origina l

PRF (place , route , and fold ) program used single entrance standard

c e l l s , tha t  ~ - cel ls with entrance only on one side. Severa l versions

of this program have since evo lved . John Gould (NASA) developed with

RCA -Camden the PR2D (placement and routing in  two d i m e n s i o n s ) and Chuck

Gwyn of Sandia Laboratories has developed his own independent version.

ECOM currently is expanding its version to MP2D (multipart two dimensional)

placement and routing; again with RCA —Camden. Features are double-entry —

ce l ls  with feed through cel ls having dummy contacts on two sides . These

I
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features have great impact on density . The goal of this new ECOM version

is  a u t o m a t i o n  of ~j y~ density c i rcui ts . Normally high density is obtained

by custom LSI circuits whereas ECOM wants high density using standard

cells. ECOM wants to minimize the area per active device ratio. The

MP2D automatic system is now approaching hand designs. The RCA-Camden

contact is Al Feller . The program is owned by the U.S. Government and

runs on an IBM 360/65. The execution time is 30 m m .  to 1 hour for

circuit complexities of 500 gates/chip. ECOM will make this program

availabl e to MICOM when it is finished . Modifications to MP2D are Sub-

chips (large standard cells) and a Common Data Base for logic simulation ,

test generation , and previou s versions of the program . The first will

be done next year and the latter began in July. ECOM plans a big project

to develop a new set of standard cells for SOS (silicon on sapphire).

ARPA Project

Dave Kennedy and Fred Lindholm , University of Florida , and J im

Meinda l , Stanform University , are participating in a $500,000, 15 month

project for ARPA on LSI technology and automation. The project is an

outgrowth of a 1 year study contract by Kennedy . A request for the

study report should be made to Kennedy . In the new project Kennedy is

attack ing device modelling aimed at automation using Monte Carlo

techniques. Stanford University is investigating processes. Sandia

was to do automation of placement routing , etc.,  but this part was

cancel led . Dr. Clare Thorton is on the ARPA steering comittee for this

proj ect. He did hand le microelectronics at Philco-Ford before they

closed this division.
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Other CAD Programs

ECOM uses several other CAD programs.

MSINK - MOS modelling program

SPICE - bipolar circuit analysis

FILTER - filter design program for an Op amp design

RFAMP - IF/RF amplifier design program with impedance matching ,

etc.

COD - constrained optimal design , a genera l optima l design

program

SUPER - SCEPTRE

circuit analysis programs in FORTRAN
CIRCUS

PCBOARD - a pc board layout program being developed in house

To get these programs , Bob Sutton in Stanford microel ectronics group has

MSINK and SPICE; Randy Rei tmeyer, FILTER and RFAMP; and Bob Larkin ,

COD , SUPER-SCEPTRE , ECAP , PANE , CIRCUS , and the new PCBOARD program.

Equipment

Th APPLICON AGS7 00 system is composed of PDP 11/05 with 24K core

word s, DEC 9 track magnetic tape , 36 megabyte DIV A disc , 256K fixed -head

disc , FACIT paper tape punc h , dual cassette magnetic tape , Tektronics

611 with hard copy , Alphanumeric display with keyboard , Calcomp 563

drum plot ter , and Tab letizer digitizer and editing station. They have

no flatbed plotter . They use RCA TCC O4O system for special custom IC’ s

(PMOS and CMOS). They use a stand DOS MOS Universal Array Metal Pattern.
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A Gyrex Pattern generator 1001-4 can produce 3” x 31 glass plates to .1

mil accuracy . To generate a plate for 168 gates for a 188 x 188 mil

area takes 4 hours . The wafers are partially processed by RCA and ECOM

designs the custom layers. A two month turn around is typical . PC

boards are done by 2 technici ans who layout about 200 boards per year.

This group at ECOM serves as a service bureau for the other ECOM

laboratories .

, .

~ 

PP ~ 
,
~~ ~~~~~~~~~~ -



w~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- -- ~~~~~ - -

I
I

49

Nationa l Security Agency

Date : September 11 , 1975

Contact: Paul Losleben (301) 688-7815, Autovon 235—7815

General

NSA has been developing a set of computer aided design programs for

the design of LSI circuits. Westinghouse (at Friendshi p Airport) is

responsible for making these programs availabl e on the GE Mark III

Computer Utility . The- Westinghouse contact is Jon Squire (765-6368).

NSA data processing is usually done on dual Honeywel l 6050 processors

in the batc h mode.

Acquisition Procedure

NSA plans to use Westinghouse as the distribution center for this

CAD package. Access should be requested from Paul Losleben. NSA then

must authorize Westinghouse to provide documentation and open the GE

Mark III files to a user . Two options will be available. First , a user

can rent time on the GE system and access the system by remote terminals.

Second , one may obtain source listings of the programs (20 programs and

250,000 cards) and try to run them on their own machines . Only the GE

version will be maintained . Most of the code is in FORTRAN . Paul will

supply documentation directly on cell families that he uses. Note that

NSA will place limits on the use of the programs , for example NO

FOREIGN.
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Current Status

The cel l level and Logic simulation portions are running now; the

layout and other small programs will be ready in October ,

Other Contacts

Paul recomended several other people who are active in this area .

1. Steve Szygenda , Comprehensive Computing Systems, Austin , Texas.

Steve developed TGAS at SMU. it is installed on CYBERNET and

runs on CDC equ ipment .

2. John Fike , SMU

3. Mike Heims , Harris Semiconductor

4. Mel Breuer , Southern Cal

5. Al Korenjak , RCA Laboratories , Princeton (609-452-2700)

6. Bruce Mlddlesworth (688-7483), NSA , is working on a PC board

program in machine code on the H6O50.

Placement, Routing Problem

Several ‘companies are active in the placement and routing areas.

Redac does automatic layout and placement for single , double , and multi-

l ayer boards. Scientific calculations provides similar capabilities.

Algorex is another , but they only sell service . The really successful

routing programs are for fixed geometries. Usually the net interconnection

is the only concern. For analog routing a general , variable-geometry

router is needed and the line length , coupl ing , capacitance , etc., effects

must also be examined .

•5.
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Production Fac i l i t ies

NSA is now installing an IC facil ity for prototyping work and for

highly classi f ied projects. They currently contract most of their work

to Harris-Melbourne , TRW-Redondo Beac h, and RCA -Camden. RCA uses their

own automation package. Previously NSA has contracted with Col lins , TI ,

Motoro lla , and Sol id State Scientific.

Graph ics  F a c i l i t i e s

NSA uses a Computervision graphics system for schematics and

physica l l ayouts. The system has some cross chec k features to ensure

correspondence between schematics and physical l ayouts , such as the same

number of transistors. NSA describes each device in algebraic equations

with parameters being the l ength and width. Thus the physical size

and el ectrical properties are available for chec k programs .

Cell/Circuit Design System

The NSA computer aided design system consist of a cell/circuit

level and a chip/logic level , as shown in the accompanying diagrams .

The purpose and function of each routine is sumarized below:

ARTCELL - This program traces schematics and performs complex

schematic-layout cross checks. No auto-layout is used for cel l generation;

devices are l ayed out at 1 000X on grid milar. ARTCELL has been used by

Westinghouse to l ayout hybrids. It has no restrictions on wiring channels

and uses only orthogonal geometries, i.e. no diagonals or curvelinears

are allowed . ARTCELL perform s design rule , net, and capacitance

checking . It takes about 30 minutes for a 100 component circuit on the

H6050. ARTCELL has overlayed code and data structures wi th two assembly

bit manipulation routines.
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MOSTRA N - This program performs circuit analysis for MOS . It is

different from the MOSTRAN availabl e in industry . It does work like

ISPICE , ECAP , etc.

ARTGEN - produces composite drawings of cells.

Chip/Logic Design System

The chip/ l ogic design level has a number of CAD routines.

LOGIC - This is a logic simulator written in a special language

which is translated into FORTRAN . It uses simulation word and bit

variables , works with testwords , and uses the D-algorithm with heuristies

and a random number generator. It onl y generates good tests for small

circuits . Testword completeness verification is extensive. The program

lists undetected faults and does some fault isolation . The major emphasis

in LOGIC has been on generality . It has been used successfully on MOS ,

TTL, ECL , and some A/D interfaces. The major defect is run time . The

program does not use parallel techniques now , however a version is now

being developed for delivery in January 1976. Normall y LOGIC is used by

the designer to design and verify his circuit/testword set before he

continues his design for silicon.

PRF - This program is an outgrowth of the original Banning program .

Don Durr who did the original work at RCA is now at NSA . Collins (Cal),

NASA -Huntsville , and Motorolla have standard cell programs which came

from Don ’s work at RCA . The current NSA version is 3rd generation. It

uses an iterative placement scheme to seven or ei ght levels. Using the

NSA programs , a 22 LSI chip system (Vinson system) was done by one

engineer and 5 designers took about 14 months. A chip with problem s
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I could be redesigned in 2 weeks . The Vinson system has chip types :

bit synchronizer , memory , word decoder , receiver control l er, alarm tone

I generator , etc.

CHIP CHECK - This program is similar to ARTCELL at the chip l evel ;

it performs the same checks at chip l evels. It is l imited to 500

component complexities. It checks interconnect widths , etc . and does

net checks with simplified i nterconnects.

ART CHIP (CHPCHP) - This program designs things which don ’t fit

standard patterns. It is used to manually layout out in the BATCH

environment. Could be done by interactive graphics (Coinputervision).

SIGNAL TRACE - This program checks timing of dynamic 20 logic;

NSA doesn ’t promote this one. A new program will be ready next year.

INKPLOT - This routine gives at quick check at b O X , no cell detail

is shown .

ARTGEN - This routine generates cel l plots for Gerber 1000, 2000

interface and the ELECTROMASK DAVID MAMN 300 pattern generators .

I
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Mart in  - Orlando

Date : 4 September 1975

Contact: Sam Bennett

CAD Programs in Use

Martin Orlando uses the design automation package developed by

NASA ’s Marshall Space Flight Center. Programs packages include a

Macrodata System for graphic layout , FETSIM for circuit analysis , and

LASAR for array tests; EMAG is under procurement. They do custom CMOS

work. They use SCI -CARD P.C . layout routine via terminal to an IBM 370.

Hardware

Macrodata MD17O System
Interdata 4
Caelus Disc - 2.4 Mbytes
PerTec Mag Tape - 9 t r a c k

Tektronix 611
Computek CRT Terminal
Calcomp Drum Plotter 563
Macrodata Digitizer Board

Taradyne Automatic I.C. Tester
System J26 1
POP 8/ i
Magnetic Tape
Line Printer
Tests 400 different device types

HP 9500D Analog Testing System
Freq.: l-lO~ HzTests components
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Harris Semiconductor

Date : 5 September 1975

Contact: T. Lamar Clark
Director , Speical Products
(John Cornel l , Bob Hem s)

CAD Programs in Use

Harris was very secretive about their operation . They do use ISPICE

and an NCSS computer terminal. They al so use a CALMA computer aided

graphics system for topological design , as well as an older Computervision

system.

Hardware

Computerv ision System
Data General Mini
Casse tte Mag Tape
Info . Data System Disc
9-Track Mag Tape
Digitizer/Plotter
Tektronics 611 with speical keyboard

Calma System (newer)
Tektronix 4014
Speical Console
Data General Mini
30 Mbyte Disc
Magnetic Tape
2 Digitizers

Plotters , under Magnetic Tape Control
2 Calcom p plotters
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