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DESIGN AND PRODUCTLION OF HIGHLY ACCURATE AND
STABLE SURFACE WAVE BARKER CODE CORRELATORS

T.M. Foster
C.R. Vale
R.L. Thomas

Wegstinghouse Defense and Elactronic Systems Center

. ABRSTRACT !

A very stable and precise 30 MHz, 13-bit Barker code correlator
has becen developed for radar pulse compression. The correlator
uses X-propagating surface waves on an ST-cut quartz substrate with Al
transducers. A study was performed to determine the factors affect-
ing repeatability of the center frequency. The frequency was set to
an accuracy of 1 KHz by making a series of slightly differeut photo-
reductions of a master transducer pattern and selecting the reduction
which ylelded the desired frequency. 1In production quantities the
center frequency has been repeatable to + 5 KHz by carefully con-
trolling the orientation of the photomask with respect to the crystal
axea. Frequency deviatioan over the temperature range of ~40°C to
+90°C has been less than 2 KHz. By &accurately controlling amplitude,
frequency and phase, a 22 dB ratio of correlation peak to maximum

sidelobe level has been achieved compared to a theoretical maximum
of 22.28 dB.

INTRODUCTION
This paper describes the development and production of 30 MHe
13 bit Barker code surface wave correlators to replace correlators
(or decoders) congisting of 13 bulk wave delay lines for pulse
compression in three production radar systems. The Barker code is
generated in these systems by an electronic encoder which operates
independently of the decoder, and hence, the frequency of the dacoder
must be independently adjiusted to that of the encoder. For proper
target detection these gystems require at least a 21 dB ratio of
correlstion peak to maximum sidelobes, compared with a theoretical
maximm of 22,3 dB for a 13 bit Barker code. 1In addition, the decoder
is required to maintain this 21 dB ratio over & temperature range of
-40°C to 490°C. In order to schicve this performance, the correlator
must have transducere with very accurate and stable amplitude,
frequency and phase responses.
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FREQUZINCY CONTROL

We have found jn practice that in order to obtain a 1 4B ratio
of correlation peak to maximum sidelobes, the center frequency of
the decoder must b2 withinu approximatcly 8 KHr of the frequency of
the encoder. This can be meen in Figure 1, which showa the respouse
at the center frequency and at 9 KH: awsy from the center frequency.
The correlation psak does nol decrease significartly at 9 KHz off
the center frequency but the valley betwcnn the pesk snd the fivst
8idelobe increnses until it {s higher thun the first sidelobe,
decreasing the pask tc sidelobe ratio tc 21 dB. Figwe 2 shows
further degradation of the peak-to-sidelobe ratio as the fiequency
deviation incresses. The response for frequency increments of
approximately 16 KHr is ghwwi siarting with the center frequency at
the botcum. ‘he sidelobes increase repidly and the main lobe
decreases uatil the pesk-to-gidelobe ratio reaches unity at approxi-
mately 35 KHz off the center frequency.

In order to allow for pessible frequency errors within the radar
systems other than those due vo the decoder, the frequency devia-

tion limit for the decoders was set 3:- = 5 KHz instead of the x 8 kHz

required for the system. To obtain a device with &« center frequency

within £ 5 Kz of the desired cernter frequency, the fullowing procedure

was ugsed: The original photomssk was made on a copputer~controlled
plotter at 20 times the estimated final size. Since the velocity of
surface waves on the quartz used was not known to the desired
accureacy, the exact photo reduction ratio could not pe determined
without making dowvices and measuring the center fiequency. The
camera wag set for a reduction of 20:1 and a series of phote reduc-
tions was maede near this setting by moving the cemera mount in swall
increrentr to produca slightly larger and smaller reductions,

correaponding toe frequency locrements of approximately 0.05%. Devices

were nade with each mask and checked for frequency of besr correla-

tion. Thess data points were ured to plot & rough curve of frequency
ve, camers settiang. Then ancther series of masks was made with 0.017

frequency incremciits and centered st the camera setting nearest
30 Milz. One cf these wasks was uswally the final wmask for making
the decoders in production.

DEVICE DFSCRIPTION

A photograph of the decoder is shown iIn Figure 3. Thg launching
trangsducer has 7 pairs of interdigitel saluminum electrodes and the
receiving transducer has 13 sets of 7 pairs, cach in the appropriste
poaition to yleld tie phage relationship necessary for decoding the
Bsrker coded signal as it propagates along the surface. The sub-
strate is X-propagating Si-cul quartr. This cut wag chosen because
it has a surface wave velocity which is nearly constant over the
temperature range of ~40°C to H90°C. Figure 4 shows that the peak-

to-sidelobe ractio 18 greater than 21 4B over the tempersture range of

-60°C to +100°C, which is a wider range than the system requirement.
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The quarts gvbstrate 18 glued tn a prizteu z&cvevit board to atd
In asscmbly Into & packege. Gold leads are honded to the aluminua
transducer pads usiry thecrwocompression bhonding. The other end of
the lead is bonded i tue piinted circuit board which 1s, In turn,
connccted to hermeticaily sealed pins mounted in tho prchkags., Trans-
foruars are used at the inpuu ani output tov matrh the impadapce of
both tramsducure to 75 ohms. A metal shiuld is pleaced above the
suvstrate to prevent elastromagnetic fuwlthrough from the iaput to
the outpuc, which produces a spurious signal. A metal 14d is solder-
vealad to the package to prevent long term degradaticn of ¢he ner-
formance due to corrosion of the aluminum or coudanssticu of watur
vapor op the substrate.

TREQUENCY ERRIRS

The errvora inberent in this manufacvuring process were estimatcd
in ordar te determlac whether it would be pomsible to produce
decoders at the correct ifrequency with a high yield.

There are several possible sources of Irequency exror, which can
be classiffed as eitbier ervors in th2 sur-face wave velocity or errors
in the size of vhe transducer pattern. Size errore can occur in tha
photoexposure procase and cause the decoder pattern to be longer or
shorter thian the photowask unless propex care s takea. The use ol
collimated light greatly reduccs size errors, however, and we
estimate that the total frequency error duc to fncorrect size is
legs thaa 100 Rz,

Much lerger frequency ervors can xesult from having deviatiows
from the corvecs surface wave velocity. Ouse source of thage veleeity
errord 18 wisorientation of the patcern with respect to the cryatal
a¥28. Since the pattern is registered with reespect to 8 reivreunce
edge, an error in the orizntation of the paltern or the crystal anes
with respect to this edge can cause velocity and frequency errore.
vur calculatioss of frequency errsr abiw thst X-axis misregistration
wil! ceuse ne more thea &4 Y deviatioo from the denived {veguency.

The most serious erroxr occurs &t a reasult of deviation of the
querts crystsl's face noomsl frow che desgived direction. The surface
wave velocity as a_ furction of the direction of the plate voruwsl ir
shown in Fipure 5. % ST-cut quartz corresponds to an angle of 132.75°
on this greph., The slape of veloesity vs. angle at thio point is
approximately .54 watexs per &z2coml per angular degree. Crystal
msnufsciurers cun hold the face norwal to + 15 minutes of arc for
sutstretes cut from different crystals and to less than 15 minutes
for gubstrates cut (rom the same crystal. This angular error corres-
poads to a frequewncy error of 2.3 KHz.
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Angiher possible eouxcs of frequency error 1s the vaxiation of
ccxfece vave valocity from voe querts ciystal to another dus to
cavser otdher than axis nisrepistratiou, such as fmpurities ino the
¢mrts. Crystal mapufscturery Jo mot specify ths susfaces wave
wvelocits to the 2 parte in 10" precision required to assure a fre-
¢uency a.guracy of better than 3 Kis out of 30 Mix, However, the
valocity mmiformity from ove batch of quarts to another has been
ax¢allenc, and less than 10X of &pproximately 200 dacoders mada in

producticu to dete have been more than 2 5 Kis from the center fre-
quancy.

CONCLUSION

Yo conclusion, a 30 Mic bulk wave Barker decodsr has been
replecad in production by a surface wave tappad line decoder which
achie mns a 21 dB peak-to-sidelobe ratio snd a frequency accuracy of
+ 5 Kiv ov:r a tempersture range of -60°C to +100°C.

FOOTNUTES

e e b it

1. A.J. 8ichodnik, Jr. and E.D. Conway, Microwave Acoustice Meu.dbook,

Volume 1, AFCRL-70-0i04, Air Porce Cambridge Resesarch Laboratories, !
1976, p. 59. .
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13 Bitv Barker at fo

13 Bit Barker at fo+9KHz

7i-1330-BA-74

Figure 1. Decoder Reaponse When Peak-to-Sidelobe Level Decreases Below 21 dB
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RESPONSE SURFACE
13 BIT BARKER

71-1390- BA-75

Figure 2. Decoder Response at 16 KHz Frequency Increments
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Figure 3.

Phot ograph of Production Decoder
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LOW DISPERSION VHF SURFACE WAVE
ACOUSTICAL FILTER
J. Acevedo, R. A. Moore, H. Jones
West inghouse Electric Corporation
Systems Development Division
Baltimore, Marylsnd 21203

ABSTRACT

A low dispersion filter has been developed at 70 MHz using surface
wave acoustics. The filter has a -0.3 dB bandwldth of 7 MHz and g akirt
selectivity which provides a fall-off from -0.3 dB to =35 dB in 2 MHz.
Group delay ripple is limited to i 25 nanoseconds out of a total delsy

ro nd s a5 are
of 2 microgeconde, Filter SJllthﬂcu at other f{requsnclss aie easily

obtained by uaing existing computer programs.
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Great progress has been made by numerous authors in dsmonstrating the
essantial properties of filters utilizing acoustic surface waves. The typa
filters being discussed sre those which consist of a serles of intei/lagital
fingers on the surface of a plezoelectric crystal or piezoelectric fiin ~n
a nonplezoelectric crystal. The interdigital finger-pairs sre spa.ed un
approximately half wavelength centers such that the electrical field structire
is in synchronization with the acoustic wave for tho center frequency tand
of the transducer. The geometry of a surface wave filter is such that if
the adjacent finger-pairs are of alternating polarities the field lines
bstwesn the electrodes generate acoustic waves that propagate in both directions

underneath either transducer. The secondary transducer thus receives half
the energy.

Work has been carried out by different investigators toward providing
an adequate description of the surface wave transduction procesz anc charact-
eristics related thereto. Much of this work has been based on the assumption
that the energy coupled et each finger-pair is very small compared to the total
energy which passes by the transducear. This assumption is the basis for
usine the impulse response model described by Tancrell -anc¢ Holland in the
March '71 issue of IEEE. This result is identical to that generated previously
using an equivalent circuit model by Smith, et. al., in the IEEE Transactions
on Microwave Theory and Techniques, 1969. In both cases it was shown that
the frequency response of transcducers can be represented by a Fourier trans-
form, Much design work has been reported in the literature based on this
approach to calculate properties of surface wave acoustic fillers.

This approach has succeeded in explaining the major characterietics of

surface wave acoustic filters. Perhsps the most desirable characteristics
in acoustic surface wave filters is their

cir reproducibility. In principle if a
filter of a given bandpass and dlspersion characteristic is designed it can
be reproduced to an exceedingly high degree of precision at low cost. This
slould make the filter particularly useful for applications in which a large
number of filters are needed. The present design approaches which mske use
of the assumption that the acoustic wave is sampled lightly at each finger-
pair provides an excellent means for achieving gross filter characteristics.
It cannot be used to achieve the very low dispersion characteristics which
was the objective of the filters to be described. It will be shown that a
very pronounced phase shift is due to the loading used to set up the metallic
finger pattern, Key deficiencies of the lightly sampled apprcach are the
ignoring of the direct loading of the metallic finger pattern end the per
loading of the electric circuit.

There are some efforts being expended in order to achieve improved
cdescription of surface wave transducers, None have been applied to low
dispersion, flat top frequency response, filters. The authors have improved
on the lightly coupled sampling approach by crealing a periodic loading of
the piezoelectric surface. This loading leads to periodicity which csuses
an attenuation in a portion of the filter bandpass. The presence of the
metallic loading leacds to a 15-25 nszec time delay Jdiscontinuity at the center

frequency of the filter. This corresponds to a five degree change in slope
of the phase characteristic at the same point,

10




With very lightly coupled materials, such as quartz, ressonably good
results can be obtained using only the impulse model. Preoperties of quaitse
can be made relatively insensitive to temperature for appropriate propagation
directions. Thus quartz is the clear choice where precise work is deslred.
This neme consideration was involved in the Barker Code Demodlator described
in a paper by Thomas, et. al., at the Ultrasonic Symposium in December 1971.
The design of that filter required a compensation for a 4 <3 sttenuation
along the length of the filter. Many detailed chav:uteristics of the sub-
strate as well as the synthesis technique must be considered to achieve a
good reproduction of the decoded Barker signal.

Since the frequency characteristics can be represented as the Fourier
transform of the active finger-pair lengths, synthesis is then based on the
following procedure:

(1) Computation of active finger lengths to provide desired frequency
bandpass by using an impulse resggnse. For the square frequency
respense filter this would be a 222X except for the finite length
of the transduger. A gocd approximation is achieved by suitably
tapering the 5—%}5 time side lobe amplitudes.

(2) Computation of frequency response of two cascaded transducers
representing the input and output of the filter. We have used
constant finger overlap lengths for the second transducer. (By
virtue of reciprocity it is immaterial whether the frequency
selactive or constant finger length overlap tranaducer 1is used as
the inpubt or output unlces gpecific motching conditions diclate
one arrangement or the other. We shall refer to the frequency
selective tranaducer as the primary and the constint-finger-overlap
transducer as the secondary element.) :

(3) Optimization of response of two transducers. By virtue of the
linearity of the Fourier transform, the active region of the filter
is divided into N (N = 100 for our program) "channels" as shown
in Figure 1. '

Each transducer finger intersecting a particular channel must, because of the
interger finger length ccnstraint, launch or receive acoustic waves uniformly
over the width of that channel. Due to the assumed linearity of the acoustic
medium, the transmission through a single channel is equal to the sum of

the transmission between each launching finger edige and each receiving finger
edge. Furthermore, because of the assumed nonattenuation of the propagating
wave and the assumed equipotential of all conductively connected points, the
channel transmission (except for cdelay) between any launching-receiving pair

" of fincer edges is the same as between any other pair.

The program developed takes each of the 100 channeaels of the active
region in turn, computes the transmission through that particular channel
and adds this contribution to a running sum of all channel transmissions.

n
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This arrangcment opraovides for computation of the frequency respcnse of
the two transducerc as a unit. timizaticn was then carried cut by letting
each Tinger in asquence occury a srester or lesser number of channels. The
optimization routine etopz wney a1 imgrovement can be obtained by varylng
Lhe length of eny finger,

The remaincder of this paper will be a discussion of two filters that
were feveloped with the objective of providing dispersionless operation
with steep filter skirts and a nominally flat response. Figure 2 shows
the interdigital structure, Quartz was used for the filter, metallization
is evident by virtue of the lighter color. The time side lobes of the filter
are taperec to an approximate cosine pattern in order to provide an optimum
square shape for the frequency response. The detalled taper of the side lobes
is modified by the synthesis procedure described eariier.

The properties of the filter are illustrated by Figure 3. This shows
the center frequency of 70 Miz with steep filter skirts and low spuricun
reaponse. The bulk of this spuricus response are bulk waves whick go through
the crystal, reflect and come back to the surface to interact with the
secondary transducer. Since these canall be eliminated with surfuce treatment
they will not be consicdered further here, Flgure 4 shows mere detailed
characteristics of the amplituce response as well as the phase cigracteristics.
Except for a slightly attenuated region in the upper half bandpass iLhis
respongse appears to be that of a reasorably rounded top filter with some
minor periodicities throughout the bandpass region. These minor periodicities
in amplitudes vary between a tenth and 2/10th of a dB and are largely due to
multiple reflections in the crystal. Most of which cun be eliminated by
proper surface treatment. The triple transit erche can alssc be suppressed by
taking reasonable precaution. It should also be noticed that the phase
characteristic is a straight line except for a break at the center and the
same periodicities which amount to approximately a ripple of + 2 degrees,
In addition to these periodicities however, the phase chavacteristics have a
distinct break in which the phase shifts from approximately 7 degrees per MHz
to approximately 12 degrees pesr MHz or a cdifference of about 5 degrees. Since
the phase slope is relative only the diffgrence is significant. This changs
in phase slope levels to a distinct delsy step in the approximate center band
frequency of 70 MHz, It shculd be noted that except for this distinst shift
in slope, phase is substantially dispersionless across the bandpass and shows
no tendercies to be dispersive even at the band edges.

Figure 5 shows the group delay characteristics of this filter. We can
see that there gre numerous periodicities with frequencies of 300 and 600 KHz
and they can be related to the forementioned effects.

The curved top of thie filter was due to the fact the synthesis was
carrled out ignoring the characteristics of the secondary transducer. Figure 6
shows a flattened top amplitude response by including the secondary transducer
in the synthesis. The response is reasonably flat. It should be noticed
that the same bulk acoustic wave leaskage is evident. Figure 7 shows a more
detgailed view of the amplitude response and the fine periodicities of the
group delay response. They are clearly multiple reflections of both surface
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and bulk waves which can be controlled, as mentioned before, by suitable
treatment of the surfaces., The large parlodicity acvoss the bandpsus was

a part of the synthesized pattern by virtue of a requirement placec on

the program. Thus only the relatively fine periodicities represent deviations
fram the computed response which ip within + 1/10th of a dB except as will

bc shown in the nex' figure. Figure & superimposes the experimental and
calculsted responsasa of the filter, The computed response is flai top except
for the periodicit; mentioned earlier and a slope which represents quarter
wave length periodicity of the equivelent circuit., The measur«d response

1s in good agreement with computed response below the cent.er frequency. A
nonsymmetric attenuw {ion along with the break in the phase characteristics
of the previous filter is due to metallic loading of the piezoelectric
surface,

The essential effect of the metallic loading can be analyzed by the
straight forward development of the propagation constant of electromechanical
energy along the periodic transmission structure for which an expression is
available, for example, as fromAMathai and Young page 385. Figure 9 shows
the maximum attenuation versus 'EE" .

Two curves are shown, one for attenuation in dB per finger-pair and one
for 25 finger-pairs. Since the attenuation is due to both primary and
secondary transcucers, this is typical of the filters described in this paper.

Iif we Rake the filter of Figure 3, as an example, Figure 10 tnen shows
that for a 2, 2. value of 0.11 percent, a reasonably good match with the
predicted at%enuation is achieved. This figure indicates the size of the
attenxation due to the periodic metallic structure. This rarticular comparison
(for 2.2 0,11 perceni) appears to agree very well with the computed results.
This same figurc shows the modified phase characteristic cdue to the band
stops. The five degree per Mz break in phase characteristics is at leust
Keasonably close to the value of four degrees calculated for the abcve value of

2. ., It then appears that the nonsymmetry of the single filter can be
explained in terms of periodic metallic loading due to the finger--pairs. It
is thus necessary that this periodic loading be introduced into the synthesis
process when filters are designed in order to achieve low cdispersion surface
acoustic wave filters. Based on the results of this study, for instance, if
the affected pnase break of four degrees is introduced into the synthesis
process the resicdual phase 1 degree break would correspond to the difference
between the actual five decrees shown mezsured in an carlier figure such that
the actual breask would be 1 degree. Similarly if the attenuation characteristic
is suitably synthesized to within + 1/10th of a degree a filter reproducible to
a *+ 1/10th of a degree should be feasible. With these improvements the surface
wave acoustic filter should be amenable to synthesis in many applicaticns
requiring a large number of rilters with precise reprocducibility at a low cost.

It should be noted that the attenuation due to the metalization periodicity
is insufficlent to explain the difference between the computed and measured

bandpass characteristics of the flat top filter (Figure 6). Since the positve
slope of this filter is directly attributable to the cross fisld model, we l
must directly question the use of this model vs the in-line model for quartz.

13




Though thc cross field model hss been shown preferable fur lithium niobatc,q_

.I

it has not been shown to be vigble for quartz.
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MATCHED FLLTERING WITH SURFACE ACOUSTIC WAVE DEVICES
G. Chao and T. K. Larson

Naval Research Laboratory, Washimgton, D. C., 20390

ABSTRACT

A revievw is made of the present state of surface
wave matched filters. Recent work at the Naval
Research Laboratory and other laboratories in phase
coded and frequency modulated devices is described,
and galient features of various matched filters are
presented.

SUMMARY

Within the past few years, advances in surfac
acoustic wave (SAW) technology have resulted in the
compact implementation of a variety of matched
filtering aevices ranging from bi- and poly-phase
coded tapped delay lines to linear and nonlinear
frequency modulated devices. The purpose of this
paper 1s to report on the state of the rapidly
developing surface wuve technology, to present recent
work at the Naval Research Laboratory and several
other laborstories and to summarize the salient
features of the various surface wave matched filter
implementations.

[})

Conventional photolithographic processes limit
trangducer patterns to line widths of about cne
micron. This corresponds to an operating frequercy
of gbout 800 MPz on commonly used material such as
lithium niobate (LiNbOa) and quartz, With computer
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controlled scanning electron beamus, line widths of a
tentl: micron with line stabilities of 0.03 microns are
being achieved. Nevertheless, many matched filtering
devices are being fabricated with center frequencies
below 100 MHz because of various system considerationms,
and consequently, the critical purameter is time delay,
or equivalently propagation length, Transducer
patterns of up to six inches long and longer, contain-
ing thousands of individual metallized lines have been
fabricated and time-bandwidth products into the
thousands are presently being achieved, Fig. 1 shows
a few representative delay lines daveloped at Hughes
Aircraft Company. These are circulating and re-
flecting 100 microsacond delay lines consisting of two
50 microsecond linearly dispersive transducers on
ST-cut quartz, The center frequencies range from 30
to 60Miz with compression ratics varying from 560:1

to 2000:1,

One of thc simplest methods of achieving matched
filtering with SAW devices is to phase code a tapped
delay line, Bi-phase M sequence codex have been
implenenied with responses very near che thesretical
limits. However, bi-phase codes are inherently
restricted by relatively high time sidelobes, and
congsequently, poly-phase and complimentary-pair codes
have been investigated. Although perfect cancellation
of sidelobes is theoretically possible in these cases,
practical values of about -25 dB are being achieved.

Although basically nondispersive, surface wave
delay lines may be made dispersive by proper trans-
ducer design, Linear and nonlinear FM matched
filterc have been proposed along with various weight-
ing procedures, Fig. 2,provided by North American
Rockwell, shows the dispersion of a representative
transducer pattern designed for 300MHz operation on
ST-cut quartz, but deposited on a faster substrate,
aluminum nitride on sapphire(A{N/Af;05). Although
not designed for AgN/A4,03, the transducer behaves

25




very well and demonsirates one advantage of AIN/AL,04:
the extension of the bandwidth of SAW devices with
existing transducer techmology.

The pulse expansion amd <compression proparties of
-the transducer pattern of Fig. 2 deposited on SI-cut
quartz are shown in Fig. 3, indicating very good

characteristics and near theoretical time side lobe
levels.,

A conservative estimate of compression ratios
possible for various substrate materials is given in
Fig. 4 suggesting that compression ratios of 10,000:1
and more may be achieved in the very near future,

Within the past few years, matched filtering
with surface acoustic waves has ylelded devices with
ever increasing compression ratios. Delay lines with
ratios in the thousands are being fabricated and new

materials and advances in transducer technology promise
even higher performance.
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IC PACKAGES AND BERMETICALLY SEALED-IN CONTAMINANTS HER

S LAY
‘ R. W. Thomas C o R b
: L !
Rome Air Devalolmsnt Center, Griff'ss AFB. N Y. ‘ LT e ,
.
..’ ! : k
. | 7
. ! :
; ABSTRACT
: An extensive analysis of gas in integrated circuit packages :
has revealed a lack of adequate control by the semiconductor in- : 3 N
dustry. Contamination mechanisws, gas analysis procedures, fine
and gross leak test inadequacies, and specification tecomendationa
will be discussed. .
s
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IC PACKAGES AND MERMETICALLY SEALED-IN CONTAMINANTS

R. W. Thomas

RELEVANCY

An extensive analysis of gas in integraeted circuit (IC) pack-
ages has revealed that there are wide variaticns in the ambilent gas
from lot to lot, manufacturer to manufacturer, and with different
package designs. These uncontrolled gas ambients became relevant
when RADC found that a high percentage of field failures returned
for analysis contalned large amounts of water vapor. Further, it
was found that water vapor behaved as a necessary, bu: not always
sufficient condition for failure, the most noted exception being
the distilled water electrochemical etching of nichrome resistors
in radiation hurdened circuits.

The contamination of the chip ambient has become more prev-
alent with the proliferstion of ceramic packages and solder seal-
ing glasses., The eantire blame for hermetically sealing water and
other contamiunants in the packages cannot fully be laid on the
semiconductor industry. MIL-M-38510 and MIL-STD-883 did not
specify the remaining chip ambient after sealing. Even more im—
portant, there was no data avallable which geve tolerance levels
for integrated circuits iu goneral or specific device types inm
particular. Further investigation revealed that gquantitative
water analysis was very difficult and that few companies could
afford the equipment necessary for such an analysis.

After establishing through failure analysis that hermeti-
cally sealed-in contaminants were a real-world problem both in
state-of-the-art devices and thuse which have been in the field
for several years, a program was initiated to develop an accuratc
gas analysis facility. Such a facility now exists at RADC. The
development, design, system sensitivity, and the results of an
extensive IC gas analyels program are the subject mgtter of this
presentation.

RADC GAS ANALYSIS SYSTEM

The system fabricated at RADC for package gas analysis has
been under continuous development for three years. The present
version was fabricated entirely from stainless steel, with copper
sealed ultre~high vacuvum flanges and welded stainlesrs nteel bellouLs
valves. Ultra~high vacuum fabrjication techniques such as noctzching
the internal machine screws for gas relief, polishing larse surface
areas, and winimizing internal volume were vitally impoviaat in
achieving maximum performance, Materials such as glgss, texlon,
viton, and vacuum greasc were removed frem che system as oviginally
designed to obtain low outgassing rates. The yregeny syastem is
shown in figures 1 and 2,
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The icnization gaug~ was removed frow the original system esfter
it was found to be the cause of secondary reactions and regurgita-
tion. The ion gsvge was replaced with a digitrl capecitive manometer
which has a low outyassing rate and makes an excellcui masg-indepen-
dent cadibration system.

To open the packags, a hardsnod stezl nesdle either punctures
or splita the package dependiag on the package materisl or design.
Up to twenty packages may be wountad on an findexed rotating helder
and analyzed during one vacrum Sakeoui cycle.

The system volume war designed so that the expanding gas fromw
a8 flat-pack resvlts in ¢ system pressure of 1 x 10 torx, the
high prescure limit of tha quadruprle mass spectrometer. To accom-
modute larger packages, a ballast {s valved intc the system and
adjusted to obtain the proper pressure.

In making quantitsative gas analysis measurements, ome is con-
fronted with an overwhiaining number of nass-gelective and gas
historv-sensitive mechanisms. For iustance, all leak valves,
vacuum punps, Jlonizing chambers and electron multipliers are mass-—
selective devices., The electron multiplier and ior pump are
particalarly gas history-sensitive. To make the analysis even more
complicated, it was experimentally determined that once the package
was oyered, each gas specie diffuses from the package &t a different
rate. It quickly became evident that only a dedicated computer,
operating in reel time, could gnalyze aad correct for a numher of
variables operating simultancously.

SYSTEM PARAMETERS

Lae

The system scans the wass range from 1, to 10C. atomic mass
units in one second, The absolute sccuracy is pregently 1.2 of the
constitueunt measured. The sensitivity of the system is constituent
dependent and varies frow 10. parts per billion for oxygen to 6
parts per million for water and hydrogen. All other gases fall
into this range. At the time of wriring, this is considered te¢ be
state-of-the~-art. It is expected that, by improving vacuum tech- 3
nigues and uneing more sophisticated statisvical analysis pro-
cedures, thege system parameters wiil continually improve.

RADC IC GAS ANALYS)S PROGRAM

RADC is currently conducting & mltilevel program to solve
the sealed-in contarinants probiem. An ultra-clean package seal-
ing system is currently under development. This system will seal
controlled quantities ¢f contaminants into IC packages to deter-
wine telierance levels of sensitive cilvcuits to water vapor and

it

other contaminants. The seal«r will aliso permit the packaging
of standard ambioents for round-robin celibration and sensitivity
checks cf other gas analysis systeous.




Lot ssmpling of new devices and packages will be expanded.
This will allow various sealing eystems to be fingerprintad by
mageé gpectromatry to detect possible changes or degradation in
sealing integrity and purity. s

Working in cooperation with the Physics of Failure Labora-
tory at RADC, a considerable amount of data has been gathered
on contamination-produced failure mechanisms, A brief gynopsis
of this work is included in the following section. This work
will be expanded to include a study of the effect of various
stregses on the chip ambient.

The components found in some IC packages indicate that
some additlonal work should be done on the effectiveness of
present fine and gross leak tests.

RESULTS OF GAS ARALYS1S INVESTIGATION

A small but significant percentage of the packages opened
contalned residual amounts of helium and freon. This led to
further experimentation and the discovery that water, freoon,
and neon could be inserted into the "hermetically" sealed psuck-
age by & one-way thermomechanical valve action at the lead
frame, if the package was bombed at an eievated temperature
(150°C.).

Water was found iu IC packages in amounts exceeding elight
times the witer contained in air et 50.2 relative humidity and
25.9 C. The circuit failures in these packuges were directly
related to the exceas water.

The thermal atressing of ceramic IC packages will increase
the water and carbon dioxide content at lower temperatures
(159.°C.), aud change to methane and hydrogen at temperatures
of 350.°C. This observation can be directly related to im~
proper curing of the binder used in the sealing glasi.

From the analysis of more tham fifty samples from a
particuler manufacturing line it wss possible to observe
groupings in the gas composition. Changes in ithis fingerprint
indicated changes in the sealing frit, purge gas, oven sealing
ambient, and procedural changes in the sealing operation.
Feasibility wes dewonstrated in establishment of norms for
specific packages and sealing procedures, which could then be-
come the basis for lot acceptance specificaticns.

CONCLUSION

The conclusion 1s self-~evident. There is a definite need
at the present time fcr & hard look at the presently-used seal-
ing procedures, gas analysis tecliniques and specifications for
ensuring an inert chip ambient. RADC, through its Alr Force
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BLIPTH ~ BEAM LEADED INTERCONNECT PACKAGING

N.J. Grossman & K.X. Heid C )
Northrop Corporation
Electronics Division
Navigation Department
2301 West 120th Street
Rawthorne, California 90250 (213) 757-5181

ABSTRACT

This paper describes a microcircuit packaging approach which
eliminates flying wire bonds; a major failure mode in microcircuits,
and utilizes beam leads formed independently from the active
devices. Both intra- and interconnections are made with beam leads
thereby eliminating all flying wire bends. BLIPTM is a multilayered

micropackaging concept that is keyed to a disciplined system of
component management, interconnection requirements that include
integral beam leads, assembly processes and testing of the in-
process or completed functional circuit.

I. INTRODUCTION

Hybrid technology has been highly successful in achieving a dramatie
reduction in size and weight. The density and complexity of today's
hybrid circuits have led to new approaches in fabrication, such as
multilayer conductors and beam leaded or flip-chip integrated
circuits.

A major disadvantage of the present methods of microcircuit packaging
has been that of cumulative processing with an inability to
functionally test the circuit until after final sssembly when the
majority of labor and material costs have been expended. BLIPTM

makes use of parallel processing with fuuctional testing capahiiity

(aPEDlLS

prior to commitment of costly material such as iIntegrated circuits.
II. THE BLIP CONCEPT

The major features of BLIP are illustrated in Figure 1. The die
plate is composed of a photopolymer nuterial laminated to a base
plate which may be a standard substrate such as alumina or beryllia.
The substrate may be metalized and form one level of interconnection
and may also contain resistor elements. The photopolymer material
forms cavities in which circuit components nest and, by means of
alignment marks, allows the precise attachment of circuit components
independently of the interconnect network which is the second BLIP




oy .

component. The interconnect network is a multileyer conductor
pettern with integral beam leads for connection to the components
as well as to the outside world or second level interconnection,

III. DIE PLATE FEATURES

The subatrate is first processed through standard vacuum deposition
and photoetch steps to obtain the desired conductor and resistor
patterns. The dry film photopolymer serves as a spacer and there-
fore its thickness {s determined by component heights and by the
interconnect network thickness. After the lamination step, the
photopolymer is exposed and developed to form device cavities to
allow attachment of active devices to the substrate. Keying or
alignment marks are also formed during this step around each cavity
so that the component may be precisely aligned when it is mounted.

The substrate size is limited only by the uniformity of metalization
desired during vacuum deposition and therefore a large number of die
plates may be formed on a single substrate. After lamination and
photoimaging, the die plate is ready for component attachment. This
may be performed before or after the substrate 1s broken into
individual die plates.

IV. THE INTERCONNECT LAMINATE

The interconnect laminate is made up of alternating layers of a
suitable dietectric such as epoxy glass and conductor paths which
se1ve {u interconnect all components. Although the number of
conductor layers is not unlimited, three have been found adequate
for the most complex of hybrid designs, so far implemented.

The most important feature of the iInterconnect lamirate is the
integral beam leads that are formed to make connectjons to the
active devices. These project over the component windows and are
formed to make contact with a device bonding pad as illustrated
in Figure 2. The cxternal connections are also beam leads so all
flying wire connections are eliminated,

Connections between layers are made by plated through holes or

vias, The vias are first formed by photochemicul etching then
electroless and electrolytic plating are used to furm the electrical
connection,

V. THE ASSEMBLY PROCESS

The fabrication of the interconnect laminate and the baseplate are
both batch processes with each lot capable of preoducing hundreds

of parts. Furthermore, they are parallel processes, each operating
independently of the other. After they have been processed, tested,
and inspected, they are ready for the firal assembly steps.
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The interconnect laminate and the baseplate, loaded with
components, are mow bonded together. Individusl circuits may be
bonded, if the substrate has been separated intc single die plates,
or all circuits on a substrate may be bonded simultanecusly.
Alignment is straightforward since beam leads and device bonding
pads are both visible.

After curing the bonding adhesive, the circuit is now ready for
ultrasonic bonding of the beam leads to the components. Beams are
presently bonded one at a time but the adaptation of a wcbble or
compliant bonder appears quite feasible,

Assembly errors are reduced with BLIPTM because subassembly (die

plate and interconnect) orientation can be easily checked. This
leads to a reduction of labor skill required and therefore a cost
reduction. It further minimizes troubleshooting because of the
ease of visual inspection.

VI. PACKAGING

A major improvement in packaging density 1s achieved by eliminating
the traditiconal hermeticully sealed flat pack, This reduced surface
area and volume requirements and also eliminates fan out restrictions
imposed by the flat pack. The enviroanmental protection required for
the unpackaged BL1PTM module is achieved by a vapor deposited

conformal coating of parylene whose barrier properties are superior
to the silicones.

Parylene is the generic name for members of a unique polymer series
developed by Union Carbide Corporation. The basic member of the
series is poly-para-xylylene but the two types of interest,
degignated Parylene C and D, are chlorinated and dichlorinated
modifications, respectively.

The replacement of a hermetically sealed package with another form
of envixonmental protection must take into consideration all the

conmon components of a microcircuit such as semiconductors, capacitors,

and resistors. In the case of semiccnductors, silicon nitride offers
much potential for protecting these gengitive devices but ceramic
chip capacitors and nickel-chromium resistors aie alsc very
susceptible to humidity.

If parylene is to serve as a replacement for hermetically sealed
packages, the barrier properties of the material are of prime
importance. These properties are given in Table 1 and compared with
those of the more common organic coatings.
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.Table I N L Ve

Berrier Properties of Some
Represeuntative Orgsiic Costings

0

n, 0, w®  m®  ge®
Psrylene C 0.6 5 14 110 1
Parylene D 4.5 32 13 240 0.25
Epoxies 4 5-10 8 110 1.8-2.4
Silicones - 50,000 300,000 45,000 4.4-7.9
Urethanes 80 200 3,000 - 2.4-8.7

(1) Gas permeability, cc~mi1/100 inz ~ 24 hrs; ASTM D1434-63T
2

(2) Moisture Vapor Transmigsion, gm-mil/100 in~ - 24 hre; AST™M E96-63T

The material is deposited from the vapor phase in a “soft' vacuum,
with the mean free path of the parviene mclecule ou ihe order ot 0.]

cm. The result 1s a truly conformal deposition rather than the line

of sight type coating one usually assoclates with vacuum deposition
techniques.

Because of these attractive characteristics, Northrop initiated a
program to study parylene coatings on BLIPTM microcircuits. A

deposition system was designed and built (see Figure 3) and a seriec
of preliminary tests conducted. The results of the preliminary tests,
discussed below, were encouraging enough to justify a large scale
military qualification type test program which i1s presently underway.
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VIi. ENVIRONMENTAL TEST RESULTS

A.
B.
]
]
3
p
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IONIC Contamination Test

A major concern of any semiconductox passivation costing is
that the coating does not introduce ionic contamination. For
this test & grcup of PNP (2N2907) unpassivated transistorz
were parylene coated and submitted to a humidity test in accor-
dance with MIL-S1D-810B.

One hundred eighty of these parts were mounted in unlidded flat
packs. The leakage current (ICBO) was measured at an ambient

temperature of 120% prior to parylens coating, after the coating
was applied, and after the 10-day humidity test which exposed

the parts to 85 percent relative humidity and a temperature var-
1ation of 25° to 71°C on & 24 hour cycle. Legkage currents re-
maiuned constent during and after the test, indicating that parylene
did not cause any ionic contamination but did protect the parts
from the humidity environment.

Humidity

Iu the presence of sn electric field and moisture, thin film
nickel-chromium resistoxrs are very susceptible to electrolysis.
To determine the effectivenese of parylene as a moisture barrier,
one hundred eighty seven nickel-chromium thin film rvesistors
were mounted in unlidded flatpacks and parylene coated. These
resistors, of vs-ious form factors and values, (swue figure 4)
were powered at several different power densities to ensure
condensaticn on &t lcsst some of them. A control lot of 55
unprotected resistors were also tested and all resistors uander-
went the MIL~-STD-810B test described in Section 4 above.

Resistor values were read and recorded before and after the pary-
lene deposition and after the humidity test, The parylene coated
resistors showed no change in value whereas 10 of the 55 uncoated
regsistors had catastrophic fafilures or major resistance changes
(z 207%.) with some of the failures occuring in the first 24 hours
of the test. Because some of the resistors in each lot were un-
powered gnd some powered at densities as high as 150 watts/square
inch, failure of gll resistors in the unprotected group were not
anticipated because coundensation did not occur on gll resistors.

Radiation Induced Ionization

Radiation induced ionization in the parylene costing could cause
functional failures in a microelectronic circuit. To determine
this, a 2N3960 transistor was emploved, using the test matrix
below,

Reverse Bilas No Reverse Blas
Parylene coated 6 units 6 units
No parylene coating 6 units € units
|
4




VIII.

Leakage currents and DC current gain at 100 micrcsmperes and
1 milligmpere were recorded before and after radiation. Exposure

levels were 7 X 104 n/cm2 snd 1 X 106rad/81. Comparison of
before and aftar data showed no significant differg¢nce between
coat:d and uncoated devices with and without power applied.
This indicates that parylene does not trap a charge or have
other deleterious effects, due to radiation, on sensitive
semiconductor devices.

D. Nuclesr Testing

Results of recent underground tests on parylene cocted‘BLIl’TH

circuits, when compared to uncoated circuits, demonstrate that
parylene improves the survivability of a circuit in a thermo-
mechanical shock enviromment.

FUTURE DEVELOPMENTS IN BLIP

A large factor in manufacturing costs of highly complex hybrids

is the troubleshooting and rework caused by defective active
devices. The ability to test a circuit functionslly prior to the
permanent attachment of any active devices would overcome this
problem and BLI? offers that potential. 1If the active devices

were attached with a long shelf life epoxy, the interconnect
leminate could be aligned over the die plate and electrical comnect-
ion made by means of mechanical pressure, The entire circuit could
then be functionally tested befcre any bonds are made and before
the epoxy is cured. Chip veplacewent would ihen be a matter of
extracrting the die from the uncured epoxy &nd replacing it with a
new die, Troubleghooting and rework could then be accomplished
early in the assembly process with a reduction in damage due to
rework,

If the circuit checks functionally good at the time of the "pressure
test," it would be advantageous to bond the beams imnediately,

The die plate and interconnect are already aligned and electrical
contact is being made at all the required points. If a form of
wobble or complaint bonding could be utilized at this point, the
assembly could be bonded with no additional handling or alignment.

CONCLUSIONS

BLIP has been demonstrated to be a multilayer hybrid packaging
concept which essentially eliminates flying wire bonds, It
utilizes standard gctive devices rather than the new, face-down
devices which are presently more expensive and less availeable.

BLIP does mot involve any radical new technology but rather the
evolution of proven processes that have been in widespread use
for & number of yesrs. The elimination of flying wire bonds and
the us¢ of beam lead bonds is a major reliability factor because
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BLYP density is presantly aqusl to current thin film density
and will surpass it with the application of improved desigo
rules covering such areas as line width and spacing, via size,
and via pads. The use of miltilayexr conductors egsas desizm and

~layout constrsints and provides the required termination dersity

for the nawer, more complex active devices. Its application
to very large functional blocks with advantages in testing and
final packaging within the same mgnufac:utins format 1; 8 naxt
important stage of its usefulness,
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FIGURE 4 RESISTOR HUMIDITY TEST CIRCUIT
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A UNIVERSAL PACKAGING SYSTEM AS APPLIED BRI
TO THE ALL APPLICATIONS DIGITAL COMPUTER ' 1 *% t"&

o BY
| ' Lothar Laermer

‘The Singer Company
Kearfott Division ' :
Little Falls, N.J. RS

* ABSTRACT

A universal packaging system is described which will
serve the requirements of military and space electronics
during the latter part of the decade. Design features and
fabrication techniques associated with the All Applications
Digital Computer Building Block Module and its Zero Force
Cam Operated Connector are highlighted.

In addition, the design of the Higher Level Package,
which retains a multiplicity of modules, is covered.




s L

INTRODUCTION

A hardware design and development program for the
packaging of the All Applications Digital Computer (AADC)
has been in progress, under NASC sponsorship, at the
Kearfott Division of the Singer Company since June 1970.
A primary objective of this effort has been the evolution
of a packaging system that has universal application.
Packaging techniques are being perfected concurrent with
the development of micro-electronic devices that are to

be used in military and space electronics during the
latter part of the decade.

The program calls for the design, development, and
prototype fabrication of:

. A "Building Block Module" capable c¢f retaining

a three-.nch diameter silicon wafer or hybrid sub-
strate

. Higher Level Package containing a multiplicity of
Buiiding Block Modules.

SYSTEM DESCRIPTION

The All Applications Digital Computer packaging system
has as its basic element the Building Block Module which
provides the hermetic enclosure, interconnect, mounting and
heat exchange mechanism for the electronic elements. The
mcdule is illustrated in Figure 1.

Electrical connections to the module are made via two
152-Piu Cam Operated Connectors as shown in Figure 2,

A series of Building Block Modules which may constitute
a complete clectronic system, will be retained in the Higher
Level Package; this package provides the cooling air dis-
tribution and internal-external interconnect systenm.
Figure 3 is an exploded view of the major elements showing
the physical relationship of the Building Block Module,
Cam Operated Connector and interconnect system.

The following paragraphs will describe in greater de-
tail the characteristics of the major elements and the

engineering tradeoffs that were made in arriving at an
optimized system.
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FIGURE 3 HIGMHER LEVEL PACKAGE




The AADC Building Block Module illustrated in
Figure 1 is capable of retaining a three-inch diameter ;
silicon wafer or a three-~inch diameter hybrid circuit sub- g .
strate. The module's unigue feztures are tabulated below. By

The final configuration was arrived at after an exten-
sive design trade-off process which concerned itself with
four major areas:

e e e——— Y B AW A W O ‘ -'g

e CNEE BER TR TR

External Connections - 300 ' | 5 @

L Y

Power Dissipatior - Up to 50 watts R

Maximum Power Density -~ 7.5 watts/square inghr

ol

Environment - MIL-E-5400 Class 4X -~ 200°C max
Hermetic Seal |

Provisions for Guiding, Keying and Clamping
Interface with Zero Insertion Force Connector
Integral Heat Exchanger

Vibration Resonant Frequency - above 2000 Hz
High Speed Circuit Compatibility (10 nsec delay)

Size - 4 inches X 4 inches X 0.400 inches width
{20 watt mocdule)

Weight - 0.43 pound (20 watt module)

DESIGN TRADEOFF

Module thermal and electrical characteristics

Interface with the next higher level package

Mounting, interconnection, and line routing to the
3-inch diameter wafer or hybrid substrate

Module manufacturing processes and lid sealing

The trade-off process was concerned with configurations
that provided for efficient heat removal while optimizing
the intercomnnection and line routing requirements.
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Conventional technigues -(Figure 4) that make use of
conductive cooling to heat exchangers at the card edge,
were dismissed as being inefficient.

By mounting the heat exchanger directly behind the
power dissipating elements (Figure 5), a morc¢ efficient
thermal design with a considerably shorter conducting path.
is possible. This latter design, however, is deficient
since it reguires a 300-pin connector having high inser-
tion and removal forces.

The integral ceramic heat exchanger design illustrated
in Figure 1 retains the thermal advantages of direct
cooling while eliminating the connector problem. The de-
sign provides for:

. Zero insertion force connectors
. Short line lengths

. Direct connections eliminating the need for inter-
mediate circuit boards

. Integral heat exchanger

Takle 1 summarizes the characteristics of the various de-
sign approaches.

INTEGRAL HEAT EXCHANGER MODULE DESIGN

The integral ceramic heat exchanger unit consists of
a ceramic slab containing the line routing from the 152~
external connector pad terminations, along each of the two
edges, to the 3-inch diameter wafer. A molyhdenum-titanium
metallized sealing ring facilitates hermetic sealing of a
ceramic or Kovar cover. Keying pins, which guarantee a
unique module location in the Higher Level Package are
brazed to the base slab. External connections are made via
a set of 152-Pin Cam Operated Connectors contacting the
pads on .050 centers. The heat exchanger, wh’ <an be
sized to be compatible with the power dissipation of the
module, is cemented to the base slab.

Table 2 summarizes the module's thermal characteristics
for various material ccmbinations, flow rates, and heat
exchanger designs.
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" characteristics, and material tradeoffs, boading and

DETAIL DESIGN AND FABRICATION
Having described the general configuration, thexrmal
* module sealing considexations will be highlighted.

Table 3 summarizes the various material and sealing
combinationg that were considered. The dry-pressed
solid, ceramic slab employing a Kovar or alumina cover
proved to be optimum for the following reasons:

"« Minimum sealing surface ig introduced
. Maximum heat transfer area is available

. Limited manufacturing complications are intro-
duced :

COVER SEAL

Units employing Kovar and ceramic covers have been
designed and fabricated. Cross sections are illustrated
in Figure 6. A weldable Kovar cover is preferable since
heating can be confined to the rim area during sealing.
A unit which has been laser welded is illustrated in

| R e |
LAYULT /7.

WAFER CONNECTIONS AND ASSEMBLY

Interconnections to test slabs have been made using
ultraronic bonding. Ball or thermal compression bonding
can be utilized also. Other techniques which employ 3
batch interconnection processes utilizing kapton-mounted
aluminum flat foil leads are in the developmental stage.

MODULE TEST

Six modules have been delivered to NAFI for evalua-
tion and environmental testing. Favorable thermal and
structural test results have been obtained. A detailed 4
test report is currently being prepared.

CONNECTOR

The Kearfott Division of the Singer Company has
developed and delivered to NAFI a 152-Pin Cam Operated Zero

P VN
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Ingertion Force Connector. The connector provides inter~
connection between the Building Block Module and the back-
board wiring system of the Higher Level Package.

The gonnector's unique features are:

» Zero insertion force

. Five tc ten-ounce contact pressure

. Less than 0.002 ohm contact resistance

. Interlock mechanism that precludes operation if
the module is not properlv seated, and precludes
module removal prior to contact release

. Cam loading during contact closure

The connector is illustrated in Figure 2 in the closed
position. A design trade-off study was conducted which con-
sidered tolerance effects, single cam designs and alternate
contact arrangements (see Figure 8). The final design which
preserves wiping action is illustrated in Figure 9 along
with the coantact arrangement and interlock mechanism. Note
that the contacts are on .05 centers and the envelope dimen-
sions are 4.75 inches long x 0.60 inches high 2 0,50

2 vombe o —
0.20 incaes
.
wide.

HIGRER LEVEL PACKAGE - DESIGN APPROACH

el e

The Higher Level Package with its modular approach is
_ illustrated in Figure 3. A set of Cam Operated Connectors
; service each module. A series of through bolts clamp the
' stacked connectors between the front and rear panel to ]
form a rigid frame for the overall package. Spacers can
be used to accommodate various wodule widths while cenipe

NS AE
I3 [~ 8- ] "’ ‘. " A
gat

ing for tolerance accumulations.

i GUIDING, KEYING AND INTERLOCK

1 Guiding of the Building Block Module into the Higher

Level Package is provided by guide slots in the connector
block. Keying pins and bushings preclude improper location.
There are 128 possible combinatlilons available.

Mislocation or partial seating of the module prevents
operation of the connector cam. Similarly, the system

cover cannot be seated unless all cams are in the closed
position.
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COOLING AIR FLOW

Cooling air is circulated through the modules using
a parallel air distribution method, wherein each module
receives inlet air having the same temperature. Ailr
enters at the front panel of the Higher Level Package
(Figure 3), passes through the modules via the lower air
distribution plenum, and exits via the upper air plenum.
Molded gaskets prevernt cooling air leakage at the module/
plenum interfaces.

The Higher Level Package design, in combination with
the Building Block Module, can be optimized to meet various
cooling air pressure drop and rlow rate requirements.
Maximum permissible component cperating temperatures, to
a large extent, determine the cooling air flow rate and
temperature. Pressure drop characteristics are determined
by the module heat exchanger area, fin design, cooling air
velocity, and the ratio of the Higher Level Package duct
area to the wodule heat exchanger cross section. A series
of design curves has been generated to show the inter-
relation of these parameters. Curves of this type are used
to optimize the duct size of the Higher Level Package and
to establish the type and optimum size of the heat ex-
changer to be used for the Building Block Module in a
particular application.

Figure 10 illusirates the component temperature rise
above the inlet air temperature as a function of cooling
air flow for a 20 watt module having BeO and Al203 heat
exchangers with .065 inch and .130 inch high fins. Figure
11 indicates anticipated pressure drcps for Higher Level
Packages for various distribution plenum sizes and module
fin heights.

INTERCONNECT

Connections from the connector block assembly to the
front connector panel can be made via a multilayer mother-
loerrd and flexprint as illustrated in Figure 3. A mother-
board is located in the back of each connector block.
Communication between the motherboards can be made at the
front panel or by a circuit board located between a series
of modules. If desired, the motherboard interface card
can have an orientation and contact arrangement analogous
to a Building Block Module and if desired can be permanently
installed. The motherboards can incorporate a micro-strip
design.
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TV RESOLUTION SOLID-STATE ARRAY CAMERA . ) boo

by . o= .-.‘ViL

D. L. Farnsworth,® C. T. Huggins, and E. L. Irwin'

‘Westinghouse Defense and Flectronic Systems Center . -
Advanced Technology Laboratories T
P.0. Box 1521 - M.S. 3525 '
Baltimore, Maryland 21203

*Inatrumentation and Copmminications Division
Astrionics Laboratory
George C, Marshall Space Flight Center
Huntsville, Alabama 35801

Abstract

Using a 200,000 element silicon phototransistor
matrix, a recently developed solid~state array camera
rrovides TV compatible <ddec and resoluticn., This
paper describes the design and implementation of the
system's hybrid bare chip circuitry, and its overall

operational characteristics.

Introduction

Over the past decade, working under NASA, Huntsville contract
NAS 8-5112, Westinghouse has pursued an evolutionary development pro-
gram directed toward production of an all solid-state image converter
having resnluticn capabilities equivalent to those provided by com-
merclal television., This effort has led most recently to the success-
ful fabrication of high dengity row-column organized sensor matrices
containing nearly a quarter million individual phototransistors, and

to the deployment of one of these arrays in the engineering model
camera system shown in Figure 1,

As configured this novel solid-state array camera is completely
self-contained needing only a source of 110 volt ac power, is totally
molecular in design using state-of-the-art silicon technology devices
throughout, and is output interface compatible with conventional TV
studio type display monitors., Functionally and physically it is

Preceding page blank
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divided into two distinct sections: the image converter mainframe, which
15 10" x 10" x 2" and contains the 4LOO x 500 element photosensor array

and its LSHI (large scale hybrid integration) bare chip psckaged scan-
ning and control electronics: and the detachable supply/processor sub-
unit, which 1s 10" x 3" x 2" and contains the multiple-voltage power
converters and EIA format video processor.

SENSOR ARRAY

The photodetector employed in this system is a monolithlic array
of 200,000 phototransistor elements organiged in an x-y access matrix
of 40O rows and 500 columns. It is fabricated using starndard planar
epitaxial and diffueion processing techniques on a speciaily prepared
high quality 2-4 inch diameter single crystal silicon wafer. A photo-
graph of a finished array is presented in Figure 2., Surface dimensions
of the mosaic congist of 2.0-by-2.5 mil center-to-center spacings of
emitters and collectors, respectively, for a total functional detector
area of one square inch, The effective area coverage agpect ratio of
the sensor matrix is 1:1 and lesds to a 100% modulated bar chart limit-
ing resolution of 200 line pairs per picture height in the wvertical
direction and 250 line pairs per picture height in the horizontal di-
rection.

Individual eleuentz in the array are pulse biased for operation in
the charge~storage (integration) mode by cross-coincident activation in
row/column access line pairs. The output signal charge available from
respoctive phototransistors follows the integration mode relationship

/7L
Qignal a+9) [, + @ (/11 (- )
total output. initial photon recombin-~ exponential
output transistor stored generated ation loss accumulation
charge galn charge factor factor factor

where r, is the integration period and v, is the Junction leakage time
constan% Conversion of input irradianc% on any element basis is in-
trinsically linear over greater than three decades, but the usable dy-~
namic range of the aggregate array is typically limited to about two
decades by interelement non-~uniformities.

CAMERA SYSTEM

To divorce the primary functions of image sensing and scan con-
version from the sub-functions of power conversion and signal format-

74
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ting, the TICTURE 45% camera system ie divided inteo two distirct onite.
The supply/processor sub-unit module, which interfaces with vhe imssn
converter through a 15 pin connector, serves ag sn cleciricsl butfer Lo
the outsivde world for both raw input powsr and final cutpatl signzl video,
The cauwis wainfrau, whichh is designed tc have a basically plansr archi-
tecture, houvses the readout electronics in the Jig-zow puezls intsrre-
lsted layout of compartmentslived LSH1 substrutes show: iu Figuve 3,
Uptical coupling to the centrally located photosensor monolith is pru-—
vided ty & 50mr £/1.2 lens. RKear surfaces of the mechanical frame sve
made flat and projection free to fac.liiate mounting on a domicile wall
or vehicle bulkhead 1ike a picture irame.

Flectrical cutputs from the camera mainframe are in the form of raw,
scan-coverted serial image videc and separate blank and sync pulses.
The signala may be used irdepeadcnily if desired, or they can be passed
along to the remotely progiamable sub-unit wh.ere the procersur combines
them into & 1 voll peak ampllitude YI\ format composite TV video signal
which is then cutput in both posivive and negative polarity push~pull
form. Scan synchronization for the systes is provided by an Apolle moon
camera ty;re dlgltai syc generator while master clocking ie selectable
from either an internal. 9.45 MHg crystal controlled source, which produces
the U. S. standard 525 >ine 40 interlacred fields-per-second TV scanning
format, or an exteruzlly variable source, which permits toiloring the
system frame rate to meet particuiar application requirensnis.

Distinctive, eighth order time-shared signal acquisition followed
by high speed parallel-to-saria’. analog multiplexin: is employed in the
L5 camera to allow sufficient per-element sagpling dwell -ime while
successive data bits are processed trom tl.e detector mosair. Extensive
use ie made of low powsr TTL devices in the timing circuliry to assure
adequate sequencing speed capabilities with a moderation of power re-
quirements, Sectional compartmentalligation of the system electronics
is established on the basis of functional indspendance ard circuit mod-
ularity. Counter/decoder sequencing logic designs are employed in pre-
ference to shift register schemes due to their greater reliability and
the availability of IC logic chip functions.

Implementation of the sub-sectional electronics follows hybrid
bare chip fabrication principals. Individual substrates are formed
from electronic grade alumina having an 8 micro inch surface finish and
bimetal chrome-gold conductors. Interconnections between adjacent sub-
strates, between the sensor mosalc and iis peripheral interface circuitry,
and between IC logic chips and their substrate conductor runs are made by
thermo~compression ball-and-stitch bonded flying wire gold leads. Oppos-
ing side circuit design redundancy and layout mirroring are employed to
eliminate crossover lines and simplify substrate processing, construction,
and testing. Two circuitry sections are retained in discrete p.c. board

#PICTURE 45 is the abbreviated name applied to the engineering model
400 x 500 element solid-~state array camera. It 1is derived as a con-
traction of Fhoton Image Converter w/Television Universal REsolution
using a 400-by-500 element sensor mosaic.
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packaged form due to tye type ¢f components they contain,

The ncen-enhanced conversion transfer rarge typically realized by
the camers for irradiance in the range of 400 to 1000 nanometers (10%
spectral response poirts) is seven shades of grey, with the minimum
usable jrradiance lavel ‘" approximately O.2:W/cm” at 30 Hz frame rates ;
being limited primarily :.; scan conveysion uniformitiea. Signal in- g
formation bandwidth, with internally contrelled scanning, is 4.5 Miz — '
identical to that for commercial television and resulting in the same :
qualitetive resolution in line-pairs. ;

SUMMARY

With the level of reegolution attainable by integrated half-~
tone images now belng on & par with broadcast television, totally
goldd-state imaging is seen to have come-of-age., While input power
and compcsite welght of the present engineering model aystem are mod-
erztely high -~ on the order of 12 Watts and 5 pounds —— both factors
are readily reducible to levels of about 1 Watt and 1 pound, or less,
3 in next generation molecular cameras by capitaligzing on recent M0S tech-
nology improvements. (ver the next decade refined versions of solid-
state array cameras are therefore expected to supplant conventional
high vacuum systems in many critical military, industrial, and aero-
space applications. Following consoclate technelogy advances in the
human sclences, they should also cee greatly expanded usage in the bio~
medical field; particularly in the area of ambulatory aids for the blind.

L

Eiiy s ]




IR S

"

|

TR YRR TR ATy T

TP Y TR

c

I'npineering Model TV Fesclution Solid-Gtate Array Camera




it AR T P L S g X

‘onolifh.

e

tetransister

con rho

00 x 500 Siement 5il

R

2.




Lt i}

£

ra Packagin

e

HI) Cam

3

egration (I

t

d In

3
bl

o

i..-.ulijﬂb'.'bhﬂ

» o8¢ vase

e et i |

€ ® O w s wE W
et ottt |

Lzrge Scale Hybr

3.




AN APPLICATION OF MICROELECTRONICS }
TO THE REMOTE LENS OF THE SKYLAB ;'
COLOR TELEVISION CAMERA |

|

3

W. R. Harden, E, H. Johnson, L. D. White

Westinghouse Electric Corporation
Defense and Electronic Systems Center :
Baltimore, Maryland 21203 ]

ABRSTRACGT

A remotely controlled adjustable lens assembly for che Skylab
color television camera was developed using multichip hybrid packaging
techniques. Three thick film packages were used to contain over 150
discrete chip components which performed all of the circuit functions.
The entire lens assembly is mounted on the Skylab field sequentisl
color television camera.

INTRODUGTION

The remote lens of the Skylab color television camera is attsched
tc the camera when the camera is being px:pared for placement on an
extendible observation boom., The sdjustable lens functions of the
camera, when extended over 20 feet from the exterior surface of the
Skylab station, will allow the astronauts to remotely observe outside
portions of tue space station. Coded control signals are seat up
the boom dy a four conductor cgble and all leus funcrions consisting
of adjustable focus, zoom, and iris are decoded by the circuitry in
the three multichip hybrid packages located in the lens assembly.
Reversible stepper motors, driven at the vertical syne rate in order
to eliminate plcture ‘nrzrference, are used to drive the leng functions.
Al! of the circuitry has been placed into muitichip hybrid packages
since there is nv space for discrete compenent wiring. The following
sections <f the paper will discuss the system declpgn of the remote
lens along with the wicroclectronic design of the circuitry.
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SYSTEM DESIGN

The Skylab remote control lens system consists of foux paris as
shown in Figure 1, the encoder, the receiver, the decoder, and the
lens function motor drivers, The encoder which is located within the
Skylab space station converts a mecharical switch input (e.g. iris-
close) to a binary coded signal suitable for a high (28V) two level,
four wire transmission system. The receiver located on the remote lens
then converts the signal to T2L signal levels since standard‘TzL ICs
are used in the dJdecoder. Decoding circuitry using the camera's vertical
sync as a clock, stores four bits of switch information, updating the
storage registers at the vertical sync rate of 60 Hz, The four bits
are then decoded and the commanded switch function executed in the
lens unit., <{e.g. the iris closes)

The system requires 7 commands for motors (iris open, iris close,

focus in, focus out, zoom in, zoom out, neutral) and four commands for
Automatic Light Control (ALC). One of the design rules was that only
one motor command may be given at any one time, and ALC information
can not be disturbed by the application of a motor command., There are
28 different commands that may be given by the switches with only four
signal lines and 16 possible states for the command lines. Hence
a capability tc remember commands is required, The system cperates
in two modes (1) motor command, (2) ALC command. When a motor command
is given the last ALC information received is retained in memory.
This prevents the ALC from being changed whenever a lens motor is
being aperzted. When AL fafcrmailion is being transmitted the ALC
momory is continuously updated (at che vertical sync rate) snd the
metors are inhibited from operation.

The coding fcollows directly from the description, One signal
line is used for mode definition; it indicates either an ALC command
or a motor command. Two lines are used as addvess lines indicating
which motor has been commanded or which ALC position has been
cormand«d, The remaining line is used only as a direction indicator
for the motors,

The transmission of the data is done at s high logic level in
order to lmprove the system ncise margin. Line drivers in the encoder
are transistor switches presenting either a low impedance thru the
return line (0 ) ¢or a Z0KSL collector luad {1 ) to the 28V supply
line. Direct coupled line receivers in the remote lens, filter the
input sigral and compare the filtered signal to & reference that is
equivalent to approximately one half of the 28V supply voltage. If
the signal is gregter than the reference, & "one" is received; i1f it
is less & "gero" is received. The outputs of the line veceiver
comparators are at T2L levels and are compatible with the decode
circuitry. The line receiver for the vertical sync pulse is a
transformer-coupled comparator with hysteresis in order to maintain
isolated ground for the T.V, cystem, Vertical sync pulses are used
in the remote lens assembly to clock all lnformation into registers
and also to provide a 60 Hz clock to generate the %4 phases for the
motor drive,




Switch position information bits are clocked into the decoder
with the vertical drive pulse. If an ALC command is received the
two address lines are clocked int.o holding registers and the motors
are inhibited. If & motor commend is present the ALC information
remsins unchanged and the address lines are decoded to determine which
motor has been commended., The direction bit controls an up-down
counter whose outputs are decoded to give the phage drive pulses for
the motors.

The lens motors are stepper motors requiring 2 alternating
current square waves 200 out of phase, eclther leading or lagging de-
pending on rotation direction. By using four drivers which can
scurce or sink current the proper drive currents can be applied from
a single positive supply.

MICROELECTRONIC DESIGN

Packaging requirements of the skylab color camera remote lens
system placed severe limitations upon the quaatity of electronic
circuitry. Since the remote lens would be attached to the front
of the camera, all electronics would have to be within the lens
housing, All of the components in the breadboard design were dis-
crete and because of the quantity of parts it was obvious that a
dlscrete assembly would not be feasible, & microelectronic hybrid
packaging technique. incorporating a specially designed monclithic

catamic package was used to relieve the packaging problem,

After finalization of the breadbvard design, there followed a
functional breakdown of the circuits into probable packages. Further
reiinement of this was for minimizaction of both inter and intra package
connections, elimination of circuit interactions and duplicities,
equalization of chip densities, and restriction of power dissipation
to within package limits. Each multichip package substrate was then
laid out according to existing techniques for manufacturability and
reliability. Three multickip hybrid packages wer the resultant
of this effort.

The circuit layouts incorporated an initial ground plane con-
struction for the elimination of ground loops and incorporation of
luw resistance ground paths, The ground plane was cut away from
critical leoads to prohibit capanitive coupling. One or more layers
of conductors were then deposited intersperced with dielectric
insulators. Bonding of chips, which included thick and thin £ilm
resistors, capacitors, diodes, transistors, and various integrated
circuits, comuenced and wirebonding of components terminated the
nanufacturing process.
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After passing numerous functional circuit tests, the substrates
where soldered into a special! dJesigned package featuring a monolithic
sandwich congtruction with a hermetically sealed 113, and subjected
to more testing, thermal cycling, and power aging. Figure 2 depicts
the layout of the receiver package which is compcsed of IM111 com-
parators, thick film chip bigs resistors and chip bypass capacitors
on a three layered thick film substrate. In this package the irls,
focus, and zoom switch control functions from the encoder are con-
verted into digital information.

These signals then reach the decoder packasge shown in Figure 3
where cthe information is converted into clocked pulses coded for the
different motor functions and for the ALC information, This '
package consists of alwmost all digital integrated circuits on a
five layer thick film substrate.

The motor drive package i1s the third package. As seen in Figure
4, It is composed of thin film resistors, chip ceramic capacitors,
and chip transistors on a three layer thick film substrate. The
currents and voltages necescary for driving the three motors are
generated in this package.-

Function isolation in each pacxage is evident in that the low
level commands are transfermed into digital information before
interfaczing with another packaze. This information, once it leaves
the receiver 1s stored immediately wpon entering the decoder. Then
the digical command and inhihit pulscs gre formed before leaving
the package. lastly, the meter control circuitry with its noisy
switching and driviag circuitry is kept isolated from the decoded
signals.

Power dissipation is minimal ia both the encoder and decoder
packages, but the motor drive dissipaves nearly a watt having close
to one hundred chips for its implementation.

A ' AATA RPN 5 7Y 7 Y
SYSTEM IEDTLEMENTATION

The rewote lens assembly is illustrated in breadboard fo.m in
Figure &, 41l of the receiver decoder and motor driver circuitry as
illustraced fits into the lens assembly when packaged in micro-
electronic form, Figure 6 shows the final assembly of the nulti-
chip hykrid packages fer the vemote lens assembly. The two large
packages are 1" X 2" aud coutain all of che decoding circuitry
and motor drive circuitry. Also shown is a smaller 1" X t"
parkage which contains the line receiver comparators. These pack-
ages arc mouanted on multilayer printed circuit boards and are con-
tained within the lens assembly housiug. Extensive temperature

‘evaluation has been performed on the MEPS and full circuit cperation




has been verified over -55°C to +125°C, Figure 7 is the complete
Skylab Remote TV Canera Assembly. . ;. . : -

Y .
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SELF-SCANNED PHOTODICDE SENSOR
FOR
POSTAL BAR CODE READING

S. C., Requa, D, Sazaner, R. Van Tyne

Recognition Equipment Incorporated
P. O, Box 22307
Dalias, Texas 75222
AC (214) 259-577

ABSTRACT (UNCLASSIFIED)

Experimental results are presented {or the application of LSl seli-
sconned photodiade arrays in low-cosi eleciro-optical sensing for
bar /half-bar recognition of bar code patterns for postal mail sorting.




1.0 INTRODUCTION

An extraction code imprinted on the {ront surface of a letter-size
mail piece provides a means for lower cost machine sorting of mail
than optical character recongnition and context analysis of the address.
For mail sorting applications, an inexpensive means of sensing and
recognition of pre-printed bar codes is essential, Examples of cases
where bar code patterns may be pre-printed are; return address
envelopes of major mailers, and line printer generated address blocks
that contain bar sorting codes, (Sce Figures 1 and 2.) Scanned photo-
diode sensors offer a means for low-cost eluctro-optical sensing since
a single 1.SI chip may contain 64 to 25¢ photodiodes and on-chip
scanning circuitry for serial sampling of the columnar photodiode
sensing elements, (Sce Figure 3,)

2,0 FUNCTION

Mail imprinted with a bar pattern is iransportasd past the Code
Reader at 100 to 250 inches per second. Tne Code Reader is lo
electro-optically sense and recognize tall and short bars with an
accuracy sufficient to yield an error rate less than 1 in 105, in
general two bar code field regions contain bars of 0,110 1,010 and
0.050 I,010 inch height and of 32 bars-per-inch pitch, For the
cited mrail transport velocity and bar picch, the recognition rate is
6,000 bars per second,

3.0 SPECIFICATIONS

Size: Read Optics Unit {(ROU) 9 inches by 10 inches by 12 inches
Signal Processor Unit (SPU) 21 inches by 19 inches by 17 in,
Transport Speed: 100-250 inches per second

Bar Code Characteristics:

Bits per inch 32 12

Tall bar height 0,110 % 6,010 inch
Short bar height 0,056 % 0,010 inch
Bar width .0i0 to . 019 inch
Void area 25 percent maximumn of bar

envelope

Minimum reflectivity 50 percent

of ink with respect

to background
Bit skew T 6 degrees maximum
Bit pattern skew A 2 degrees maximum
Viewing area of optics Field = .5 inch

on mail piece
Depth of Field at Mail .25 inch

piece
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Maoxunwn Fead Error Rate: 1 per 100,000

MTBF: (Objecctive) 2, 000 hours minimum

MTTR: (Objeccrive) 30 minutes maximum
4.0 TECHNICAL APPROACH

Bar code reading systems completed under United States Postal

Scrvice contract {RER 70-72) usc digital recognition logic and differ pri-

marily in optical sensors. A discretc assembly of silicon pholo-
transistors was cniployed in the first of the unit delivered to the USPS,
/Sece Figure 4.) The second unit, comnpleted in early 1972, uses a self-
scanned photodiode array in the read head (Figure 5). The LSI chip
compriscs a row of N photodiode elements, @ corresponding N stage
shift register, with each stage connected to the gate of a MOS switch
that couples the adjacent photodiode to a common recharge line, In
response to a TTL clock input, a bit is loaded into the first shift
register stage, and clocked threugh the repister successively opening
and closing the MOS switches, thereby connecting each photodiode in
turn to the recharge line, As each photodiode is accessed, it is
brought to the recharge line potential and then left open-circuited until
sampled again. During the rcan pericd the diode depletion layer
capacitance is discharged by the instantancous phetocurrent integrated
over the line scan time. When sampled again the integrated charge is
replaced through the rechnrge line, Amiplificaiion of ihe signail
(Figure 2) is via an integrating operational amplifier to yield a signal
representative of en—relope or bar reflectance. Awmplifier output is
sampled with an analog/digital converter of 4-bits to provide sixteen
gray level resolution of envelope reflectance, An automatic gain
control circuit (Figure 5) is employed to set the A/D converter white
refercnce at a level corrcsponding to the envelope "white' in order to
compensate for envelopes of varying color or reflectance, An area
correlation unit is employed to provide dynamic thresholding of the
gray-level-data to a binary quantized black/white decision, In the
threshold unit local reflectance data is employed to set threshold level
based on local samples immediately around a particular cell, For
recognition, a 5 by 16 matrix (Figure 5), is employed on which digital
feature combination logic opcerates to perform recognition of bar/half-
bar classes,

5,0 EXPERIMENTAL RESULTS - SCANNED ARRAY BAR READER

Figure 6a illustrates a line printer generated bar coded address
block, which it may be ncted, is of substantially lower qualily than a
pre-printed code (Figure 1). This code field, sampled at 0. 012 inch
vertical intervals, 0.00& in.h horizontal iidervals, and thresholded;
yields the video data shown by the lower trace of Figure 0b, lso
shown (Figure 6b, upper trace), are the output signals from bar code
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recogrilion unit, that thow accurate recogaition dospite the poor
quality of the bar code sample, Of primary concern, in determination
of the uscfulness of scanned arrav photediode sensors, is obtaining an
accurale rendition of envelope/data-field reflectance at high scan rates,
Qur results te date indicate that « dyuvanmie rauge of at least 10,1 may
be obtaindd at sampling rates of 2 Mepathierizn, by usc of reset mode
integrating operationat amplitier circuit to casicel o4t cleck trausients
present in the array output. Two factors linit the highest samipling
ralc: 1) array recharge RC tisne interval of 180-200 nanoseconds,
and 2) amplificr resct and settling interval of B0-120 nanusceonds, In
this application, the sampling of 40 <ells in the time interval (32
microscconds) corresponding to envelope displaczment of 0, 008 inch
at a 250 inch/second mail tranusport velority yields a per coll interval
ol 8)C nanoscconds, that is well within the sate limit factors, Primaury
rationale for employmeut of scanned array technology in licu of
discrete phototransistor arrays is cost savings by reduction from
forty to one amplitier channels. This advantage is somewiat offsct
by the necessity {or 3 more sophisticated aud costly ampiifier for the
scanned array; however, additional and significant advantayes accrue
as follows: elimination if {iber-oplic assemblies, rcduced illamination
level requirement, and compact overall optical path.

6,0 PDSTAL ATPLICAVIONS

Faperimenial 1esulis desoribed m paragraph 5,0 are for a O+-
rhotodiode scanned array of which enly 4G eiements were employed for
a 0.5 inch field of view with (. 1024 inch vertical sampling inierval.
Bar code reader described herein, with a Jamted 0.5 inch ficld of view
is termed "Fixed Position Bar Code Reader', where the location of
code field is known, For an extended coverage envelope width read
band of several inches, more elements are required, for example,

256 cells with 0. 010 inch vertical sampling interval for a 2, 56 inch
overall field of view. An extended capability unit "Variable Position
Bar Code Reader'" with a 2, 56 inch envelope width field of view is cur-
rently under development by Recogr.i!icn Faquipment Incorperated for
the United States Postal Service, "I'bis unit is to be capable of dis-
tinguishing between code fields and alpl..numeric address information
interference. For this application, a 256 photodiode array with a

10 Megahertz sampling rate is required. A custom LSI sensor chip
with four videco channels, each operating at 2,5 Megahertz, is to be
employed to attain the net sampling riate of 10 Megahertz, It may

also be noted, that consistent with dvvive and amplifier scanning rate
linilations, sufficient reoolution “may bz shianad with 512 element
arrays for optical character recognition of address blocks on un-coded
mail,
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EFFECTS OF HIGH ENERGY PULSES ON HYBRID CIRCUIY MATERIALS

J. F. Burgess, C. A. Neugebauexr, R. A. Sigsbee

Abstract
The thermal and mechanical behavior of Au, Zu, Al and
Ni-Cr films and Al-30% Ge solder on BeO and Al.0, substrates

when exposed to a short high intensity energy Suise is
examined. A range of energies is considered.

Preceding page blank
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EFFECTS OF HIGH ENERCY PUILSES ON HYBRID CIRCUIT MATERIALS
J F. Burgess, C. A. Neugebauer, R. A. Sigsbee

In high energy pulse envirorments, hybrid circuits co. tain-~
ing Au conductors are unsatisfactory because of absorption-
induced failures. In this case, the Au ccnductors fail due to
heatiag caused by the high absorption. To avoid this problem,

h: brid systems which utilize Al conductors and Al-Ge chip-bonding
rolders have been proposed. This stuly analyses the high energy
pulse behavior of materials likely to be considered for hybrid
circuit conductors, resistors and substrates,

in this study, the primary conductor materials considered
are Au, Al, Cu and NiCr in conmbination with 5120 . BeO and
Si02 substrates. The temperalture rises due to a%sorbed energy
were calculated using the appropriate absorptions, heat capac-
ities, and thermail conductivities. Results were interpreted in
terms of the attendant failure mechanism, such as melting, vapor-
ization, thermal expansion induced stresses, and irreversible
structural changes. The maximum transient temperature achioved
by the films or bonded c¢hips on a ceramic substrate included
heat losses to the substrate. Principal attention was devoted
to the region where the differances in absorption are large.
Tne maximum transient temperatures are plotted in Fig. 1 for
various film materials of several thicknesses on BeO, Al,04 oOr
510, substrates as a function of the incident fluence level in
cal/cm?2, assuming an initial temperature of 25°C. The induced
thermal stresses in the film which can lead to failure directly
or through thc excitation of acoustic vibrational modes in the
hybrid structure were then calculated for films thin relative
to the substrate and are plotted in Fig. 2.

The principal conclusions for various energy ranges in
order of decreasing energy are:

Range A

Here the absorption coefficients of all materials are the
same within a factor of 2 or 3. Failure may then occur when
the temperature rises to the unelting point of the lowest melting
material prescent, such as the chip attachment solder.

Range B
Here the difference in absorption between various materials
is very great and low absorption are superiox. The principal

conclusions in this c¢nergy region are:

i. A, Be, §i, Al,O BeO and $i0, all expericnce similar

’
temperature increases. 2Aiso the tGMpergture rise in AL films
will not depend on the film thickness.




T LT

2, The transient temperature rise for Cu films on:A1203
or Be( substrates is less than 1/50 that of Au films.

3. The transient temperature rise for a Cu film depends
strongly on its thickness and the thermal conductivity of the
substrate, in addition to the pulse duration. The thinnest Cu
film on the highest conductivity substrate is optimum. Never-
theless, even 1000A of Cu on BeQ experiences twice the tempera-
ture rise of Al films.

PRIV S

Ser nfmeabae

4. IXIf a solder containing appreciable quantities of medium ;
absorption elements is used, a fluence level of 160 cal/cme may _ b
not be exceeded for practical solder thicknesses or melting will ‘
occur. ;

5. If an Al conductor system, or a thin (<5000A) Cu system
is to be used to its full advantage, only Al or lower abscorption
materials may be used in the die attachment. However, there are
no thickness limitations on these materials. Similarly, NiCr
resistors on the chip must be replaced with lower absorptlon
materials, or have a better heat sink than 8102

6. Stress induced failures may be caused by shear stresses
generated during heating making the interfacial bond strength
critical. Film thicknesses and temperature increases should
always be minimized to reduce interfacial shear stresses, even
if yielding occurs.

Range C

Here the energy absorption of Al and Si is ~1/30 that of
Au, compared to Cu and Ni~Cr which absorb ~1/5 that of Au. The
transient temperature rises, relative to Al, for medium absorp-~
tion materials are greatex than for Range A but may be acceptable
for medium energy density environments.

Range D

The absorption by &1l and Si is ~1/10 that of Au and Cu is
v1/4 that of Au. The absorption by Be and BeO is significantly
lower than for Al ox Al,O Be0 substrates are therefore better
heat sinks in this enerdy range. This may be particularly

important when the pulse is repetitive.
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NEUTRON RADIATION HARDENET GaAs JUNCTION FIELD-EFFECT TRANSISTORS
OPERATING IN THE HOT ELECTRON RANGE®
R. Zuleeg

McDonnell Douglas Astronautics Company
5301 Bolsa Ave., Huntington Beach, Califcrnia 92647

ABSTRACT

Fast neutron induced degradation characteristics of shoit
channel GaAs Junction field-effect transistors operating in
the hot electron range are presented, The neutron degradation
improvement factor is theoretically predicted and is experi-
mentally verified to correlate with the predictions, Degrade-
tion of GeAs J-FET transconductances up to a neutron fluence
of 1,2 x 166 n/em2 (E>10 keV) are reported.

1) INTRODUCTION

Short channeli GaAs junction rield-effect transistors operate in the
hot electron range. An extenied unipolar transistor theory by Lehovec

(1)

and Zuleeg descrives the voltage-current characteristics in explicit
mathematical relations and includes the effects of scattering limited
velocity saturation, An application of these theaoretical results,
together with known carrier removal rates and degradation of N-type GaAs
material, predicts improved neutron degradation charactieristics of GaAs
J-FET's. The theoretical analysis and preliminary data for the effecus
of fust neutron irradiation on the electrical parameters of N-channel,
GaAs J-FET's operati?g)under hot electron conditions was published by

McNichols and Zuleeg . This paper presents extensive measurements of

degradation characteristics of GuAs J-FET's which were expoted to a Tast

% This work was sponsored in part by the Air Force Camdbridge Research
Laboratory and the McDonnell Douglas Astronsutics Company Independent
Research and Development Program,
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neutron fluence up to 1.2 x 1016 n/cma (E>10 keV).
2) FXPERIMENT

The GaAs J-FET's, Fig. 1, used in this study were fabricated on
K-type layers 1-2 um thick with carrier concentrations in the range of
10*% ca™3 to 1087 en™3
insulating sudbstrates. The gate, with a leugth of 5 pm, is zinc diffused

epitaxially grown on chromium doped, semi-

across a mesa formed by etching through the epitaxial layer., Source,
drain and gate contacis are alloyed AuGe, The maxirum frequency of
oscillations for the devices is about 6 GHz,

The data for the normalized transconductance degradation of the
J=-FET's as a function of channel doring for a neutron fluence of
2 x 10°°

under thc study program, Each lot was composed of a minimum of ten

n/em2 are presented in Fig, 2 for all transistor lots tested

devices, It is evident that the avarage value, and the standard devia-
tion range, of normalized transconductance degradation of device lots
doped with £ x 107 16 16 T o3

s 2x 107, 5x 107 &and 1 x 107 cm = are predicted
by the theory for z >> 1, where by definition(l)

inY

v
m

[

|

b4 =

(1)

e

and vhere i is the low fileld drift mobility, Vo is the device pinch-off
voltage, Vo is the carrier drift saturation velocity and L is the gate
(2)

length of the device., From theory one obtaians for Vo >> Vb, vhere
vb is the junction built-in voltage, the relations

Rm/gmo = (uN/uoNo) for z = 0 ()
&/ Bne = (uN/uol‘lo)l/3 for z >> 1 (3)

When z >> 1 the devices operate in the hot electron range. For devices
operating in the Shockley mode, i,e, 2z = 0, the degradation would be
more severe and comply with theoretical predictions given as the dashed
line, The & ;reement of the results with the theorv for z >> 1
establishes the improvement factor which is inherent to GaAs field-
effect transistors operating in the hot electron range., According to
Eq. 3 the low field mobility degradation and the carrier concentration
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reduction enter in the hot electron range case with e pover of 1/3,

whereas in the Shockley case the degradation of B is proportional to the

product of uN (Eq. 2).

The smull dagredetion of & end almest annoticestle change of drain
saturation current, I of two GaAs J-FET's with a channel doping of
1 x 107 em™3 15 n/em” (E510 kev),

is demonstrated in Fig, 3, Drain saturation current in the hot electron

DS’
s expcsed to a neutron fluence of 1 x 10

renge is determined by a velocity limited current component, Io' through

the relation(l)

Ipg = I, {1 - um) (i)

where I0 = qumaw and umz is a normalized drain voltage and related to 7.

Since w and v, ere agsumed constant, the degradation of I . is only

relsted to the change in N, which is less than S% for thisoiluence. For
the Shockley case IDS is proportional to uN? and larger changes would de
expected due to degradation of u. Fig. b presents the predicted desrada-
tion of normalized transconductance vs. neutron fluence for three
different channel doping concentrations of GeAs J-FET's operating in the
hot electron renge according to Eq. 3. Fxperimental noints are shown
which present the average value of 18 GaAs J-FET's fabricated on

material with a channel doping of approximately 1 x 1017 cm-J and exposed

to successively higher fluence levels., The uncircled data point at
¢ =8x 1015 n/cm2 vas obtained by annealing the devices at 250° C for
10 minutes, As received, the devices experie iced an abrupt degradation
to values of 0.5 to 0.6 in contrast to the theoretical predictions,
Since the annealing is of the stage I cheracteristic, as observed by

(3)

Aukerman et al, the speculation is that this component of the deanage

may be due to the apprecisble gamms. flux present during neutron irradin-
tion at the higher fluences. Isochronal annealing studies on devices

16

exposed to & fluence of 1.2 x 10 n/cm2 are in proeress to clarify the

degradation mechanism.
3) CONCIUSION

Uperation of GaAs J-FET's in the hot clectron range vields a neutron

degradation improvement factor, which was experimentally verified,




Devices with a channel donor concentration of 1 x 1007 en™? or greater

sre capable of cperating at a fluence level of 1 x 1016 n/cm2 ina
variety of circuit applications with tolerable degradation and with
negligivle degradation of electrical parameters at a fluence of

1 x J.o]5 n/cmg.
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Abstract
POWER TRANSISTORS RESPONSE TO
HIGH PROMI'' GAMMA DOSE RATE LEVELS
A. A. Witteles, M. L. Eisenberg, and S. Henig
The Singer Company, Kearfott Division

Little Falls, New Jerscy, 07424
(201) 256-4000

Experimental data is presented on the transient response
of power transistors to prompt dose rate levels of between 1c8 -
1012 rads(si)/sec., For the higher dose rate levels where catastro-
rhic failurc was encountered. design circumvention techniques are

presented.



POWER TRANSISTORS RESPONSE TO
HIGH PROMPT GAMMA DOSE RATE LEVELS

A.A. Witteles, M.L. Eisenberg, and S. Henig

The Singer Company, Kearfott Divisin
Little Falls, New Jerscy, 07424
(201) 256-4000

In most electronic systems exposed to a nuclear radiation burst,
the most susceptible part of the system to both transients and permanent
damage is the power supply section. This problem becomes even more
acute at high dose rate levels where primary photocurrents of as much
as hundreds of amperes have been measured. In order to effectively solve
the problem of power supply survivability, a thorough understanding of
the response of power transistor to prompt gamma dose rates levels is
required. It is the purpose of this paper to present the results of
an effort designed to yield sufficient experimental data on power transistors
in a nuclear environment. These results attempt to both advance the
understanding of the behavior of power compcnents at high levels ani
present the power supply design engineer with helpful transient components

r P
Jaita.

EXPERIMENTAL . ROCEDURE

Three standard transistor types and one hardened (Solitron) transistor
t%ge were Sxposed to a prompt gamnma dvse rate environment ranging fiom
1

to 10'¢rads (Si)/sec. Five units of each typa were irradiated. These
were:
(1) BR100B Solitron Devices Hardened Transistors (5 Amp)
(2) W1714-1405 - Westinghouse Power Transistor (5 Amp)
(3) 2N5805 - RCA Power Transistor (10 Amp)
(4) 2N2219 - Motorola Transistor (0.8 Amp)

The Solitron devices were chosen due to their wide availability in
a variety of case styles, and have a number of similar types availatle,

thus making them applicable in a number of hardened power supply applications.

The other devices were chosen due to their general usefulness in systems
which do not have a severe neutron environment.

The units were irradiated in three different facilities:

(1) Gulf Radiation Technology LINAC (108 - 1010 rads (Si)/sec).
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(2) Physics International's 1140 Pulserad (108 - 1011 rads/sec).

(3) Air Force Weapons Lzv's PI-1590 Pulserad (1011 - 1012 rads/sec).
Transient primary photocurrents were measured by utilizing the test
¢ircuits shown in Figure la and b.

Test circuit Ta was utilized at Tower level LINAC testing where
electrical noise problems were not severe. At high dose rate levels
(Flash X-Rays) a novel technique was used to record Ipp through a charge
storage phenomena.

The data obtained is presented in graphical form. The plot which
appears in Figure 5 shows Ipp vs gamma cdet level for each transistor.

A representative set of raw data is now presented. Figure 2 shows
the primary photocurrent of the 2N5805 power transistor as obtained from
the circuit of Figure 1a. The primary photocurrent for- this device is
900 ma and could cause significant damage in a circuit if not compensated
properly. Figure 3 shows a primary photocurrent of 200 ma for the Wi714-
1405 power transistor, Figure 4 illustrates the response of the BRI100B
using the circuit of Figure 1b. A current of approximately 120 amps was
obtained. This current caused catastrophic failure in the device through
burnout.

DISCUSSION OF RESULTS

The results obtained in this effort clearly indicate that most power
transistors including hardened devices cannot withstand a transient gamma
burst exceeding about 5x1010 rads/sec without a serious possibility for
catastropnic failure. The graon iiiustrates a quaiitative relationship
that can be used as a good rule of thumb to determine primary photocurrents.
The higher the fT of the transistor the lower the photocurrent at any
given radia.ion level. This is due to the fact that the fy is dependent
on the collector-base capacitance, which is directly related to the
collector base area. This area, in turn, weighs heavily in the photocurrant
generation. Since conventior-~1 junction comp$nsation techniques would be
completely ineffective at Teveis exceeding 10'Y rads/sec, the power supply
designer is forced to seek design circumvention techniques. The method
of junction phofgcurrent com~ensaticn becomes ineffective at ‘righ dose
rates (above 10'Y vads/sec) wue to two factors: (1) A mismatch between
the pr1mary Jancf1on photocurrent and the compensat1nq junction photocurrent
develops thus rendering compensation totaliy ineffective, (2} At severe
dose rates and Targe junction aveas burnout becomes very probable. Hence,
other techniques must be sought wt "~h when combined with prudent design
solves the prociem at these higher ievels.

Collector circuitry should include a resistor, so that the collector-base
photocurrent is limited. The value of this resistor should be the maximum
resistance that does not atfect normal circuit operation. In power supply
circuits such as pulse width moduiators, the high amount of inductance
already in the circuit might be encugh to prevent any damage. The maximum
cur-ent change can be calculated from a knowledge of the circuit and the
width of the radiation pulse (maximum change in the inductor, not the
transistor junction). If the current is too large, it can be reduced ty
increasing the inductance of the inductors. If necessary additional
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inductors can be placed in the collector circuitry.

Care shouid also be taken when using capacitors, since they can
supply large aiiounts of current over short periods of time. The circuit
should be checked for large equivalent capacitances appearing across the
collector base. An examnle of this appears in Figure 6. Again, a base
resistor can be inserted.

CONCLUSION
Using the above iechniques and data, the power supply engineer has

some useful tools to use when designing power supplies to the higher
Tevels of prompt gamma radiation.
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TRANSIENT IONIZATION TESTING OF PULSED MICROWAVE
TRANSCEIVER MODULES DESIGNED FOR PHASED-ARRAY
RADAR APPLICATIONS*

J. A, Lipman and R. S. Klein
Texas Instrumenis Incorporated, Dallas, Texas

ABSTRACT

The importance of radiation-hard microwave T/R modules in phased radar systems necessitates
well-planned and well-executed radiation testing of such circuits,

This paper describes the test equipment and techniques required for transient ionization data
acquisition and the representative data that may be obtained from a typical module.

INTRGDUCTION

The importance of the phased-urray transceiver module is ~mbodied i the comnination of low-nuisé
signal reception and high-power transmission capability in un independent operating entity. Array
versatitlity and long-terrn useful life are the designer’s aim. Each is achievable by realizing a high MTBF
module and graceful degradation of the array associated with a large number of array elements. Reliable
integrated circuits (logic and microwave) provide a compact corabination to achieve the systen aims and
associated nuclear hardness.

Irradiation of solid-state circuits by an ionizing source results in the gencration of transient anomalous
currents. Most prominent are photocurrents caused by carrier generation within the depletion volume of a
reverse-biased PN junction. Transistcr action may produce a pulse of current many times the primary
photocurrent generated in the collector base junction.

Additionally, high-ionization dose rates result in electron displacement currents in maicrialy aud
between adjacent conductors, possibly causing device faillure due to burnoat.

MODULE DESCRIPTION

The L-band iransceiver, shown in block-diagram form in Figure 1, is realized in three sections:
receiver, transmitter, and common circuitry. The receiver is composed of a three-stage, class A amplifier
characterized by 34 dB of gain, a 3.5-dB noise figure, and a limiter providing incident power protection for
‘evels up to 40 watts. The transmitter, a series connection of class A and class C power stages, is designed to
achieve 40 to 60 watts output power at long-term duty cycles excecding 30 pescent.

*This work supported by the U.S. Army ECOM under Contract DAABQ7-71-C-0202,
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Common to both transmit and receive functions are the four-bit linedength phase shifter, logic,
channel T/R switch, and circulator, These citcuits are centrally located to optimize both modes of
aperation.

Thin-tdm substrates, beam-lcad components, chip 175, and discrete microwave transistors are
integrated to fabricate cach module. Two exceptions are the Kapton d¢ interconnect and the antenna port
circulator, Finally, the clecuical functions are enclosed in a hermetically sealed nickel-plated aluminum
housing.

10NIZATION TEST DESCRIPTION

A block diagram of the test bax used for transient ionization tests is shown in Figure 2. A 90-volt
battery is used to bias two PIN diodes which arc a< coupled across a 50 £ load into an oscilloscope. The
outputs of the diodes, placed at critical points on the module, arc used to monitor ionization dose rate and
the shape of the jonizing pulse. Transient monitormg of all bias supplies is accomplished through the use of
current transformers and capacitor noisc suppression, as described in the TREE handbook.

Figure 3 shows the method used to profile the radiation dose rate received by the module.
Strategically placed TLD discs are ¢mployed to determine dose-rate uniformity and the intensity of the
radiation pulse as scen by various module circuits, e.g., receiver, power final, and logic. Experimental results
showed that the dose rate at dosimeter Al was = 7.2 times that at either Bl or B2; hence, the lavter were
used for radiation monitoring during the actual tests so that the dose rate received by the module is not
altered by the presence of a dosimeter between it and the X-ray beam. Peak dosc rate is taken as this 7.2
multiplication factor times the average dose rate received by TUDs Bl and B2,

The logic switching circuit serves as a parallel-to-serial converter, simulating the module logic
requiremients of two 4-bii paraitei-phase words, a 4-bit clock, and transfer pulse.

All biases, transmit-receive switching, and phase-shifting logic connections are made with a shiclded,
multiconducior cable between the test box and the module. In addition, the test box is shielded against
EMP and RF1 to minimize noise pickup on the bias lines und PIN monitor cables. Connections from the
box to bias supplics and oscilloscopes are made with appiopriately loaded 5082 cables to prevent
mismatch-induced transients.

Figure 4 shows the technique used for r-f pulsing the inodule during testing in the transmit mode. The
r-f source is voltage tunable and set for operation at midband frequency. Bias for the r-f source is supplicd
by a remotely triggered pulse generator with the trigger signal derived from the control panel of the
fonization source. Bias pulse width and auplituds are chosen to produce the required module output power
and pulse lengili. Delay may be introduced between the trigger and output of the pulse generator so that
the jonization pulse can occur at an arbitrary point during the transmit pulse. Use of the circulator and
3-dB pad reduces mismatch at the inpui of the module.

lonization pulses for these tests were obtained from the 2-MeV Flash X-ray (Febetron 705) at Kirtiand
Air Force Base. Because of the short penetration depth of electrons in aluminum and other module
materials, a shect of tantalum was used as a Bremsstrahlung converter and tests were run under X-ray
irradiation. The generated tonization pulses have an effective pulse width of 25 to 30 ns (half-power points)
and the detay between the control panel tiigger pulse and onset of the X-ray beam is continuously variable
up to 100 ms.
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TYPICAL RESULTS

Figures 5 through 8 show typical trausicnts obscrved on the bias lines when a module is subjected to
an ionization dosc rate of greater than 1011 rads (Si)/s. The r-f pulse produced duriug transmit has a width
of 500 us. The S-volt linc {Channcl A) biases the module’s logic circuitry, the ~15 volt kine (Channcl B)
powers the receiver and power preamplifiers, and the 28-vult line (Channel C) is used as the power amplifier
fina] bias supply.

Figures 5 and ¢ show the response of the module to an ionizing pudse while in the transmit mode. A
delay of 12 us was introduced between the beginning of the scope traces (as triggered by the Flash X-ray
control pancl) and the onsct of the radistion pulse. The same delay is used for radiation pulsing while the
module is in 2 receive mode; its responsc under these conditions is indicated in the photogiaphs of Figures 7
and 8. Satration effects of the cusrent transformer monitoring Channel C result in the waveform exhibited
by the bottom trace of Figure 5.

Figure 9 shows the outputs of the PIN diodes during a typical ionization pulsc. Effective pulse width
is taken as 25 ns and previous calibration of the diodes show ar output of 26.5 X 10~ 10V/rads(Si)/s
(across 50 £1) at the ionization dosc rates to which the modules were subjected.

Table 1 indicates the circuitry of the module biased by Channels A through C and the quiescent
current level of each channel. The lusi two columns show the amplitudes and recovery times of the
transients shown in Figures 5 through 8.

A sufficient and intelligent choice of network parameters must be evaluated 1o detect any permanent
effects due to irradiatior. N, gain, phase shift and linearity, and logic switching effcctively summarize
receiver operation. Fower output, efficiency, pulse droop, and phasc scttling are recorded as basic
transmitter parameters. Table 2 typifies parametric cffects on the T/R modules due to ionizing radiation.

CONCLUSIONS

Corcurrent jonization testing and electrical evaluation of the modules revealed several critic il points.
The unavailability of proper r-f equipment for module evaluation at the radiatjon site makes necessary the
use of indirect factors for determining survivability to an ionizing pulse. Both quiescent bias current levels
and the presence of a power pulse on the transmitter bias line ¢an be recorded to indicate parameter
degradation or catastraphic faiiure of the transmitter section.

Proper test desipn and shiclding are required to reduci: EMP and noise generation because they may
be sufficiently high to cause component failure due to overvoliage stress Noise voitages as high as 60 volts
have been vbserved on module bias lines during impr operly designed ionization tests. An example of this is
shown in Figure 10, a photograph of open-circuit noise levels on the —15 volt and 5-volt lines taken during
an X-ray pulse with the employment of inadequaie shielding around the module and bias lines.

The stability of any r-f equipment used to test the module before and after ionization pulsing is a
critical parameter. Long-term stability is a necessity to prevent misread parameter changes as being
attributable to ionization-induced degradation.

Indications of susceptibility to transient ionization pulses are expressed in r-f parameter degradation
or catastrophic failure. Results based on failure analysis indicate that tugh-level, jonization-induced currents
temporatily overstress circuitty (c.p., power stages operated near maximum limits) that is normally under
electrical stress, but may not generate immed:iately detectable failures. Proper enrrent limitation snd circuit
design will help alleviate this condition,
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FRONT VIEW

MANIFOLD

S!DE VIEW
ANTENNA
[1
]Az
]
B1, B2 Al ¢——-
Al A4

HEAT SINK FLANGE

TRANSMITTER

RECEIVER

CIRCULATOR

HEAT SINK FLANGE

Figure 3. Dose Rate Profiling
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Figure 5. lonization Pubse, Module in Transmit Mode
Top: Rias Pulse for R-F Source, 10 V/Div,
Botrom: Channe! C, 2 A/Div. 10 g5/Div. Horizontal

—7

Figure 0. lonization Pulse, Module in Trausinit Mode
Top: Channel A, 0.1 A/Div,
Hottom: Clianael B, 40 1nA/Div. 10 us/Div. Horizontl
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Figure 7. Jonieation Pulse, Module in Receive Mode
Top: Bias Pulse for R-F Source, 10 V/Div.
Bottom: Ciannei C, 0 1 A/idiv. 5 us/Div. Horizontal

Figuie 8. lonizmion Pulse, Module in Receive Mode
Top: Channel A, 40 mA/ v,
Rotton: Channel B, 20 mA/Div. 5 us/Div. Horizontal
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Figure 9. Mouitoring of lonization Pulsc by FIN Diodes
10 V/Div. Vertical, 100 ns/Div, Horizonia!

Figure 10, lonization-Induced Transients on Open-Circuit Bias Lines
Top: Channel A, 20 V/Div.
Bottom: Channel B, 20 V/Div, 0.2 ps/Div. Horizontal
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MINIMUM DELAY/HHARDWARE ECL OR/NOR 4-VARIABLE
FUNCTION SYNTHESIS CATALOG*

James R. Gaskill, Jr. and Lawrecnce R, Weill
Radar Division, Aerospace Group
ITughes Aircraft Company
Culver Caty, California 90230

ABSTRACT

A minimum delay, minimum hardware ECL OR/NOR Gate
Synthesis Catalog has been generated for implementation of every four
variable logic function together with its complement. The computer ’ §
program used to gencrate the catalog is discussed. Use of the catalop
in the synthesis of an arbitrary logic function is illustrated,

1.0 INTRODUCTION

As a prelude to ongoing intepgrated lagic circuit devclopnient wourh,
a fairly comprehensive study was undertaken to determine the capabili- 1
ties of existing ECL for high performance digital communication and
signal processing applications. As a part of our preliminary work, a
special computer program was writter and used to find the minimum ‘
delay, then minimum hardware, 4 input ECL OR/NOR gate networks 1
for generation of each 4 variable loglc function together with its com-
nlement, The computer program and the derived catalog are discussed
in this paper. Statistics on delay and hardware costs are presented; .
use of the catalog in finding the minimal synthesis of an arbitrary |
4 -variable logic function is illustrated. - '

Lo

Attention is restricted in the catalog to interconncctions of
4 -input OR /NOR (Currenl Switch Emiiter Follower) gates which have
an (Emitter) output OR-wired logic-capability; wired logic fan-in of at
most 4 is assumed though this does not meaningfully restrict derived
syntheses. Results derived will not be immediately applicable to
emerging medium performance ECL MSI/LSI in which both collector
and cmitter wired-logic can be used. Currently very high performance
(e.g., ZOOps T d) ECL is being produced only as single gate SSI clnps
however, and I'(,Sultb derived can be used directly for these circunits

“The work reported was sponsored by the Air Force Avionics Laboratory
in the context of work on the Maximum Speed Multiplier Organization
Program (Contract No, FY1175-71-00865-TE). Thkese efiorts have
been guided by Lutz J, Micneel, Air Force Project Engincer under the
direction of Robert D, Larson, Chief AFAL/TEA Branch,
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Although there are 219 distinct four input logic {functions, thesc
arc subdivided among only 222 different (hardware) equivalence classcs.
Functions within each equivalence class differ only in the way that input
and ouiput connecctions arc made to/fron: a fixed interconnected gatce
network, All functions within a given class are implemented with one
circuit by interchanging (permuting) input connections and/or connecting
complemented input variables (instead of uncomplemented variables)
and/or using the complemented (instead of uncomplemented) circuit
output. For ECL synthesis, comiplement input variables are produced
simultancously by the driving ECL gaies; similarly, each 4-variable
logic circuit produces the complemented and unclomplemented functions,
In view of th~ above, this study was restricted 1o finding the minimal
synthesis for the one required circuit for cach of the 222 cquivalence
classes. Consideration was further restricted tu networks in which
both the function and its complement were generated simultancously, *

2.0 COMPUTER PROGRAM REQUIREMENTS

Four-input ECL Current Switch Emitter Follower OR/NOR gates
with an output wired-logic OR capability (with wired-OR fan-in of 4 or
fewer) were used as the gate building blocks. Since available ECL can
support fan-out loads of usually greater than 10, no limit was placed
on the number of inputs to each four-variable circuit. Driving circuits
were assumed 10 supply either the input variable xj or its complement
%; or botli. The prograin was designed to find the minimum circuit
that produces (at the same time) both the function and its complement.

The mianimization criteria uced arc listed beluw in order of

decreasing importance; i, e., each criterion was satisfied subject to
the constraint that all previous criteria were satisfied first:

1, Minimaun number of levels of gating
2,  Minimum number of total gates

3. Minimum number of first level gates (gates all of whose con-
nected inputls are counected directly to the input variablces)

4.  Minimum number of leads to which input variables are
connected (Corresponding to minimum number of literals
in Duolean expression for f)

5a. Minimum number of wired logic nodes.

5b. Maximum number of wired logic nodes.

Criteria 2 and 3 are egquivalent, as is shown shortly.
’ y

A somewhat similar study was most recently reported by Muroga,2
ct al., but was restiricted to the much smader sct of (22) equivalence
classes of three variable functions. In this work, delay was NO'I
considered, and attention was focused on gate count and numbers of
input conncctions only.
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3.0 PROGRAM DESCRIPTION

The program used hinges on several simplifying logic circuit
properties which follow when ECL with wircd-logic is used, (Exhaus-
tive search techniques such as those used by Hellerman3 were not
required.) These pruperties may be stated concisely as two theorems
and a definition;* the second theorem outlines the steps performed by
the program.

Theorem 1

Any minimal "NOR'" synthesis of a 4-variable logic function
requires at most two levels of gating. If two levels of gating are
needed for a particular function, then only one second level (output)
gate is uscd. Each first level pate has at least two input variables.
Furthermore, the "OR" (uncomplemented) output of each first level
pate is never used as an input to the sccond level gate,

From these results, it follows that a minimal synthesis can be
derived straightforwardly from the minimal sum of products Roolean
expression for a representative logic function for each eguivalence
class. The minimal Boolean expression is defined as follows.

Definition (Minimal Boolean Expression). A sum of products
(e.g., xoi'lx& n xOxIY?TC} + x3) 1s minimum 1if it satisfies the following

criteria in order of decreasing importance (i.e., if each criterion is
satisfied subject to the constraint that all above are satisfied {irst),

1.  The number of operation types (e.g., AND, OR, etc.) in the
expression is minimum (there can be at most two).

2. The number of terms is minimum.
3. The number of literals is mininwm.

The algorithm used by the computer synthesis (in terms of this
definition) is given 1n the second theorem,

Theorem 2

The following procedure will yicld a minimal synthesis for a lopic
function f:

First obtain minimal expressions for f and for { and select
the smaller. (If both are equal, sclect cither one, ) Let g
cqual the function corresponding to the selected muinimal
expression (i.e., g with be either f or I

Proofs will be offered in the conference presentation. While straight-
forward, they involve treatment of sevceral special cases,
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Casc 0. If the selected expression has no literals, g is
degeaerate. In this case both g and g, hence { and 1, arc simulta-
ncously synthesizable with no gates. (This case applies to only onc
equivalence class. )

Casc 1. Ii the selected cxprcssmn has exactly one literal, then
g, and hence f, is of the fOI‘nlA (i = 0,12, 3; 6 = %I; § = 41 for
xjand &6 = -1 for xi).

In this casce f and f are simultancously synthesizable with no
pates, (This casc alsc applies to onc equivalence class.)

Casc 2. If the selected cxpression has one term and that term is
the pr oduct of more than one literal, then the minimal simulianecous
synthesis of f and f uses one "NOR' gate. The inputs to the gate arc
the complements of the factors in the single term of the sclected
expression, and g, g appear at the "NOR" and "OR" outputs of the gate,
respectively. llence f appears at one of these outputs and T at the
other, depending upon whether f = g orf = g. (This casc applies to
three classes,)

Case 3. (All other cquivalence classes), If the selected
expression has more than one term, the minimal simultaneous synthe-
sis of f and T will have two levels. Each term with more than one
literal will correspond to a first level gate, and the inpuats to that gate
are the complements of ihe factors in the term. Thus the number of
first level gates is equal to the number of terms in the selected
expression that have more than one literal. The inputs to the second
level pate will be the "NOR" ocutputs of the firsi level pates (using
wired "OR"ing ot these outputs, as necessary) and the variables that
appear as terms of the selected expression havmg a single literal.

If f = g, then f and f appear at the "OR" and "NOR" outputs of the
second level gates, respectively; otherwise the outputs are reversed.

4.0 ECL SYNTHESIS CATALOG

The computer program embodying the above algorithm was used
to generatc a 222 page catalog. Typical pages are showa in Figures 1,
2, and 3. Each is headed by its class number and class identifier
(discusscd in Section 5), Also included are a Karnaugh Map of the
function synthesized, a hardwarc data sunumary, and the gate cirvcuit
conrfiguration, ®

Some of the more useful statistics governing minimal ECL syn-
thesis of 4-variable logic functions are shown in Figure 4. It was
found that simultancous synthesis of each output and its complement
for 4-variable functions require an average delay of about 1,97 stages
and that an average network requires about 4. 35 gates. Statistics
related to the loading of the ECL circuits driving the four variable net-
works are presented in Figures 5 through 7.

ES
The complete catalog will be available in the near future as a Hughes
special report,
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Figure 5 shows the distributions for the maximum and minimum
input loading by displaying the largest and sraallest numbers of gates
in a network synthesizing a 4-variable function which arec driven by any
one network input signal. Figure 6 shows a distribution for the number
of input variables (from the eight possible)® used in the 4-variable
function syntheses and Figure 7 presents the cquivalence class distri-
bution versus the neumber of inputs to all gates in the 4-variable nct-
works that are driven from the network inputs. One useful interpreta-
tion of these data is as follows. The miean from Figure 6 indicates
that on the average, 6.97 ot the ecight possible inputs are usecd to
synthesize 4-variable functions and their complements. Then dividing
the number of used internal gate inputs by this average permits inter-
pretation of Figure 7 (lower abscissa scale) as a distribution of the
equivalence classes versus the number of internal gates driven by each
exterior input, In this case, the mcan value in Figure 7 indicates that
for the "average network" each of its 6.97 inputs is used to drive
11.6/6.97 = 1.66 gates insidc the network. On the other hand as
indicated in Figure 5, there are eight function <lasses in which at
least one input signal must drive four gate inputs (from the "meaximum
curve'), and there are 108 function classes in which one of the inpuat
signals isn't used at all (see "minimum curve'').

Figure 8 shows the statistics related to the utilization of wired
logic within the four variable function networks. The "maximum
curve' displays the number of equivalence classes versus the larpgest
possible wired lo2’~ fan-in, and the "minimum curve' presents the
minimum number of gale outputs wired together. For example, there
are 52 of the 222 classes in which two gate cutputs must be wired
together to pormit the two stage realization of both the functions and -
their complements.

5.0 SYNTHESIS OF AN ARBITRARY 4-VARIABLE
LOGIC FUNCTION USING THE CATALOG

The catalog, which now exists, is uscd primarily to {find the
minimum delay/hardware ECIL. OR/NQR synthesis of any given
4-variable function. Before the catalog can be used, the equivalence
class™ of the given function first must be identified through classifi-
cation, During the search for the function's equivalence class, onc
also penerates all necessary permuiations and cemplemicutatious of the
input variables and/or the output. When these permutations and/or
complementations arc applied to the inputs and/or the outputs of the

—

L3
These are x,, %X, , X, X, %, X,, X,, X
x 0* F1r X0 X3 Xgr X ¥y

3
Function classification is discussed by Harrison? who catalogs func-

tion syntheses for relay circuit mechanization and for DTL gate

mechanizations. Unfortunately, his classification system, in ouy

opinion, is unduly complicated and nwch less easy to describe than

one given earlier by Golomb”. The classification procedure outlined

in this paper is based on Golomb's work. The classification mwn.

bers given in the catalog, however, conform with Harrison's zys=ten,

The conversion after completion of classification is accorgiizhed ;
easily, as will be shown shortly. 3




canonical gate network {shewn on the catalog page listing the equivalence
class), then that network realizes the minimwum delay/hardware synthe-
sis of that function and its complement,

Given an arbitrary 4-variable logic function, a procedure for

g

finding its minimal synthceis via catalog look-up is as follows.

I. Compute the Walsh Travsform of the (truth-table-like)
function corresponding to the given function,

2.  Manipulate the Walsh Transform (an array of 16 ccoefficients)
to maximize its lexicographic order. The three kinds of
rearrangements uscd correspond exactly to permuting input
voriables, complementing input variables, and complement-
ing the output function,

3.  Convert this scquence wf coefficients to an equivalent
Harrison sequence that will be a class identifier for one of
the tabulated (cataloged) functions,

4.  Construct the minimal function by connecting the :atalog
listed network but with variables permuted, and/or com-
plemented, and/or with the output complemented precisely
as was necessary to convert the Walsh Transform Array
(in Step 2)

These sieps are accomplished at Hughes by a simiple computer
program, For purposes of illustration, they are carried out in detail
{for the function depicted on the Karnaugh Map in Figure 9a.

Step 1

The function shown is converted to an equivalent truth-table like
function shown in Figure 10 as follows, The interval from U to 1 is
subdivided forming 16 sub-intervals. The {irst corresponds to the
input state 0000, the sccond to 0001, etc., with the interval nurnber in
general following a standard binary sequence on the variables xxoxx.
The value of the converted function, g on each sub-interval is given
Ly 1-2g {tee., ifg = 0, § = landifg = 1, § = -1}

The Walsh Transform of the given function then is casily computed

in terms of the converted function §.  This transform is a coefficient
array (exactly analogous 1o Fourier Serics) listed as

BorB30 8 B B B30 8310 B30 b2 Fogr B0 B3 Baagr B30 B2100 Ba2i0

Fach voefficient is the weiphting term that could be multiplied by the
corresponding Walsh function shown in Figure 11 to represent the




original function. Each cocfficient L
12
Yourier coefficicents) by an inner product:

, -+, is computed (again like

1
B: »: sees: = l()f glx) W. ,. .., (x)dx .
2 1y 0 1 12 'k

For e¢xample for the function of interest here,

1
£35] ° 1(,Of £(x) Wi, (x)dx = -6,

. . R . A . . . .
wherc W is shown in Figure 11 and g(x) is as given in Figure 10,
Actualiy the coefficient calculation involves a simple set of pairwise

#1 multiplications and a summation. The 16 Walsh coefficients for the
given function g(x) are

-2,6,-2,-6,-2,-2,-6,-2,2,6,2,-6,-2,-6,2,2.

Step 2

Maximize the Lexicographic Order of the Walsh Transform array
as follows. Invert the signs of all array coefficients. This inversion
corresponds to complementation of the original function. The comple-

mented function is depictea on the Karnaugh Map of Figure 9b and its
Walsh cocfficients are

2.- "61 2: ‘(J) 21 ?‘I (’r 2: ‘2': "61 -2, 6) 2: 6: ‘Z: -2.

Changs the sign of every Walsh coefficient whose subscript
contains a "3" (e.g., g32] changes sign but gz does not). This change
corresponds to complementing the input variable ;. A Karnaugh Map
displaying the function after both the change of step Za and this step,
2b, is shown in Figure 9c. The corresponding Walsh coefficient array
is now given by

2,6,2,6,2,-2,-0,-2,-2,-6,-2,-6,2,-6,-2,2.

The final step in maximizing the Lexicographic order of the
Walsh coefficient array involves interchanging variables. Here only
an interchange of the variables x| and xp serves this purpose. When
interchanged, the corresponding cocfficients are interchanged in the
Walsh array as follows. Each coefficient including a "1 is exchanged
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with its counterpart which includes a "2" in its subscript (c.g., g3)
and g3y arc interchanged; note that g35; is not changed). 7The new
Walsh array is now given by

2,6,6,2,2,-6,-2,-2,-2, -2, -6, <6, -6, -2, -2, 2.

and the corresponding function '"t'' is shown in Figure 9d.

Each of the above operations has increased the liexicographic
size of the Walsh Array; no further operations of the above type will
permit further increase. Hence, the function f, having the last set of
Walsh coefficients is the cataloged canonical function for the equiva-
lence class to which g belongs.

Step 3

Although a Walsh coefficient array would most adequately repre-
sent cach class, our catalog uses Harrison's identifier sequences to
permit easy correlation with his previously published results. Conver-
sion of a Walsh sequence to its equivalent llarrison sequence is accom-
plished by the simple formula:

4
H, ,. ,e0,. = (1/2)2% =W, ,. ,.... ).
Yy 2 'k i by i ‘k)

For example, Hy = (1/2)(16-W3) = 5, Using this formula for all
coefficients results in

7,5,5,7,7,11,9,9,9,9,11,11,11,9,9,7

as the Harrison class identifier of g (and also of f).
Step 4 (C -talog look-up and syuthesis)

The above class identifier is located at the top of page 152 of the
catalog (reproduced here as Figure 3). The minimal delay/hardware
network shown for the (canonical) function f is also minimal for the
function g; the input/output connections only are different, correspond-
ing to the changes made in Step 2. 7To use the circuit, one performs
the three operations used to convert the Walsh array but in reverse
order. Specifically, first permute input variables x; and x;, then
complement input variable x3, and then use the complement output.
This sequence of operations 1s indicated schematically across the
bottom of Figure 9 (right to left).
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ADVANCES IN HIGH SPEED A-TO-D CONVERSION 2
D. Benima . !

RCA Advanced Technology Laboratories, Camden, N, J.

ABSTRACT

Some limitations of the conventional approach to high speed analog-to-
digital conversion are reviewed and two receni innovations in converter design
arc presented: the VAROM (''voltage addressable read-only memory") concept
and the “sampling on-the~fly' concept, These novel design approaches lead to
systems which arc faster and more amenable to microelectronic implemeniation,

Analog to digital converters measure the instantaneous amplitude of an
analog input signal and present the measurement result in digital form, Mea-
surement, in this context, consists of determining in which one of 21 subranges
the signal amplitude {its, where n is the number of bits of the digital result,

With increasing signal frequency the time which the signal anplitude spends
in any one subrange becomes shorter, In an n~bit converter a full range signal
of maximum frequency, f, can traverse a subrange in the "minimum subrange
transit time" ¢ = 1/(2R 7). T is a measure for the precision with which the time
of measurement must be known, This time is established by the sampling pro-
cedure in which the contiruous change of the input signal is periodically inter-
rupted, The timing tolerance of this interruption is called "aperture" and it
must be smaller than 7, the minimum subrange transit time, Figure 1 shows the
relationship between n, f and 7, For processing a 100-MHz signal with a
6-bil resolution (appr, + 1%) T is50 ps andthe aperture must thus be gmaller than
50 ps,
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SAMPLING

In conventioral high speed converiers a narrow aperture is obtained with a
fast opening switch or "sampling gate”, in a track and hold configuration,
{Figure 2), Such sampling arrangements are in principle capable of achicving
very narrow apertures, partly because of the speed of the sampling gates usecd
and partly because of the switch paradox, explained in Figure 3, In practice,
however, track and hold sampling systems are found to be subject to many fre-
quency and repetition rate dependent errors, which become prohibitive above
100 MS/s (100 megasamples per second),

In the novel approsach of sampling on-the-fly some of the errors inherent in
track and hold sampling are avoided, Sampling takes place in the digital domain
after the analog slgnal has already been broken up into subrange signals, The
analog signal remains continuous and is never interrupted, Consequently, no
sampling transient is introduced in it as is the case in track and hold, The
mechanization of sampling on-the-fly will be discussed in conjunction with the
description of the VAROM convertier approach,

CONVERTER ORGANIZ ATION

In conventional high speed converter systems the conversicn invarjably is
carried out in 2 number of steps, Each step consists of comparison, reconversion
of the digital result to analog, and subtraction of this latest analog value from the
previous ope, This i3 4 cumbersoile prucedure, but it is attractive for two
reasons: much less comparator hardware is required than for a one-step
conversion and the second step of the conversion can be performed while the
firsi step of the next conversion takes place, thus permitting a certain measure
of speed~up by paralleling operations, With the advent of microelectronics the
hardware savings afforded by conversion in steps has become less important
and the time for a new generation of cne~step high spced converters has arrived,

VARCM

While in conventional systems the digital output is generated as the conver-
sion pregresses, in the VAROM system all 2D possible digital output words are
already present and stored in a read-only memory, The voltage to be digitized
is used to select the address in the memory thal contains the correct output
word, The basic VAROM structure is shown in Figure 4, A linear array of 21
comparaiors, each with a different thresncld which corresponds to one of the
28 gubranges, is followed by only one layer of logic, which feeds directly into
the read-only memory. At any ope time only one of the logic outputs is high,
selecting the proper word in the memory, The comparators consist of a
differential input amplifier followed by a strobed latch, The latch strobe acts
as a sampling gate and its precise timing constitutes the major engineering
task facing the VAROM designer, The simplicity an’ the potential for high
speed of the VAROM system is obvious, Sysiems based on this principle
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are expected to allow sampling rates of 40¢ MS/s with resolutions unatizinable
with less straightforward approaches,

The simplicity and repetitiveness of the VAROM structure invites a micro-
electronic implementation, To make such sn implementation successful, a
method had to be found for modularizing the read~only memory, Such a memory,
if realized in a routine manner, would require 2P accees wires from widely
separaied points in the converter, The capacitance of these interconnections
would be inconsistent with the high speeds of operation sought, An elegant solu-
tion to this problem is shown in Figure 5, The read-only memory is modularized
in blocks of eight words, One type of module suffices, From ite eight words all
2D different words can be easily derived by a simple discretionary wiring method,
For columns which are to contain zero's the module sense wires are left discon~
nected from the common sense buses, In a 30 MS/s, 7-bit converter, which was
an early test vehicle built at the Advanced Technology Laboratories, the read-
ouly memory module consists of fast, vltra~low capacitance silicon-on-sapphirc
diodes ¢n a 55x55 mil substraie, This substrate is mouated in 1 inch square
hybrid packages together with the IC's for eight comparator and associated logic
gates,
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HOLD HOLD

Figure 2, Conventional track & hold sampling. At high sampling rates errors tend
to become prohibitive.
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Figure 3. Trte switch paradox., Any switch which chauges its resistance from Jew
(clozed) to high (open) in a finite time can be interpreted as an ideal switch which
opens instantaneously. Shown urc two ramp input voltages, A and B, charging a
50 pl® bolding capacitor through a swicch with a time-dependert resistance
r=20exp(t/2, 10" 0) for t>0 and =20 Ohm for t<0, Thc computed output voltages
can be interpreted as the result of an ideal switch with zero resistance, opening
iustautareously at t=-782 ps, well before the actual switch starts to open at t=0,
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ntl, The word selected frem the read-only memory contains the output code corre-
sponding to this amplitude.
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1111111 1001111
1111110 1001110
1111101 10301101
1111100 1001100
1111011becomes 10061011
1111010 1001010
1111001 1001001
1111000 10019000

Figure 5. The read-only memory can be modularized by using the same basic array,
shown above at left, for every block of 8 comparators. To obtain the coding shown
above at right, the moduie sense lines which correspond to the "zero" columns are
leit disconnected from the common s¢nse line buses,




ADAFTIVE MOS/LSI MODEMS
EARL D, GIBSON

North American Rockwell, Inc.
Research & Technology Division
3370 Miraloma Avenue
Ansheim, California 92803
Telephone: (714) 632-4090

ABSTRACT

Six MOS/LSI chips almost entirely contain an adaptive half-duplex
4800/2400 bps modem plus 3 110 bps modem. The two modems operate con-
currently in opposite directions over a single dial-up channel. A non-
MOS version has performed well over actual dial-up channels, and
testing of the MOS version has started.

A higher-performance, full-duplex modem cavablec of operating over
various types of channels at several bit rates up to nearly six t’wes
the channel bandwidth has been breadl carded and tested. Tentative plans
are to implement this modem almost entirely on 7 or 8 MOS/LSI chips.
The features include: (1) automatic, adaptive equalization, carrier
recovery, timing and AGC that jointly and rapidly converge under extremely
wide ranges of conditions and near-optimally combat the combined effects
of both distortion and noise; (2) error correction that requires no digic
redundancy and combats various disturbances; (3) jitter correctionm.
Measured data showing the outstanding performance of this modem 1is presented
herein.




Introduction

The following two high-speed data modems for voice-band channelas
(plus variations on these modems) have been developed at Nerth
American Rockwell, Inc,:

Modem 1, 8 4800/2400 bps, 5 MOS/LSI Chip Modem for Dial-up Channels.

The present model is half-duplex and the 5 MOS/LSI chips contain
essentially all of the modem hardwvare except interface circuits aud

power supply., This modem i1s completely automatic and thoroughly adaptive.
One additional MOS chip contgins a 110 bps modem. The 4800 bps and

110 bps modams operate simultanesusly in opposite directions on the

sape 2-wire dial-up circuit. This MGS modem has been undergoing success-
ful field testing since December, 1971, In addition, a non-M0O5 version
of this modenm has been extensively tested, including quice successful
tests over various dial-up channels over widely separated geographical
regions. Full-duplex demonstration models of this 4800G/2400 bps modem
are presently being constructed. The MOS/LSI implementation offers a
several-fold reduction in initial cost plus major reductions in main-
tenance, logistics, size, weight and power consumption.

Modem 2, A Higher-Performance Modem. Although Modem 1 provides
relatively high performance, Modem 2 provides far higher performance
by incorporating newer techniques.* Modem 2 has been breadboarded and
thoroughly tested. Now, we are efficlently digitizing the hardware in
preparation for implementing this modem in MOS/LSI. Thorough computer
emulation in machine language is contributing heavily toward efficiency
of digitizarion., We tentatively plan to ifimplement this modem almost
entirely on 7 or 8 MOS/LSI chips.

The present experimental mode] operates at 9600 or 4R00 bps over
leased telephone channels., C(smpuier simulation indicates that data rates
up to 19,200 bps on high quality voice-band channels and up to 9600 bps
on dial-up channels can be provided while keeping the error rate
sufficiently low for some applications. At bit rates up to 96G0O bps on
leased channels and up to 4800 bps on dial-up channels, the bit error
rate can be kept quite low, as the measured curves presented below indicate.

A major advantage of the digital implementation is that, without
substantially increasing the cost of the hardware, we can provide high
flexibility including several data rates, ver atile signal shaping to
optimally shape the signal spectrum for different channel types, and pro-
vision for the insertion of various optional features, Most of this modem
will alsc be used in 19.2 kilobit-per-second dats transmission over VHF/UHF
links.

This modem is not merely automatically equalized. 1t is completely
automatic and thoroughly adapts to varlous combinations of channel charac-
teristics and disturbances, including the intersymbol interference caused
by severe amplitude distortion and delay distortion, Gaussian noise,

*Some of these ''mewer”techniques have been under development and refine-

ment for about five years,
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carrier phase offset, and jitter of the carrier phase and timing. No
data stream interruptions are required for learning purposes and com-
pletely hands—off operation is provided.

The remainder of this paper will emphasize Modem 2, because this
modem will offer both outstanding performance and the major ccat advan~
tages of MOS5/LSI. In any glven type of circuitry, Modem 1 and Modem 2
require about the same quantity of hardware.

Implementation, Summary

The modem employs a special combination of partial response signal
shaping and simple coding to simultaneously achieve geveral important
advantages. The coding makes it fessible to use signals that overlap
heavily in time (controlled intersymbol interference), thereby achieving
high data rates for a given bandwidth with relatively few signal levels.
The relatively small number of signal levels for a given data ratc makes
the gystem far more iumune than conventional sigualing schemes to Gaussian
noise, impulse noise, phase jitter, and various other transmission dis-
turbances than conventional signaling schemes, The coding requires no
digit redundancy and no speclal synchronization. The detailed signal
shaping in both transmitter and receiver has been carefully designed to
jointly optimize the overall modem performance while minimizing the overall
cogt of implementation.

To a close epproximation, the effactive amplitude-frequency charac-
terigtic of the overall transmitter {when all effects are translated to
baseband) 1s A(w) =¥8In To ¥ c(w) for |w| ¢ n_and A(w) = O for fw] >n .,

T T
where T is the time per symbol and c(w) 1s the amplicude-frequency charac-
teristic of a nominal channel. Excluding the equalizer, it has been found
that pertinent optimization conatraints require both the receiver and
trangnitter signal shaping characteristics to be the same. Thus, ideally,
the overall system amplitude-frequency characteristic is sin Tw for
|w] * = . wich sampling at the baud rate, the sequence of normalized

T
amplitudes of samples of the ideal impulse response of the overall system [
s ... 0,0,0,0,1,0,-1,0,0,0,0.... L

Efficient utilization of bandwidth is obtained by achieving essen-
tislly pure single-~sideband modulation. The separation of sidebands is
facilitated by the method of signal shaping, which reqnirxes nc d-c com-
ponent in the baseband.

Figure 1 presents the trvansmitter. Tne pregsent implementation is
partly analog, but all of the circuitry to the left of the dashed line,
except the timing oscillator, is presently being implemented digitally.

A relatively versatile fast-processor “ype of implementation is being used
for experimental refinements in real time. We plan to subsequently
implement the entire transmitter, with the exception of tiwing circuicry
and the circultry to the right of the dashed line, on a single MOS chip.
Another MOS chip will contain the timing circuitry for both the tiansmitter
ana the receiver.
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The data enters level converters (not shown) and passes through
a randomizer consisting of a 1l7-stage linear sequence generator assuring
eggentially zero auto-correlation in the data stream. This randomization
aids the adaptive receiver. The coder allows the received data to be
detected without reference to previous data, thereby preventing error
propagation effects that would otherwise he caused by the controlled inter-
symbol interference (overlapping signal elements) used.

Actually, the coder, signal shaper, modulator and sideband separation
are all combined and mainly consist of stored, sampled, quantized wave-
forms, which are read out of a read-only-memory (ROM) at 2 samples per
symbol time and are multiplied by the data. At this point, the data is
binary (+1) at 4800 bps and quaternary (+1, +3) at 9600 bps. as examples,
on lcased or dial-up telephone channels.

The completed digital signal is converted to analog form by the D/A
converter. The D/A converter storage and switches are included in the
MCS5 chip. The output low-pass filter, though by necessity analog, 1is
quite inexpensive. This filter separates the desived signal spectrum
(nominally 480 Hz to 2880 Hz) from aliasing spectra that resuit from the
sampling.

The receive section of the modem is shown in Figure 2. Except for
the simple input filter, AGC, and the thick film ladder netwvork for the
A/D converter, the receiver will consist of five (5) MOS chips. The input
filter is identical with the transmit output filter. The AGC consists of
a voltage variable resistor, an integrated operational amplifier, and
other discrete components., After A/D conversion, the samnled gignal is
translaied to baseband by multiplication with samples of a sinusoidal
carrier. The baseband spectrum is separated from the upper sideband by
the digital sidetand filter. The biaseband signal i{s then equalized by a
trancversal equalizer (1,2,3,4) in which the tap gains are sutomatically
adjusted to minimize the combined effects of intersymbol interference and
noise., because of the contrclled Intersymbol interference mentioned
earlier, the receive: makes 7-level decisions vhen 4-level data was trans-
mitted, for example. The slicer makes threshold decisions and the decoder
converts these decisions into datse in the code that criginally appeared at
the transmitter input, The dara is derandomlized in the self-synchronizing
derandomizer and converted to the appropriate output level.

The phase-locked loop (PLL) lozks to the carrier, The carrier is
phase shifted to correct for phasc cffset of the carrier relative to the
ideal carrier phase, which offset 1is caused by de.lay distortion on Che
channel. The phase offset corrector and timing error are precigely con-
trolled by logic operating from tap-gain information from the equalizer.

On initialization of operation, before the equalizer tap gains have
converged, coarse phase offset and timing error information ic aerived
from a preamble transmitted for that purpose. Then, equalization is
obtained using a signal equivalent tuv the regular pseudo-random data signal
in the 2-level partial response signaling mode. OQOverall receiver learning
is achieved in a fixed time interval, which s now being reduced to approxi-
mately 200 millisecends. Then, the modem automatically switcher to the
regular deta transmisgion mode.
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Automatic, Adaptive Equalization, Carrier Recovery and Timing Recovery

The equalizer is an automated, digitized transversal equalizer(1’2’3’4).
The automatic equalizer adjustments are, in effect, controlled by cross-
correlation functions to achieve the following objectives:

a, Convergence of the automatic adjustment process under extremely
wide ranges of conditions.

b. Near optimum minimization of the combined intersymbol interfer-
ence and noise, '

The following is believad to be the first practiical automatic equalizer
adjustmen- algoritiim to accomplish thease two objectives.

In z-transform notation, with sampling at the symbol rate,

sT

L(z) = g(z) h(z), z = e 1)

where h(z) and £(z) represent the sampled, impulse response of the trans-
mission system as seen at the equalizer input and output, respectively,
and g(z) is the gampled transfer function of the equalizer. The equalizer
&djustment criterion is as follows:

Once each baud time, increment esach tap-gain, By in the direction that
drives the cross-correlation function ;

Ck - j-fm ejhj—k (2)

toward zero, where hy_ is the (j-k)Ch sanple of the transmission

system's impulse response as seen at the input of the transversal equalizer,
and e, 18 the error in the j‘h sample lj of the system impulse response as
seen ;t the output of the equalizer; i.e., e, is the jth undesired inter-
symbol interference term. ]

By straightforward implementation, each cross-correlation Eq. (2)
would require an infinite number of multiplications and 30 such cross-
correletions would be required for a 30-tap equalizer, for example.
liowever, oukr itlerative, vime-shared implementation i+ quite inexpensive.

The overall combination of carrier recovery, timing recovery and
equalization initially converges automatically, even under severe channel
distortion {such as that encountered on dial-up channels), compounded by
phiase jitter and by any initigl errors in timing and carrier phase.
Farthernmore, the equalization, timing and carrier phase all rapidly con-
verge to jointly optimized values and track these values with high precision
and stability, Neither nun-data signals nor data stream interruptions are
required in order to achieve this continuous, optimized adaptation.




|
|

Optional Error Detection and Correction without Digit Redundancy

Error detection and correctioun that requires no digit redundancy
other than that inherent in the selected method of sipgnaling has been
implemented and tested, This error corrector is quite offective against
various types of transmission disturhances. Measured results are
presented below, In those applications where any conventional method
of error correction would require an increase in the number of signal
levels in order to achieve a given information rate, this new method of
error correction is especially advantageous. This method does not
require any increase in either the number of signal levels or the symbol
rate.

Performance of Modem 2

Modem 2 has been thoroughly tested in the laboratory under various
combinations of channel characteristics and disturbances, as well as on
real channels. Figure 3 depicts representative results under Gaussian
noise. This data was taken on a simulated channel with distortion slightly
worse than a worst-case Type C-2 telephone channel.

Note that at 9600 bps (and on channels that do not introduce
gignificant phase jitter) the bit errci rate is exceedingly low at
signal-to-noise ratios above the specified minimum of 26 db for Type C2
channels. Even without the error corrector, the performance is outstanding.
A telatively simple vergion of the error corrector eliminates 95 to 99.5%
ot errors, depending upon conditions, without reducing the useful data
rate. A more sophisticated version can reduce the bit error rate by
several orders of magnitude under some conditions without reducing the

(SLLY A < ik

-

usef:]l data taie.

Figure 4 piesents the performance at 9600 bps under phase jitter
of 15° peak-to-peak at 60 hertz, which 1s approximately the worst phase
jitter encountered on leased telephone channels. For reference purposes,
two curves for the case of no phase jitter are repeated from Figure 3.
With no corrector, the performance under this phase jitter at the
specified minimum S/N for Ty,e C2 channels 1s marginal for some applications.
Our error corrector that requires no digit redundancy improves the per-
formance substantially under ph:cae jitter, The combined error correcter
and jitter corrector improves the performance fusther,
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A GENERAL PURPOSE COMPUTER YOR SATELLITE APPLICATIONS

by
James A. Perschy
Applied Physics Laboratory
The Johns Hopkins Universily
8620 Georgia Avenuc
Silver Spring, Md. 20910
301-953-7100

ABSTRACT

A computer intended for usc as a spaceborne real time controller has
been designed at the Johns Hopkins University Applied Physics laboratory
and will be utilized in a Navy Navigation Sateliite.

166




Introduction

The computer reviewed in this digest is the third generation digital

syslem for the Navy Navigation Satellites. The Tirst generalion system
was first launched in 1942 and consisted of core diode circuitry used
to perform logic ani drive a 50 mil core memory array. The sccond gun-
eration system was first launched in 1966 and consisted of a special-
purpose processor designed with series 51 RCTL und a 30 mil core memory
array driven with hybrid circuits.

TLurpose

Figure 1 shows the computer relation 1o other satellite systems.
The RF data link to the compnter is via thetenbit per second and
thousand bit per seccond bit detectors. Each bit detector input is ihree
line serial and consists of an interrupt line, cleck line, and data line.
Proceeding clockwise on Figure 1, the computer outlput to the command
logics are also threc line serial., Six lines from the disturbance com-
pensaticn system, DISCOS, give the computer the six micro-thruster valve
on-off" waveforms for partial dats reduction, formatting and storage.
DISCOS contains a ball centered in sphere servo system and is designed
to compensate for air drag and solar prescure.  The computer provides
timing and direct delayed on-off commands to the Pseudo Random Noise
Generator, PRN. The compuler outputls datae to the transmitters either
as 90 bits per sccond Navy navigation message, NAVSAT, or 32% bits per
vevond telemetry, 'I'M.  The computer interface with the real time TM
system consists of a nine bit TM commutator address or TM data bus, a
serial computer to TM data channel, and four intecrrupts; status request,
dump requect, TM data ready, and frame synchronization, A 5 megahertz
stable oscillator output is used Lo generate the computer clock, either
directly or via an incremental phase shifter, IPS. The purpose of 1P5
is to provide more accurate sateliite timing. The computer provides
progsrawncd up or down counts to g counter in 1P'S to regulete the phase
shift rate.

Inergy Conserval.don

Most of the compuier is pulse powercd and shuts down when not in
use. When an interrupt is recognized the computer enters the continuous
computing mode. In this mnde the computer using core memory for both
program and data storuge exccutes 250,000 instructions per second at a
power level of 62 walis. Surficient cnergy is stored on capacitors for
two milliseconds of continuous operation. Interrupts may be internally
initiated under progrwn control vig output instructions, These interpal
intervupts cerve as low overhead cutry io buckground ccemputation.

The computer has four background computing rates which may be
selected under program control by two bits in & status register.
Using core memory for both vrogram and data storage the power consumption
for the four bLackgroud compuling rates are as follows:
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Iustructions/SEC POWER
2,000 1.5 walts
L,c00 2.0 walts
8,000 3.0 watis
16,000 5.0 walts

The salellite power cystem is capable of continucusly powering the com-
puter operaling in the background mode.

Table 1 summarizes vhe decrease in energy vequired to cexccute an
instruction that cun now be achieved wiith 1woe other possible configura-
tions., The present configuration which utilizes a 3 wire 3D 20 mil core
memory and standurd power circuits in the processor requires from the
computer power processor 200 microjoules per instruction. Giving this
a more useful interpretation for a small satellite, the computer can
process at a one watl average power level, an average of fifty interrupts
per second with an average of one hundred instructions per intcrrupt.
Replacing tne original core memorv with & 2-1/2D 18 mil low drive co.e
menory can yield a four-to-one improvement over the original design.
Replacing the original core memory with plated wire memory and repackag-
ing the processor urilizing all low pewer TTL can yield & ten-to-one
improvement. over the original design.

Computer Organization

zeticn, The interface with the
other satellite systems through the input-output logic is depicted in

the upper left with the BAT to IO interface. 3Below the I0 imerfuce is
shown the Read Only Memory which contains the bootstrap iouder progran,
the Read Write Memory used for data storage and otl.er programs, and the
priority interrupt logic. The sixteen-bit parallel two-function opera-
tor logic, OPR, is shown in the upper right corner. The output of the
operator, the Z Bus, inputs to the arithmetic registers. First is shown
the si-tus register, U, which contains the carry, overflow, and input-
output rlags, the povwer mode ccntrol tits, and eight interrupt masks.

Next is the accumulator, A, and the index register, X, The real time
clock register, T, consists of a sixteen-bit binary counter and s sixteen-
bit synchronizing lateh. WNegative ovorflow of the counter couscs the resl
time clock interrupt. Operations that are performed with the A register
can alsoc be performed with the T register. The program address register,
P, the memory address register, W, and the mein exchange register, D, com-
prise the remainder of the arithmetic registers. The control portion of
the computer shown in the center of the diagram consists of an associative
Read Only Memory addressed by the state register, K, iteralion counter,

N, instruction register, I, and the Z bus. The microinstructions, MICROS,
control the data flow paths.

Figure ? shows the computer organi

Table 2 lists the major consideratlions used to determine the machine
architecture. Of these considerations, the attainment of item 2 proves
the efficiency of utiliziug & general-purpose computer over utilizing a
special-purpose processor and memory. To satisfy the Navigation Satel-
lite data storage and formatting requirements, NAVSAT, a specisl purpose
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TABLE 2, ON DETERMINING MACHINE ARCHITECTURE

Low overhead for entry into and exit from short date fo.mating
tasks.

High program storage efficiency comparable to data storage require-
ments. NAVSAT min = 25K.

Fast reaction time to interrupts to eliminate extensive I~0 buffering,
but capable of extended background computing on available power.

NAVSAT output formating primary original tasl. and used as benchmark
test for instruction repertoire,

NAVSAT major design goal dictates that the power be kept off most
of the compute:r when not perTorming a task. ?

hauah:
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TABLE 3. INSTRUCTION SUMMARY: PART 1

STORAGE REW; 11 10 9 = 1 X R BRANCH IF
Transfer BAZ A=0 620
SA 00 (3)A 1r Ul16 = 1 BA1 A#0 600
TAS 01  (A)=+S TSD (S,S+1)+AX BAP A pos 601
TAS Ch {A)YT(S) DS (AX)+S,5+1 BAN A neg 621
TSX 10 (8S)»X D5 (AX)T(S,5+1) BAE A even 602
TXS 17 (X)=S RAU A odd 622
ST 13 {(8)»7 BEZ A6 # ALY €13
TrS 12  (7)+e Bl Al1C = Al15 633
TSU 16 {(8Y»Uu BXI X pos 605
TUS 07 (uU)=s BXN X neg 625
Arith IF Ul6 = 1 BX7, X =0 626
F3a 02 (A)+(S)»A C, OV  ASD BX1 X#0 605
SsA 03 (A)-(s)+A, C, OV 88D BXE X even €07 ;
MLT 24  {(A)%(&)+A, X BXO X odd 627
AST 36  (Ty+(S)-2»1, C, OV BOZ Ov, U1S, cl 663 ¢
Logic + BO1 Ov, Ul5, set. 623
NSA 13 (A) AND (S)-A Y Cry, Ulk, cl 60k :
M3A 1k (A) OR (8)-+A BC1 Cry, Ull, set 624 i
ESA 15 (A) EXOR (S)~A BF1 0¥, U13, set 630
Control BFZ 10F, U13, cl 610
JVMP 21 (P)=8 BJ1 J, U10, sct 631 !
8JP 22 (P)»S, (P)=5S+) BJZ U, U10, cl 611, ?
IRN 23 (8)+1+s, C, OV, SKP (S)#0 RQ1 Q, U9, set 632 .
IRS 06 (8'+1+8, C. OV; SKP (S)=0 1Qz. Q, U9, ci 612 E
CAS 05 8" 1 {a)=(8), SKr 2 {A)<(S) B17 SWl, cl 61L ]
c T 9K ) {T)-1 = (8), SKP 2 (T)-1<(S) ?1l SW1, set 634 :
DOS 208 (8 I,-N B27Z swe, cl 615 ;
IMMEDIATE k2l SW2, set | 635 ;
B3% 8W3, cl 616 :
TIA 260 1*4 B31 - -
. SW3, set 636 .
TIX 261 IsX Bhy, swh, ol 617 '
AIA 262 (A)+I1+A, C, OV Bl Sl N 6 )
ATT 263 (T)+I-2»T, &, OV SWh, se 37 ;
ATY 264 (X)+I=X, C, QV; SKP X=0 4
AfN 265 (X)+1+X, C, OV; SKF X=1
CAI 266 SKP 1 (A) = -1, SKP 2 (A)<-I SHIFT, C, OV
crl 267 skp 1 (1)-1 = -1, SKP 2 {T)-1<-1 ALR A lelt Rot 3222
NIM 270 T AND (M)-M XLR X lefi Rot 3012
MIM 271 T OR (M)=M ARR A right Rot% 3262
EiM 272 1 EXOR (MM XRR X right Rot 3262
RIF 273 1 AND (F)-v £LS A left shifi 322G
MIT 274 57 L4 (P XLS X left shift 3210
EiF 270 1 ®XOR {F)»F ARS A right shitt 3260
T 276 1M RS X right shift 3250
TIF 277 1sF ARA A right. arith 3261
INPUT- QUTFUT . 1OF XRA X right arith B
145 Trahsfer Data Seriul 33 ".I:'R Leng _?f} Rot 325.‘
T0F TYransfer Data Externel 34 LR E:ong Tl R'?t‘ 327k
e N LS wong left chift 3230
TEA  Iaput Losd A 16h - .
MEA  Tupu. OF 10 A 165 Litss Long right shift 3270
1 P - .
o D T avs s LRA Long right ariihb 3271
8XZ Sen,, Skip if O 166 DLY Del 320
GK1 Cense, Skap ic wot © 16T elay 00
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processor of comrlexity nenrly equal to a general purposc computer
processor would be required and would not provide for programmable
stored telemetry sud delayed communds.

Insiructions

Table 3 is a partial summary ¢f thc computer instruction set. Not
included are 105 interrcgister instructions. The memory reference
instruction format contains three address modifier bits which designate
relative, indiresct, and indexed addrzassing. A1l threc address modifiers
may be utilized in a single memory relference instruction, The conditiconal
Lranch instructions are relative with a scven bit displacement field.

The extensive instruction repertoire is partislly the result of
apriori component selection. The relative balance of arithmetic, control,
input-output and memory hardware indicated Uhat £n extensive iustruction
sel may be inCorporated wiuiout significantly expanding computer hardware.
Were it ever planned t¢ package the processor on a few LSI chips con-
strainuts on the LSI processor instmictions would be necessary.

Memories

The mumories used with the processor tc complete the first satellite
compuler desigi consist of one 4K word x 1€ 1it core wemcry for modifiable
progvram and cata storage and onc 64 word x 16 bit 0L read-only wmemory
tor the RF link bootstrap loader program. The core memory consists of 64
hybrid cireuits designed around an EMJ SM20 30, 3 wire 20 mil lithium wide
temperature core stack. These circuits consist of 16 ¥-Y axis comple-
mentary current switches, 16 X-Y axis complemcutary volitage switches,

16 dual digit repulated voltage switclhes. and 16 scnse amplifier dua)
comparator threshold networks. The read-only memory utilizes the Harris
field programmable fusalie link TTL IC's. Beth memories are designed
for complele power shutdown when not being accessed. Table 4 lists the
wemories considered for the irst flighl computer.

Choice of Microcirenita

The choice of TIL for the computcr was at the time necessitated by
the consideration of eavircmmental degradations. The proven lcw random
failure probability of TTL also weighed heavily in Tuvor of choosing TUTL.

2blc 5 lists the cowbinations o1 components considered for the processor
logic. Yhe teurih oplion was avopted as the best compromise of low cow-
noucut count and low gated powsr consumption. Table 6 lists logic com-
ponents ruled out early in the original decision making process. It
siould be kept in mind that these decisions reflect the status of micro-
circuit logic elements available in wid-1969.
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TABLE b4,

MEMORY OPTIONS FOR FIRST CONFIGURATION

RANDOM ACCESS MEMCRIES

Plated Wire

1. Low power

2. Low weight and volume in development
3. High potential reliability

Core (20 mil)

1. Low cost

2. Acceptable power weight and volume

3. High proven reliability.

READ~-ONLY MEMORIES

TTL custom film.

Field programmable fusible link diode arrays.

¥ield programmsble fusible link TTL.
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TABLE 5. COMPUNENTS CONS1DERFD FOR PROCESSOR LOGIC

Five basic TIL IC's that were avallable ac high power dielectrically

isolated semiconductor,thin film resistor circuits.

Five basic lower power TTL circults that showed potential for
becoming available as dielectrically isclated semiconductor, thin

film resistor circuits.

All avaiiable low power TTL circuits including the MSI low power

b vit register section.

All evailsble luw power and standard power TTL circuits including
the standard power MSI 4 bit address, 1L of 8 and 1 of 1€ decoders, and

8 input multiplexers.

TABLE €. COMUCNENTS RULED OUT EARLY

MOS low power cirrults, MOS MSI circuits, and custor designed MOS

I.5I arrays.

Castom designed low power dielectrically isolated semiconducvor

thio film resistor arrays.
Core diode logic

Sytrid semiconducior lcgic.
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Packaging

Figures 3 and b show twe views of the prototype flignt computer
logic, The right hand card on the open view Figure 3 contains the pro-
cessor control. The connector in the upper right corner is used
for preliminary test monitor and display. The next card contains the
arithmetic logic. The combined control and srithmetic logiec form the
central processor. All of the processor control card is fabricasted with
medium power TIL. The entire processor control card is pulse powered
and shuts down when not in use. The registers on the arithmetic card are
fabricated with low power TTL and may stay powered during energy recharge
reriods when background computing is in process, on shult down with the
arithmetic logic and the control board logic during energy recharge
periods when background computing is not in process. The remaining two
cards contain peripheral logic consisting or the bit detectors input
buftfer end overflow counter, delayed command formst evror detection cir-
cuits, transmitter modulation encoder, TM input output buffers, and
priorivy interrupt buffers. The Read Only Memwory, S tus multiplexer,
and connectors for the core memory and satellite systems are also on the
peripheral cards.

The construction method consists ¢f point-to-point welded wire on
feedthrough pins for signals and laminated planes with access holes for
power and ground. Microcircuits are rarallel gap welded to the top of

he board as a final step in board fakrication. The four processor and
peripheral logic boards bolted into a magnesium casting weigh twe pounds.
The core memory which consists of two boards and tl : core stack bolted
into another magnesium casting weighs two and one-l: :1f pounds, The two
castings clam-shelled together in the satellite ocec.py 200 cubic inches.
The power processor which consists of current limitcrs, energy storage
capacitors, and gated voltage regulators weighs {wo pounds and occupies ]
50 cubic inches,.
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A TORPEDO SYSTEM DIRECTOR: LOGPRO#3
J. E. Brewer

Westinghouse Klectric Corporation

An economical digital processor, LOGPRO#3, has heen developed
to serve as the system director for underwater vehicles such as tor-
pedoes and mobile acoustic targets. LOGPRO's architecture and spe-
cial instruction set allow efficient usc of instruction memory.

INTRODUCTION

LOGPRO#3 (LOGic PRQcessor) was developed to serve as the con-
troller for a torpedo research vehicle. ks purpose was to explore the
feasibility of software oriented tactical and control routines in ad-
vanced torpedo systems, and to aid in the definition of the systems
architecture for future weapnns, This paper describes the LOGPRO#3
psototype machine,

PHYSICAL CHARACTERISTICS

As shown in figure 1, two wire wiep boards form the LOGPRG#H3
inachine. The boards are approximitely 16 x 8 inches in area and 5
pounds in weight. The logic and JO civinitry was implemented using
¥ajrchild 9300 Series 1TL, ard appears on the lower board in figure 1.
The upper board contains a 3, 072-word by 16-bit random access in-
struciion mmemory. The primary memory component was the Intel 1101
chip. This prototype was constructed for flexibility in experimentation,
All of the integrated circuiis used axe available oft the shelf from mul-
tiple vendors.

in gereral, machines of the LOGI’'RO clzss were not meant to be
stand alune processors, Physically and electrically this processor
should Le integrated into the elecitonics of the torpedo, The LOGHRQO
circuits can be partitioned omo cards wimilar to those uged throvghouwt
the torpedo, and can share the szme power sources.
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The block diagram presented in figure 2 outlires the internal or-
ganization of LOGPRO#3. Instruction memory is used to store the
program or torpedo operating algorithm. Memory is the largest hard-
ware cost associated with LOGI'RO, and efficient use of instruction
memory was a major design goal,

During a torpedo ruwi, the instruction memory operates in a read-
only mode. In a production system this memory would be partially ox
entirely in:plemented in some form of read -only memory (ROM), 1n
the LOGI’R O#3 prototype, a read-write system was employed to allow
experimentation with software.

INSTRUCTION MEMQRY

ADDRESS INSTRUCTION CATA
INCREMENTATION DECODING REGISTERS
& BRANCHING

] L A
COMPARE FLAG MR SIMPLE MANEUVER
& JUMP MEMGRY TIML ACTIVATL SELECT
DATA INPUT DATA OUTPUT l
MULTIPLEXER DECODLR
128 BITS 128 B11S VEHICLE 111G
CONTROL
SUBSYSTEM
E_ -
%
INPUT LOGIC QUIFYT 1 OGIC
SIGNALS SIGNAL

FIGURE 2: LOGI'RO}3 block diagram
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THE SYSTEM DIRECTOR FUNCTION

The selection and use of a LOGPRO machine implies a commitment
of the torpedo to a hierarchial multiprocessor organization such as that
shown in figure 3. LOGPRO was designed specifically to be the execu-
tive processor or system director. The director decides when and
what each sub-system is to do. It provides set point information and
cties action. Figure 4 provides a broad outline of the functions per .
formed by the director,

Awkward separation betwegn the processor and other sub-systems
has been eliminated by design. LOGFRO directly addresses and loads
registers in other sub-systems. It can directiy address and force or
test the state of binary variables anywhere in the systersz. These
functions are accomplished using single instructions, The need for
investment in multiplexers and decoders external to LOGPRO is elimi-
nated because these features are built into the machine,

INSTRUCTION
MEMORY

SLAVE
PRCCESSORS

WORKING
ME MORY

SYSTLM
DIRECTOR

A 4 B '

SONAR & SIGNAL FLIGHT COMMAND WEAPON

PROCESSING CONTROL & GUIDANCE & CONTROL

SUB -SYSILEMS GUIIANCE SLLF TEST SUB SYS1EM
SUB SYSTIMS SUB SYSTEMS

FIGURE 3: Simplified diagram of a torpedo multiprocessor
organization co-ordinated by a system director machine,




The bulk of input data associated with decision making consists of
one-bit logic variables which inay originate from any sub-system.
The decision making process requires the evaluation of a combinational
Boolean expression where the terms of the expression are some sub-
set of the input variables, time dependent variables, or the remem-
bered result from earlier logical tests, The structure of the computer
program (flow and branching) contains the decision rules mentioned in
figure 4. The director ay influence the system by forcing the state
of logic variables or wou.ds withian sub-systems.

SYSTEM DIRECTOR

TEST
DECISION
CRITERIA

FOLLOW
LECISION
RULES

Va ‘_—\
INPUT DATA \ OUTPUI DATA
FETCH TRANSMIT

OTHER SUB-SYSTEMS
SENSORS, CONTROLLERS, DATA CONVERTERS,
DATA REDUCERS, ACTUATORS

M-t

FIGURE 4: The functions performed by a digital director machine




THE INSTRUCTION SET

LOGPRO#3 has a machine language vocabulary of 1] instructions:

jump absoiute JA (m)

jump subroutine JS (m)
return RT

jump if true JT (d)} (s)
jump if false JE (d) (8)
simple activate SA (g) (p) (q)
set register SR (r) (n)

set flag SF (f, D) (f, D) (f, D)
get timer ST (t) (e)
wait WA
maneuver select MS (k) (D) ()

To test a Boolean cxpiession a computer must be able to test a
single Boolean variable, The "jump if true" {JT) and "jump if false"
(JF') instructions provide this ability. A single instruction will di-
rectly address the variable, test its state, and branch conditionally
to a specilied address. Execution of all these actions in one instruc-
tion cycle provides a time saving and a reduction in inst-uction mem-
ory requirements. In contrast, coriputers which access the variable
thru a non-transparent multiplexer will trypically execute ¢ or more
instructions to accomplish the same thing.

The director is of course a real-time decision maker. Time con-
straints are provided for by creating time dependent logic variables
which can be tested in the same manner as any other binary variable.
When the "set timer" (ST) instructicn is executed a logic signal goes
to the one state for the time interval specified by the argument of the
instruction. A cormpanion instruction call "wait" (WA} allows the
option of halting machine operation until the specified time interval
transpires.,

Given the LOGPRO ability to efficiently test a single variable, the
task of testing an expression is readily accomplished by software. If
the Boolean expression is written as the sum of products, the number
of instructions required to test the expression will be equal to or less
than the sum of the number of variables in each term plus 2.

Expression: ABC + DE + FGH

Instructions required: (3 + 24 3)+ 2=10




An important feature contributing to the efficient use of instruc ‘on
memory is the provigion for sub-routine branching. The "jum; -ub-
routine' (JS) and ''return" (RT) instructions allow multiple neste
sub-routine calls out to 16 levels. The return address is saved auto-
miatically on execuiion of JS, and is recalled automatically on execu-
tion of RT.

Progranurning experiences to date indicate that the use of a
LOGPRQ machine offers a factor of 4 saving in instruction memory
reqairements. Assembly language progranuning has proven to be quite
simple. Engincvers responsible for a torpedo system have written their
own programs without any special assistance.

SUMMARY

The physical and organizational aspects of the LOGIPPRO#32 prototype
have been described. When a torpedo system employs a hierarchical
multiprocessor architecture the use of a LOGPRO machine as the execu-
tive processor is appropriate. The LOGPRO design provides hardware
cconomy and allows seftware simplification.




DESIGN OF POWER HYBRID MICROCIRCUITS
FOR HIGH RELIABILITY APPLICA TIONS

S. Caruso
National Aeronautics and Space Administration
Marshall Space Flight Center
Huntsville, Alabama

M. Stahler
General Electric Company
Space Systems Operation
King of Prussia, Pennsylvania

W. Schultz
General Electric Compiuny
Aerospace Electronic Systems Department
Utica, New York

ABSTRACT

In aaticipation of the use of power hybrids (>25 watts) on the Space Shuttie, NASA
awarded 4 study contract (NAS 8-26383) to develop guidelines for the design, fabrication,

and screening of power hybrid circvits, The material presented in this paper is a sum-
mary of the results of that study.

The study found significant differences between customary design, fabrication, and
screening techniques for low power hybrid circuits, and these now evelving for power
hybrids. These differences arc primarily the result of the following considerations:

. Avoiding second breakdown in power transistors

. Minimizing thermal 1cedback from power transistors to temperature
sensitive low power circuitry

. Providing interconnections with current carrying capability in excess
of 1 ampere

Providing resistors with power dissipation capability in excess of
0.5 watt

Providing resistors below 1 ohm in value
. Considerably different form factor requirements

A summary 2f the findings in each of these areas is presented.
THERMAL DESIGN
Perhaps the most difficult of the above desizn considerations to achieve is a low

enough chip to ambient thermal impedance to avoid second breakdown i power transis-
tors. The first siep in this direction is oblaining a hybrid package which 1s designed to
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be mounted to a heat sink, The types most commeonly in usc are the bolt-down type and
the stud-mountad packages (Figure 1). Inside the package, beryllia substrates, copper
heat spreaders on alumina substrates, and thin ainmina substrates are techniques which
are being used ‘o minimize junction to case thermal fmpedance.

BOLT DOWN PACKAGE

STUD MOUNTED PACKAGE
Figure 1. Fackage Types

In choosing between these techaiques, a general rule of thumb, from a thermal
impedance point of view, is to use a thicker, more conductive thermal struciure in pref-
erence to a thinner, less conductive one. As an example, consider two designs with
equal substrate impedancs (Figure 2).

~ CHIP
IRg \
CHiP ’ \
7/ \

—SUBSTRATE | 7 AN

P4 /" SUBSTRATE

77777777777~ case 77777777777 = cast
DESIGN NO. 1 DESIGN NO. 2

Figure 2. Substrate Thickness Comparison

Design No. 1 has a thin alumina substrate with the same thermal impedance as the
thicker, more conductive beryllia substrate in Design No). 2. Assuming that the heat
generated in the chip {lows at a spreading angle of 45° (1 , the heat in Design No, 2 will
flow across the sybstrate-case bond over an effectively larger area than will be true for
Design No. 1, This wili result in a lower substrate to case thermal impedance for De-
sign No. 2. Similarly, the case and case to heat sink impedances will be lower for De-
sign No. 2 because the heat is {lowing over a iarger areq.

THERMAL FEEDBACK

An important design consideration in circuits such as voltage regulators, where
temnperature sensitive low power components are located inside the package, is minimiz-
ing thermal feedback from power components to the temperature sensitive components,
Analysis shows that thermal feedback i8 minimired when:

. Power component to neat sink impedance is minimized
Tempeyature sensitive component to heat sink impedance is minimized
. The impedance boetween the two components is maximized

Achieving these three condivions simultaneously sugpgoests using a thick conductive struc-
ture for mounting power devices and a thinner, less conductive, s:ructure for mounting
low power temperature sensitive components. One way of doing this is to use an alumina
substrate for low power devices and a #eparate beryllia substrate for power devices,
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INTERCONNECTIONS

High power circuit designs frequently require interconnections which will carry
significantly more current than the {film conductors typically found in low power hybrids.
Double printing of thick film conductors, conductor runs up to an order of magnijtude
wider than those usually found in low power circuits, and large diameter aluminum
wires (5-20 mils) similar to those found in power transistors are being used to conduct
currents in the 1 to 40 ampere range. Typical thick film conductors produced by usual
processes will support 1 to 2 amperes per 10 mils of conductor width, However, the
series resistance of these conductors may become significant. Therefore, it is impor-
tant to keep runs as short and as wide as possible. Many thick film manufacturers in-
clude minimum design widths in their design specifications when the resistance of con-
ductor runs becomes critical, Most thick film conductors will fall within the range of
0.001 to 0.1 vhm per square., Resistances on the lower end of this range are achieved
by specifying maximum percentage gold and maximum thickness, Increased thick film
conductor thickness and thus lower resistance may be achieved through the use of larger
screen mesh and/cr emulsion thickiess or very simply by repeated printings of the con-
ductor,

RESISTORS

Thick film resistors printed with palladium-silver, ruthenium oxide and/cr plati-
num based metal systems can relinbly handle power densities as high as 1000 watts per
square inch of resistor material, if adequate heat sinking to mairtiin temperatures be-
low 150°C is available, Test resistors printed with these materials remained stable to
a continuous power loading of 50C watts per square inch for more than 3000 hcurs, A
drift in resistance of less than 0.5% was observed for all the resistors except thcse
printed with o 10 ohms per square palladium-silver materiai, These changed less than
2. 0% after 3000 hours,

Another aspect of resistor stability to be considered when high-power handling is
involved is thar of jong term stability to elevited temperatures. The results of many
investigators show that the resistors fabricated with the above paste systems have ex-
cellent long-term stability to temperatures up to 200°C. Some paste mar :acturers
claim less than 0,59 drift in resistance afier 10,000 hours at 1507C in air for .1l resis-
tivities ranging from 1 ohm per square to 1 megohm per square.

Another concern for the engineer designing thick-film resistors in high power ap-
plications is their sensitivity to voltage. The efiect of this sensitivity is minimized by
designing long (multiple square) resistors in preference to short (fractional square) re-
sistors, The use of paste systems that hive been shown to be less sensitive to voltage
gradients also minimizes the danper of resistor drifts in high pewer applications, Paste
systems rated in excess of 2000 volts per inch of length for most resistivities are avail-
able from several paste manufacturers.

CONDUCTOR RESISTORS

Film conductors may be used to form the low value high current resistors one
often finds in power circuits. Resistances on the order of 0.005-0,1 ohmn per square
are generally obtainable. This approach is most useful when:

. The relatively high TC (up to 4000 ppni/°C) of conductors can be tolerated

. Use of this technique results inna smaller area requirement than a
standard film resistor

. Telerance is acceptable (obtainable tlerance will depend heavily on the
individual trimming process; for example, whether or not laser trim
is available)




An excellent example of where this technigue can be used to good advantage i8 in the con-
struction of sense resistors which are used to haait the output current of power ampli-
ficrs und series regulators during an overload,

FORM FACTOR

Form factor requirements for power hybrids diffcr substautiaily trom those for
low power hybrids. The user of low power hybrids normally places hybrid circuits ona
printed circuit board along with many aother components. Thus to complete the function
of the hybrid circuit by requiring external components elsewhere on a printed circuit
buard is not a sigunificant tradeoff.

In the case of power hybrids, the situation is quite different. The power hybrid
will normally be mounted on a heat sink where it i8 not so convenient to mount external
components. Therefore, to achieve a.. acceptable form factor, mounting of external
components directly to the hybrid package, and modules designed gpecifically for power
hybrids arc being usad.

CONCLUSION
The findings of the study clearly indjcate that micro (hybrid microelectronic) is
no longer synonymous with micro power. Hybrid microelectronic techniques were found
to be readily adaptable to high power circuit designs (>25 watts),
REFERENCES
(1) L. Balents, R,D. Gold, A.W. Kaiser, W.R. Peterson, "Design Considerations

for Power Hybrid Circuits," Proceedings 1969 Hybrid Microeiectronics Sympo-
sium, October 1969,




SUBMINTATURIZATION OF TELEVISION CAMERAS THROUGH
HYBRID I.C. TECHNOLOGY

by: James H. Meacham

Westinghouse Electric Corporation
Defense and Electronic Systems Center
Baltimore, Maryland

The effective utilization of hybrid I.C. packaging in television
systems will be surveyed to clarify the steps which led to the crestion
of a series of self-contained subminiature television cameras.

Over the past decade, television technology has achieved signiri-
cant advances in performance capability through new sensor developments,
as well as improvements in physical format through solid state techniques.
However, television systems, like the majority of other hardwure aresas,
have not kept in stride with the rapidly emerging Multichip Hybrid Pack-
age concepte. In an attemnt 4o rectify this situstion, a series of
subminiature television camerss have been developed which effectively
mate the state~-of-the-art capabilities in both sensor and hybrid I.C.

Lecluliyues.

The creation of an MHF full-capability television camera followed
use of emerging hybrid IC fabricaiion techniques in miniaturizing the
digital circuits required in imaging systems. The ETA Sync Generatlor
shown in Figure 1, was jnitiasled in 1967 and was the first prodaction-
oriented unit designed for TV. It uses 22 monolithic digital chips
to provide full EXA mixed sync, mixed blank, and horigontal and vertical
drive outputs. It was used in a Compact Camera series and the Apollo
Color TV Camera, end it demenstratced high reliability in the extrenes

of environmental testing for these uses.

The Sync MHF contains an all-~digital sync generator, in which a
high-frequency clock is divided by 25 to provide twice the horizontal.
The logic available in the + 25 counters is used to generate the hor-
izontal blanking, equalizing pulses, and scrrations. The vertical
reference is generated by a -+ 525 countdown., The logic available in
these counters generates the veriical drive and blanking and the ver-
tical sync intervals. Mixel sync and blank outputs are formed by
summation. The unit can operate in the 525 mode (60Hz vertical Amer-
ican ctandard, or with cne jumper, in the 625 (50 Hz vertical) Euro-
pean standard.




The 1-inch square syn¢ MHP is & direct replacement for commercially
available units typically one hwidred times its size. Having success-
fully achieved the implementation of the digital circuitry necessary in
a television system, the sclf-contained SUBMIN-TV (Figure 2) was initiated
to make full utilization of MHDP capability for both Lhe cdigital and analog
functions required in a television camera. Some of the basic parameiers
of the SUBMIN-TV are lisled below.

Sensor

Beauw Focus
Bean Deflection
Size

Weight

Input Voltage
Input Power
Scan Format

Video Bandwidth

Video Format
Operating Temperature
Maximm Resolution

4" Vidicon
Electrostatic
Magnetic

1.5 x 1.5 x 5 in.
9.6 ounces

12 4+ 1 Vde

6. 0Wat 12V

525 line, 30 frame/sec switchable
to 625 line, 25 frame/sec

6 MHz

1.4 V video into 75 olms EJA RS 170
=20 to 455°C

450 TVL/RH

P S = ey —— i e ——

S/MN at 4 fc Faceplate I1lum 36 4B

The implementation of dipgital circuits and use of new techniques
makrs the SUBMIN-TV electronics as unique as the packuging. As shown
in the block diagram (Figure 3), the wiit is divided, electricsliy and
physically, into functional blocks that provide isolation and logical
signal flow. Fach of the 6 mojor blocks is contsined in & 1-inch square

hybrid package.

The Preamp MHP uses an FET front end and & feedback configuration
i compensate for the targev RC knee.

The Postemp Package amplifies and clamps the Freamp output and
processes it with nixed sync and mixed blank logic to form the EIA RS
170 composite broadcast video format, which contains full equalizing
and serration pulses.

The Sweep Package (Figure 4), is a five layer thick film unit and
uses a Miller run-up feedback configuration to generate the vertical
current sawtooth. The horizontal deflection sawtcoth is generated by
an inductive flyback approach.

The SFP block contains the master oscillator, high volt.ge drive,
horizontsl and verlicsl aveop 1ail probection, on? cathode btlank driver
circuits. The HVPS drive circuits synchronize inverter switching trw.-
sients with the horizcntal interval to eliminate pick-up. Sweep fail
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dctection circuits blank {he sensor cathode il a sweep failure occurs.

The hyLrid fabrication techniques used in the original SUBMIN-TV
lend themselves directly to an off-the-shelf builc ng Llock type of
production. Swall package size and simple intercominections allow
adeptations to nearly sny configuration. This capability was used to
advantage in the development of the W1C~25 low cost television camera
\Figure 5). As shown in Figure 6, the camera uses four of iLhe basic
SUBMIN-TV 1-inch square thick film MHP to provide the elecironics
required. As indicated by the camcra assembly, the four MHP are
mounted thru comnector strips and are thus field replaceable. In a
production orientation, the MHP arec tested in individual test fix-
tures, installed in a final camera for a total system checkout and
then sealed and marked.

fgein using the SUBMIN-TV technology as a building block, a
miniature low-light lecvel camers wus developed using eight MuP units
to drive a 16mm KBS image tube (EBSICON). The MINSIT TV Camera
(Figure 7) is s completely self-contained unit end contains autcmatic
gain, light level, aperture correction, and iris drive control loops
in addition to a complete built-in-test capability. The camera's
basic parameters are listed below.

Sensor 16mm SIT
Image Focus Electrostatic
Deflection Magnetic
ana Focus
Size <.7 in. dis, .87 in. long
Input Power l10OWat 12142V
Scan Format 525 line, 30 frame/sec
AGC/ALC < 6dB change over 10,000:1
Range light, range
Video Bandwidth 75 Mz
Resolution 625 TVL/RH to 1077 fc
(Faceplate)
LOO TVL/RH at 5 x 1077 fc
(Faceplate
Videv Output 1.4 V p-p EIA RS 170

The Minsit Aperture Corrector MHP shown in Figure 8 is indicative
ot total thick film units possible in a large volume or.entation. Prior
packages nave used resistor chips because of the greater cost effective-
ness and substrate versstility for small quantity development units.

The three basic television camera units described are usec in a

vast array of gpplications which take particular sdvaniage of tne size
and weight afforded by the use of MHP units. Typical. applications
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include project instrumentation, wvapon delivery, gimbsl mounted

video tracking, drone recomaissance, oceanographic surveillauce,
and mine rescue operations.

The successful utilization of hybrid technology in television
camera systems exemplifies the edvantages inherent with this ap-

proach. Its application to other forms of hardware can be made
with similar results.
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RADIAT10ON CHARACTERISTICS OF HARDENED DIGITAL 1C FAMILY
R. M. Orndorff, K. R, Walker

Hughes Aircraft Cempany
Culver City, California

ABSTRACT

This paper presents the radiation characterizatior in simulated
nuclear environments of pilot production units from a recently developed
hardened low-power Transistor-Transistor Logic (TTL) integrated circuit
family, The devices were developed by the Ajr Force Material Laboratory,
Wright-Patterson AFB, Ohio, and were monolithic integrated circuits
designed for usc in radiation environments, The technologies utilized
in development of thesc devices included dielectric isolation, thin
film nichrome resistors, minimum transistor geometry, photocurrent
compensation and resistoc current limiting.

A total of ten device types were fabricated including six different
gate structures, three different bistable multivibrators and a mono-
stable mutt vibrator, A total of 310 devices were reccived for this
parts characterization program, The devices were irradiated in five
separatce radiation facilities which included a Cobalt-60 source, a low-
cnergy x-ray, a linear accelerator (LINAC), a flash x-ray and a nuclear
reactor, The device parameters that were monitored and reported include
saturation voltage, rise time, fall time, power drain, transient
response, burn-out and latch-up,

TEST PROGRAM

The devices characterized during the test program were low-power
radiation hardened TTL integrated civcuii devices designated as the
RSN 54L scries, They were pin-for=-pin replacements for their unhardenecd
low-power counlerparts in the SN 54L family. Table 1 tabulates the
device typces characterized in the radiation environnents,

In addition to the nine device types tabulated in Table 1, a
special radiation hardencd flip-flop family was fabricated in acceordance
with circuit design specifications provided by Hughes Aircraft Company.
These special devices were designated as HIC 117A, HIC 117B, HIC 117C
and HIC 117D and were a modified circuit design of the RSN 54L 71 RS
Flip-Flop device. The Hughes specifications for these modified devices
were calculated to significantly improve the radiation error threshold
of the RS Flip-Flop when irradiated in a highly ionizing environment,
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TABLE 1. RSN 54L FAMILY SERIES

1. RSN 54L 00 Quad-2 Input Gate

2. RSN 54L 10 Triple-3 Input Gatce

3. RSN 54L 20 Dual-4 Input Gatc

4, RSN 541 57 And=-0Or-Invert Gatc

5. RSN 54L 71 RS Flip-Flop

6. RSN 54L 74 Dual D Edge Triggered Flip-Flop
7. RSN 54L 122 Monostable Multivibrator

8. RSN 54L 130 Dual-3 Input Gatc

G RSN 54L 131 Dual-3 Input Gate with Extender

All of the above devices utilized design techniques for jmproved
survivabilily in a hostile nuclear radiation e¢nvirorment. Djelcctric
isolation was used to preclude the possibility of radiation induced
latch-up and to minimjze photecurrents. Minimum transistor geometry
was used to minimize photocurrents and minimize neutron induced degrada-
tion. Thin film nichrome resistors and photocurrent compensation werce
used to minimize the transient photocurrent responsces. Resistor limit-
ing was used in all leads connected to the power distribution bus to
minimize the possibility of burn-wout, The hardened integrated circuits
were irradiated at the tive radiation facilities listed in Table 2,

TABLE 2. RADIATION TEST FACILITI1ES

Facility Location Rauge of Irradiation Levels
7 b
Cobalt-60 dughes 1 a 10" to 2 x 107 rad(Si)
Steady X~-Ray Hughes 1 x 103 to 1 x 107 rad(Si)
Linac Hughes 1 x 107 -1 x 1010 rad(si)/s
Flash X-Ray HERMES 11 1 x 1010 - 5x 1011 rad(Si)/s
Nuclecar Reactor WSFBR 1 x lO13 -1 x ;OlJ n/cm2
TEST RESULTS
A close examination of the biag current data bLefore aud after each
irradiation series for cach device reveals less than 5% difference

between the BEFORE and AFTER readings for most devices, This is
approximately the error ranpe for visual reading of the bias current
meters, Thug, the general conclusion is made that the change in bias
current for all of the devices was negligible for the radiation test
levels at all {ive radiation facilities,

Transfer ¢ aracteristics were monitored for devices in the Cobalt-
(0 tests, x-rav tests and in the LINAC tests. The trausfer chavacteris-
tics before and after irradiation were ploticed, No appreciable chuanges
ir the transfer characterist’'cs were evident even when the devices were
irradiated to the maximum levels in the permanent effects degradation
tests,




The saturatjon voltagc was mcasurcd on cvery device tested in cach
cervivonment at five valucs of load curicnt ranging from unit load to
4X overload. The test data shows an increase of only a few millivolts
at full load for all devices except those irradiated at the nuclcear
rcactor., Those devices showed acceptable levels of degradation up to
neutron irradiations approximating 2 x 1014 n/cer?,

The rise-time, fall-time data is impoviant since it indicatcs a
decrcase in maximum operating speed with increasing radiavion dose. The
test results showed that in all cases the device fall-time was not
significantly affected at any levels of irradiation. The device rise-
times, however, were significantly fncreased in all enviromnments,

The devices irradiated in the Cobalt-60 exhibited a fairly lincar
increase in rise-timc reaching approximatcly a 50% incrcase at
3 x 107 rad(S!). The devices irradjated in the steady-state x-ray also
exhibited a fairly linear increase in risec~-time reaching approximately a
50% increasc at 1 x 10° rad(Si). The devices irradiated in the linear
accelerator exhibited an exponential increase in rise-time rcaching 50%
at approximately 3 x 100 rad(Si). The devices irradiated at the super
flash x ray exhibited a 50% increase in risc-time over a dose range of
1 x 10% to I x 10° rad(5i). The devices irradiated in the ncutron
environment exhibited an exponential increase in rise-time vcaching 100%
increase as indicated in Table 3.

TABLE 3., NEUTRON FLUENCE INDUCING 1007, RISE-TIME INCREASE

Device n/cm2 Device n/cm2
Quad-2 Input Gate 2L14 Mouostable MV 1ELG
And-Or-Invert Gate 2E14 Dual D Flip-Flop 8EL3
RS Flip-Flop 1E14 Triple~3 Input Gatel 6E13
Dual=3 Input Gate 1E1l4 Dual-3 Gate Ext,. 2E13

A total of 65 devices wore irradiated in the lincar accelerator
test program at dose rates up to 3 x 1010 yad(Si)/s. A total of 60
devices were irvadiated in the flash x-ray test program at dosc ratlc:s

up to 5 x 1911 rad(Si)/s. Each device was exercised after every
irradiation pulsec and monitored for evicdence of latch-up or burn-out.
No evidence of latch-up or burn-ocut was seen during either the linear
accelerator testing or the flash x-ray testing.

s
¢]
1%

Table 4 lists the range of transient erxvor threshold for cach
device type. Error thresholds for Table 4 are defined as the dose rate
level causing an cutput voltage trausient to drop below 3.0 velts when
the output is in the logical ONE state or to raise above 0.8 volts when
the output is in the logicat ZERO state, This data was measured at the
linear accelerator with the devices maintained in a8 steady DC condition,




TADLE 4, RANGE O TRANSLENT ERROR THRLSHOLDS

Device Threshold Device Threshold
rad(S1)/s rad(Si)/s

Dual D FF 1¥10 - 3E10 Dual-3 2L9 - 3E10

HIC 117D SEY - 1E10 Dual=3 Ext. 2E9 ~ 1E10
HIC 117C 7E9 - 2E10 Dual-4 5E8 - 7E9
HiC 1178 59 - 2E10 RS FF SE8 - 4E9
Triple-3 5E9 - 2E1D Quad-2 18 -~ 7E9
AQL 39 - 6k9 MV 1£7 - 517

Table 5 shows the results for the flash x-ray testing to determine
the static phase shift error threshold. This error threshold is deflined
as the radiation level required to induce an erroncous change of state
in a multivibrator circuit. These are static tests which means that
the multivibrators were not being clockhed or triggeved during the
irradiation pulse, No attempt was made to c¢lock or trigger thesce
circuits concurrent vith the flash x-ray pulsc since a satisfactory
synchronization pulse could not be established with the Hormes 11
machine, The Monestable Multivibrator device has the most sensitive
static errvor threshold of & x 10° rad(si)/s. The table shows the
progressive hardness of the device types culminating in the HIC 117D

which has a hardness tevel abeve the capability of the Hevies 11 madchdue,

TABLE 5, MULTIVIBRATOR STATIC PHASE SHIFT ERROR THRESHOLDS

static hase Shift
Device Designation Frror Threshold
rad(Si)/s
Hardened FPF H1C 117D SEl1
Hardened FF HIC 117¢ SE11
Havdened U HiG 1170 inil
Hardened FF H1C 1174 4E10
Dual D FF RSN 541, 74 4110
RS ¥V RSN 541. 71 1810
Monostable MV RSN 541, 122 4E8 B

Table 6 shows the results from the linear accelerator testing to
determine dynamic phase shift error thresholds. The dynamic crror
threshold is defined as the radiation level reguired to induce an




TABLE 6., MULTIVIBRATOR DYNAMIC PHASE SHIFT ERROR THRESHOLDS

Maximum Dynamic Fhase Shift Errvor
Device Type Operating Threshold rad(Si)/s
Speed T00 s 200 ns 400 s
(Mliz)
pulse pulsc pulsc
Hard Flip-Flop C.4 * * 2E10
HIC 117D
Hard Flip-Flop 0.7 * % 8E9
HIC 117C
Havrd Flip-Flop 1.0 5E10 1E10 2E9
Hi1C 117B
Ducl D Flip-Fiop 5.0 1E10 N/A N/A
RSN 54L 74
RS Flip-Flop 2.0 5E9 N/A N/A
RSN 54L 71
Hard Flip-Flop 2.0 29 7L8 oE8
HIC 117A

* Dynamic error threshold greater than linear accelerator maximum
capabilicy of 5E10 rad(Si)/s.

erroncous change of state in the multivibrater circuit when that circuit
is being clocked or triggerad. Thesv are dynamic tests, which means that
the clock or trigger signal which exercises the multivibrator circuit

is synchronized with the lineavr accelerator radiation pulse.,

The dynamic phase shift error threshold tests showed four important
results, First, they showed that all of the multivibrator circuits
tested were wmore susceptible to radiation induced phase shift when the
circuit output was in the process of changing statecs as a result of an
applied clock pulse or trigger. Thus, the Dual D Flip-Flop was most
sensitive immediately following the leading edge of the trigger signal
while the RS Flip-Flop family was most scnsitive lmmediatcly following
the trailing edge of the clock pulse signal,

Second, these tests also showed that the circuits become morxe
susceptible to radiation induced phase shift ecrrors as the multivibrator
devices are clocked at speeds approaching their maximum capability.

This occurs since a multivibrator circuit being clocked at near its
maximum cperating capability does not have sufficient time for the
internal reactive components (including distributed capacitance) to
settle to their quiescent voltage levels, thus providing maximum neise
rejection.

Third, these tests also show how the HIC 117 family of circuits
become more susceptible to radiation induced dynamic error thresholds
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as the duration of the radiation pulsce is incrcascd. This occurs since
the harvdening capacitance in those circuits becomes discharged at
lower irv:adiation levels as the pulse duration becomes longer.

An finally, these tests show the ionization hardncss achicved by
the HIC 117 family scries of civcuits. This data shows the {ucieasce
in dynamic crior threshold achjuved as larger capacitance values are
addcd to the basic hardened flip-flop civcuit. Thesc figures also show
how the additional capacitance decreasces the maximum opcrating speed,
and how radiatiou pulsc width aftects radiation havdness.

11! 10t -
Hic 1170 HIC 117C 1 '_:
\ N ' o
- [ \ VIC 31/0 - —
X v —
= - \ = HIC 117D ‘i
td n ]
o 1040 o
g 0‘ - '————] 2 lolo [ HIC 1] 7C— -1 ‘
L — ol —
sk S
§ HIC 1174 $ e i
I - I _ HIC1178
W a - 1
T 0 p = ‘“ 10? -
- ;: \’ 2 = acaan A
2 -~ P & [~
[e} —
¢ F t  F
W -
Q o B
5 10f s 3
3 = VICE HI1C 117 i 'g 107 Y- prvice tic 137 LIt |
> [~ 5LOonD z —
5 - 6 : 2 LOAD
vor byl oy gpud 1o so? bt el b gy
0.01 0.1 1.0 10 0.01 0.1 l.0 io
CLOCK PULSE SPLED (Mtiz) CLOCK PULSE SPEED (MH2)
Fisure 1, Figure 2, k
HIC 117 Composite, H1C 117 Composite,
100 NS Pulsc Width, 400 N5 Pulse Width,
Dynamic Error Threshold, Dynamic Firvor Threshold,
Linac Linac
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UNIVERSAL DIGITAL INTHGRATED CLECULL*
he M. Gray and D. G. Skogmo

Sandia Laborateries, Albuquergue, New Mexico

ABSTLHACT

The Universal Digital lutegrated Circuit (UDIC) ds a radiatiou-
tolerant, beam-leaded desipn capable of forming with appropriudte
external pin interconnections any one of four digitul circuits.

INTRODUCTLON

The Universsl Digital Integrated Circuit (ULIC) is w radintion-
tolerant desipgn ofTering four digital functions on a single monolithie
chij e With appropriate external pin interconncetions, and the addition
of timing aud/or invut trigeering capacitors, the UDLIC is capable of
fuectioning ac s (1) bual Nand Gate, () Singie-Shot Muluivibravor,

(3) Free=Run Muitivibrator or (M) Pulse-Triggered Binary. The UDLIC
requires that two radiation hardening techniques be combined into boeun-
leaded form. These technigques are dielectric isolation of all active
devices and the use of thin film resistors. The UDIC is a tormatl TO
chip.

FUNCTIONAL DESCRIPTION

Since the schematic of the UDLC, shown in Figure 1, is sywmetrical,
the following discusvion will be limited Lo one side. Davlington-
connected trunsistors in both the pull-up (Q1-Q2) and pull-down (Q3-Qbk)
arce used to insure proper operation arler coxposwre 1o severe nceucron
enviroments.  When §3 una Qb are "on," their Schottky-clamped
coullectors hold Q1 and G2 "ofr." With an input less than three dicde
drops on any of the diodes CR7 through Ch10, Q3 and Qb will be "orr"
and 1 end Q2 will be "on" ir output curre.t is required. Transistor
QY with the addition of an external capucitor provides a means ol uc
vulse Lriggering to turn off ithe Q3 and QY pull-down combination.

The use of nonsaturating logie minimizes both absolute propagation
delay and propagation delay variation with rudiation. The use of the
Schottky-clamped transistors achieves this nonsaturating logic with a
minimuwa number of diode voltage drops and, hence, minimizes the ¢ pply

¥Phis work was supported by the U. 8, Atomic Eaergy Commission.
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voltage requiremcents for a given postraalation transistor beta, The
clectrical design is such that the power dissipation in all functional
hookyps is ccumpatible wilh the use of the circuit as an unpackaged bean-
leaded device. Typical clectrical charecteristics for various hookups
arc given iu Table 1.

As shown in Figure 2, the UDIC is capable of forming dusl four-
input Nand Gales witn expandable input option. The conventionad
operation of a gate where the input variables appear on diodes CRT
through CRLDO and the outpul is taken off the collector of @3 is
straightforward and will not be considered here. As required by the
gote function, diodes CR3 and CRY arce tasc-cmitter diodes since their
high capacitance ir required to quickly rcmove the stored churge
during the turn-off of the pull-down. The fan-in diodes CRT tluough
CRLQ are collector-base type, rince the higher breakdown voltage is
raquired with the gate ipput in the logical one state. The uncomnittoed
base forcing resistors are intended Lo minimize power i only onc gate
is required.

A Free-Bun Multivibrator (KRMY) can be formed with the UDLC and
two external timing capacitors, as shown in Figure 3. The circuit
operation is conventional in thut cone capacitor is bLedng recharged
by the active pull-up while the other capacitor is timing into the
base of the opposite pull-down. The diode CR3 in series with the base
of ihe pull-down prevenls base emitter breakdown in either Q3 or QU
and, more importently, it prevents the base-emitter bypass resistors
from intluencing the timing equation. A Schottky diode CR1l is inserted
in series with the active pull-up in order tu reimove timing equution
dependence on the logical zero-voltage level which would otherwise
exist. Tae halt period timing ecquation is given by

1= R3CTKn3.
Figure U shows the UDIC version of a Single-Shot Multivibrutor
(S5MV).  This function reguires the addition of an externud trigger
capacitor and an exterpul timing capacitor., When power is applied
to the circuit, Q3 and Qb will be turned "on"_due to the dirference in
basec-enitter voltage drops between the Q and Q side. In the qQuiescent
state, the Q side is leld off by the cross-coupled CHR11l diode. During
the stutic state the Cp timing capacitor will bLe chiarged by the (
active yull-up. Irior to the initiation of the Single-Shot, a positive
going pulse on the trigger line will huve char, ed the CIn input capaci-
tor by way of the R 13 path into the @ side. The Single-Shot will
trigger on the falling edge of the trigger pulse, at which time the
votlage on ClN will couple through (9 introducing a negative voltage
transicnt on the base of Q3 and Qh. This negative buase voltlage causes
the Q side to turn off, thus releasing the cross-coupled diode CKU1
which enables Q to turn on. This dynamic state eaists until the timing
capacitor CT hes timed out by reaching the base cut-in threshold or the
Q side. When this occurs, the SSMV returns to the static state and
CT is recharged. The tiwming equation fou»r the UDLIC Single-~Shot is the
same as previously given tor the Free-Run Multivibrator. The

210

i ki it sl



resistor K 13 is necessary to limit the current fron the trigger
source, which must bLe sunk by §3. Nlesistor K 34 limits the current
which must be sunk by Q3. Resistor K 14 1limits the current which must
Ve sunk by the trigger source after trigeer upplicatlion.

The T'ulse Triggered 3inary (I1B) function of the UDIC is shown
in Fgirur 9. A Direct Set (Sp) or Dircct Clear (Cp) can Le obtained
by applying a logical zero to the fan-in diodes on cither side. The
two sides of the IIB are dc¢ cross-coupled such that one or the other is
on. The information on the Set (8) and on the Clewr (C) stecring
lines must be complenents of one another. For the purpose of explunas
tion we shall assume that the @ side and & line are at 4 logical zero.
To change states, a posilive clock pulse nust be applied to charge Cpy
by way of R 13 and the logical cerv on . The trailing cdge of the
clock pulse will trigger the PUB exuctly as has been described for the
SSMV, But this time the trunsition is into a stable state, due to
the de crous coupling, instead of & dynamic one as in the cace of the
Single-uhot.,

A photograph of u prototype UDIC ¢hip is shown in Figure .
TECHNOLOG LES

The UDILC, presently umder development, utilizes six technologies:
1) radiation tolerant diffusion processes, (2) diclectric isolation,
3} silicon chueme thin rilm resistors, () beuwu~lcud construction,
9) Schottky trunsistors, and (6) MNOS capacitors. Tv our knowledge,
the UDLC s the first dntegrated circuit to combine ull the ubove
technologies.  All active devices in the UDIC are individually isolated
to mininize perturbation and to eliminste buricul caused by exposure to
a high intensity g environment.  On each chip are locuted two
diggnostic transistors (Qll, Q12) to be used tor pre-irradiation
screening of the UPIC.

(
(
(

)

DATA

At this writing a prelininary cevaluation off the UDIC's response to
neutron radiation hus been coapleted.  Figure 7 is a plol of hpy vs,
noutron flux ror the diagnostic transistors. Figures 8 and 9 present
a typicsl response ol the gate cireuit as 8 whole to neutron flux. In
generating the data for Figure 9, a value 07 0.5 volts ror maximam "en'
voltage was arbitrarily sclected 1o define circuit failure. By
trading noise imaunity, this value could be increased yielding an even
higher radistion tolcrance.

A more exhaustive evaluation of the UDLC is under way. Data from
this evaluation showing the behavior orf the UDIC in various tunction
configurations under radiation will be presented at the conference.
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Symleal Characteristic (Unjess otherwise stated: R Tyl ical Units
L, Freradiation Conditions, V =8V, T, ~ 23°r) Value "
Gencrul Flecirical Qinrucler istics for the UDIC
VQ” Outjul High Valtage 7.0 Volts
VO' vutput low Voltage .3 Volts
5
> Y nl . Qo1 :
Fooo Tower Diasijat.on 40-1 mw
L}\I.H Turm -0ff Propagntion Dalay 0 nas
W Turm-0n Propagation Delay 10 ns
v Yawer Sugpp 9.0'1 Vults
V.. '« upply e y vltls
Rectrical Quaracteristive for the Dual Naid Guale
Vm Input Migh Voltage (mintmn anput Lo sunrantee o Volts
output logicul merv)
V11 Input Low Voltage (muxlmgn input Lo guarantee .. Volts
' output logieal one)
F.0. D.C. Fan—Cut (Twstradist ion) L
Noise Margin (=170 dicde drops) 1. Vults
Hectrical Qiaracteriatics for the FRM
F,0, D.C. Fan<Cut (tustradiat ion) 3
fm“ Max imun Freguency o Oscillat ion Y Miz
by tutpur fulse width 1or 1/4 = Db, ~ /4 operat fony
given by T = Rep o2y vhere 1= LK
Hlectracal characteristics for the DIoiMy
F.0. D¢, Fan-ut (Postradiation) 2
Huaximun Duty Factor 0 Ferceut
Mandime Input Tripger
Worst Case Cunditions:
1. Asplitude equad to GV Joe ns
2. Full time equd to 15 ns
Mininm Qutput Iulse I ns
T Output. Pldse Width
T = R\,‘T wm 2, where K = LK
Electrical Characterigtics for the VR
F.0, D.C. Fan-Out {Pvstradiation) o
Minimurm Input frigyrer
Worst Case Comditious:
1. Argditale gual to OV RN Le
2. Full time equad to 1% ns
1‘}_‘1’c Muximum Toggle Freguen-y Y Mig
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RADIATION TOLERANT GATED VIDEQ AMPLIFIER™
R, M. Gray and T. D. Petty

Sandia Laboratories, Albuquerque, New Mexico

ABSTRACT

The circuit described is a radiation tolerant, gated, differen- ]
tial video amplifier. The amplifier is an all PNP design realized
in monolithic integrated circult form, featuring dielectric isolation,
thin film resistors, and gold beam leads.

INTRODUCT'1ON

This paper describes a video amplifier, designated the SAL955,
which is designed to give reliable performance after an exposure to
a severe neutron and gamma environment. The SA1958 is versatile in
that it is a differential amplifier capable of cascade limiting and
of being gated by current sinking logic.

in addition to describing the amplifier, this paper discusses
the transient neutron and gamng hardening emplioyed in the design.
Conventional radiatior hardening processes of Jdielectric isolation
and thin film resistors are utilized. Data zre presented to demon-
strate the amplifier performance after neutron irradiation and over
temperature. To the knowledge of ihe authors, the SA1958 represents
the first radiation tolerant linear integrated circuit 10 be realized
with gold beam leads.

SYSTEM REQUIREMENTS

The system requirement was for three separate circuit functions
{1) a differential input-output video amplifier, (2) s hard limiter,
and (3) a gated amplifier. In addition to operating over the full
military temperature rauge, the circuit functions were required to
operate shortly after an exposure to a severe radiation envircnment.
All integrated circuits in the system were required to be gold bean
leaded due to package density regquirements and improvement in reliable
component attachment within the hybrid microcircuit. Because of the
inberent characteristics of the differential pair configurstion, it
was feasible to design s single amplifier, the SA1958, to perform all
three circuit functions required by the system.

¥This work was supported by the U. 8. Atomic Energy Constission.
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CIRCUIT DEBCRIPTION

To operate the circuit as an amplifier, the terminal pins are
commected as shown by ihe dashed lines in the amplifier schematic in
Figure 1. The differential inpu! stage consists of matched Darlington
connected pairs (Q5-Q6) and (Q7-Q8). The maximum gain of the emplifier
is ideally determined by the ratio of the load resistor K2 to the
effeetive emitter resistor, which is R12 + 2r,G. When an exposure to
& neutron environment results in severe hela degradation, the Darling-
ton input connection is necessary to (1) maintain an adequate input
impedance suitable for cascade operation, (2) minimize the degradation
of amplifier voliage gain, and (3) decrecase the cifect of reduced
current, gain on the limit level.

Emitter followers consisting of the pairs (Q1-Q2) and (Q3-Qh) are
used to buffer the output in order to enuble the awplificr to drive
its worst case cascaded input impedance. Again the Darlington conuec-
tion is required to insure a low output impedance and to keep load
variation from influencing the gain of the amplifier.

Current used to bias the output stege is summed Ly K10 and R1S
and recused to provide bias for a si{able voltage source consisting of
a zero TC reference diode CR18 and resislcrs R25 and 126. The system
requirement for & limiter necessituated & constant current source
design which was independent of power suprply voltage. The values of
R25 and R26 are such that the effect of the Darlington base current
requirec by Q11 and Q12 is neglipible preradiation to postradistion.
Base emitter dicdcs CRIS aud CK20 are intended to track the base-
emitter drops of Qll and Q.2 over all environments. Therefore, the
portion of the reference diode voltage which appears across R25 by
voltage divider action will slso appeuar across R21 and set the emitter
current of the Q11-Ql2 Darlington pair. This emittel’ current is
approximately equal to the collector current, which is the bias
current for the amplitier.

A voltage scunsitive current switch (Q9-QL0) appesrs in series
between the constant current source and the amplifier. If ihe gate
diode CR15 is at the logical uzero level, then the current of the
constant current source is switched from the amplifier through CR15
into an external curreul sinking logic gate. Without bias current,
the amplifier is shut off and the quiescent ocutput ievel falls to
near the negutive supply voltage. Tie Darlington confipgur ::icn is
euployed for the current switch to avoid a decrease in the bias current
of the amplifier after irradiation., In order 1o realize the gated
function, the design seemed to favor an all PNP circuit in terms of
power and simplicity.

The 5A1998 design is capable of cascaded limiting in that the
input verminals of the amplifier can accept and amplify the full output
of a similar device without zero erossing distortion in the output
vaveform. In the limiter application, the constant current is switched
betvween the input pairs {Q5-Q6) and (Q7-Q8) by the inpuvt zigunal. The
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design is such that with a differential input signal cqual to the
naximum output swing the amplifier docs not saturate and thus
results in g good high frequency limiter.

The electiical characteristics of the SAL9U8 are showa in Figure
2. For the designed application, the amplifier was ac coupled at
both its inpul and ouiput terminals. The upper frequency response
can be controlled by placing a capacitor between the collectors of
Q6 and Q7. By controlling the high frequency responsc at the luad
resistors (R and R6), stable performance is assured preradiation to
rostradiagtion. The low frequency response, determined by the input
coupling capacitors and the input impedance (ZI }, will vary under
radiation conditions since Z1y changes. With tHe gain select termi-
nels open, the amplifier has a veltage gain of 10 dB; with the
terminals shorted it has a gain of 20 dB. Any gain between 10 dB
und 20 dB can be obtained by connecting Lhe appropriale resistor
between these two pilns.

By applying a digital waveform to the gate of the amplifier
hookup shown in Figure 1, an input waveform can be sampled. More
complex gated functions can easily be formed with the SAL958 since
the bPias and load terminals both are left uncommitted. For example,
with the irierconnects shown in Figure 3 two or more input channels
can be multiplexed together.

The extensive use of Darlington pairs along with the inherent
nature of the differential amwmplifier configuration insure operation
alter exposure t¢ a neutron environment where the individual tran-
sistor current gain, betn; has degraded ¢ five. FHRecovery from gamma
transient generated photeocurrents is aided by the use of co pensetion
diodes shown by the dark heavy lines in Figure 1. Ideally, all the
photocurrent generated in the collector base juncetion of each respec-
tive trausistor would equal the photocurrent generated in the
compensating diode. This compensetion technigue prevents excess
current, from flowing into the base terminal which when multiplied by
beta could cause device sautwration.

INTEGRATED ClRCULT TICHNOLOGY

For any integrated circuit that is to withstand scvere gamma
radistion, the use of the dielectric icclation piocess is required. In
the SA1958, dielectric isolation of all active devices is utilizad to
eliminate the possibility of puctocurrent induced latch-up or burnout
which might otherwise result i jJunction isolation were employed. Due
to photocurrent generation in diffused resistors, the SA1958 utilizes
nichrome thin film resistors in those positions where current limiting
is necessary to prevent device burnout during a transient gamms
exposure.

In addition to the harcderiug which is apparent on the schematic,
the ncutron tolerance is greatly increaced by using a thin base
transistor geometry. Tie amplifier per.’ormunce variation is minimized
from preradiation to postradiation conditions by gold doping the
transistors.
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The development of the SA1958 circuit demonstrated that dielectric
isolation, gold doped PNP transistors, passivated thin film resistors,
and gold beam leads can be used simultaneously to produce radiation
tolerant amplificrc for hybrid circuits.

CIRCUIT PERFCRMANCE

The circuit perameters, input impedance and voltage gailn demon-
strate the postrsdiation performance of the SA1958. Expressions which
deseribe these paramcters as a function of 8 are given by equations (1)
and (2).

Zox = [2(8, + 1)(R, + r )] || Rog (1)
R, (
= = 2)
B D e v r) - e
8 12 eD D

D
where BD ;—8586’ the Darlington effective current gain and

kT

~

P T g , the Darlington cffective small signal emitter

qIE6 resistance.

As shown in the above exp:.essions, Ziy and Ay decrease directly
as a function of 8 degradation. Measured data for ZIy and Ay as &
function of neutron exposure are shown in Figures 4 and 5. These Ay
data represent the worst case degradatlion since Rg, the source
resistance, was 2t the maximum expected value. The largest source
resistance occurs when the amplifiers ave cascaded, Rg is then the
output impedance of the preceding stage which increases as a function
of radijation.

In the specified operating temperature range, the circuit
performs well within the 1 dB veltage gain tolerance. These results
arc depicted for a typical device in Figure 6. Ay decreases with
inereasing temperature primarily because of the temperature dependence
of rop. Since the amplifier which generated these curves was operated
in the 20 dB gain mode, the cuives represent the maximum temperature
sensitivity of the voltage gain. When the amplifier is cperated in
the 10 dB gain mode, the larger resistor in series with r 6 raduces
the overall temperature sensitivity. ©

ACKNOWLEDGEMENT

The process developuent required to fabricate the SA1958 amplifier
was performed by Motorola.
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CHARACTERLSTIC MIN, TYP. MAX. UNIT
Amplifier Voltage (+ and -) 9 1c 11 V dc
Max. Iaput Voltage {Differential) 6 V pp
Ouiput Voltage Swing (Differentisl)

(R, = 2k) 6 V pp
Voltage Gain (Differertial) -19.5" 21 dB
Voltage Gain Variation with Temp. tl 4B
Bandwidth 15 MC
Input Impedance bk 10 k Ohms
Output Impedance S0 Ohnis
luput Voltage (Quiescent) -2.5 V dc
OQutput Voltage (Quiescent) -4.3 V de
Power Dissipation (Single Amplifier) 160 oW
Rise Time 20 ns
¥Fall Time 20 ns
Channel - Select Time

(Gate to Output) 25 us
Operating Temperature Range -25 25 125 oc
Common Mode ReJection Ratio

(r =2 M) 50 dB
Input Bias Current MA
Input Offset Voltage mv
Gate Current Low

{Gate Voltage = OV) 3 ma

* Postradiation Parameters

Figure 2.

Electrical Characteristics
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RADIATION RESISTANCE OF COS/MOS .
CIRCUITS MADE WITH Alo03:8102 GATE DIELECTRICS

R. Feryszka &nd Y. H. Kalish
RCA ~ SSTC - Somerville, N, J.

COS/MOS Loglc Circuitry with its low power requirements,
high noise immunity and high reliability is of speclal
interest in satelliite electironics, This is even morc
true 1f COS/MOS circuitry can be made immune to extrenmcly
hostile radiation environments,

A major effort at RCA was devoied to obtain this goal (1)
(2) (3) (4) (5) (6). Standard COS/MOS devices under 10V
bilas 1irradiation tests show degradation at doses approxi-
mating 104 rads (81)(3). The observed chift in threshold
voltage and degradation of device characteristics is the
result of two effects; (a) the bulld-up of a positive
space charge in the oxide due to capture of holes in pre-
existing traps in oxide near the oxide-silicon interface,
and (b) the filling of interface states thait were generated
by the impinging radiation (5). But with the RCA develuped
technique for achieving a high quality oxide-silicon inter-
face for the COS/MOS process, effect (a) dominates. To
prevent the build-up of states at silicon-oxide interface,
a modification of the oxide layer 1s required. The
following approaches were investigaied to obtain improved
radiation resistance:

a) Doping the 3i02 layer with chromium (7)
b) Replacing the Si02 layer with SigNg (6)
c¢) Using a composite gate structure

P05 (S102) - Si0p (6)

d) Replacing the Si0O, layer with AlgOj3 (6) (8)

~ The first approach is not applicable for
COS/M0S devices since irradiation with
positive bias causes large threshold shifts

- SigNg4 dircctly om silicon sufters from
severe interface instability problems (6) (6)
and as of today these devices are not useful.

- Po0g5 (5102)-S102 layers are used to reduce bias
temperature instabilities but their radiation
hardness 1s rather low e.g. at 4 x 104 rads (Si)
and 10V biss the threshold shift is Vi= -2V .6)

*Vork perfermed in part under the sponsorship of the
NASA M.S.F.C. (NASB-26311)

226




An all Ala0O3 gate dielectric shows the highest degree of
hardness to ionizing radiution potentially reaching into
several megarad range (8)., But to achieve reproducibility
in megarad hardness, several problem areas have to be
considered.

Included arc:

a) Scoft source-drain breakdown and source-~drain
leakage.

b) Gate-leakage

Weork in these arcas has been very encouraging, (9) but
an interim solution a sandwich structure Si0g-Ala03 was
investigated., Radiaticn-resistant COS/MOS devices
operating in an environment having a gamma exposure of
10° rads (Si) with a bias of *10V were accomplished.
This investigation of Si102-A1203 sandwich dielectrics
was pursuec with;

a) Phase One: 41203 - Si0p - Si studies,
A technique for growing reproducible, thin silicon
silicon dioxide layers in the range of 150A to

. 4 . . g - Y .
5004 was invectisated using the C-V iecunnique,

Lo Sy 84

the optimized structure was developed and tested.
b) Phase Two: CD-4007 Device Fabrication and Testing

Based on the results of the first phase, the
optimized gate sandwich structure was selected

and CD-4007 devices were fabricated and computer
tested. Immediately after irradiation the devices
were again computer tested and the test results
were analyzed.

5% = Si0y = Alg03 Capacitors

Oxides were grown and annealed under standard RCA conditions
but with growth times reduced. The thickness o1 the thin
Si0g layers was measured by ellipsometry. The average SiOp
thickness was 170, 310 and 490 respectively with an
accuracy ri0A, The wafers were each etchod immediately
before Al90g deposition. Aluminum oxide layers were
obtained by hydrolysis of aluminum chloride (AlClj3).
Aluminum was used for meialization of the capacitors.




-3-

The C-V curves were recorded before and immediately after
each irradiation dose. Sc¢lected samples were biased for
times equal to ircadiation time, but without exposure to
irradiation, This was performed tc confirm that the shifis
in ihe C-=V curves were due t¢ irradiation. Radiation
testing was performed at the Cobalt 60 rfacilities of the
Industrial Reactor Laboratories in Plainsboro, New Jersey.
The dose rate at the site of the devices was measured with
calibrated air ionization chambers. The time of exposure
of the devices was monitored and the accumulated dose was
calculated by using the known dose rate. The flat band
voltage of the MIS capacitors obtained frcem the C-V plot
was in good agreement with the calculated value {1l1).
Table I shows test results.

Based on these results, gate structures of samples 32 and
35, 170A or 310A of Si02 and 4507 of Al203 constituted the
basis for the device fabrication investigations of phase-
two.

The RCA CD4007 was selected as a radiation~hardening test
vehicle, This integrated circuit is composed of three
n-channel and three p-channel enhancement-type MOS tran-
sistors on a single monolithic chip, The transistor
elements are accessible through the puckage terminalsg,
providing a convenlent means to construct such logic
circuits as inverters, three-input NOR gate, three-input
NAND gate, etc. This broad range of applications, and
availability of multiple independent pairs of tramnsistors,
which enable simultaneous irradiations under different
biases (e.g., O volts and 10 volts for n-channel and -10
volts and 0 volts for p-channel), were the main reasons
for its selection as the test vehicle. Figure 1 is a
schematic diagram of the Cp4007. Figure 2 shows a topo-
logical view of a completed CD4007 integrated circuit,

The gate structure compesed of 170A of Si0p and 5004 of
Alp03 showed no reasonable yield in meeting the CD4007
specification and it was discarded. Two lots #6 and #7
having 310A of Si02 on 5004 of Alp03 were processed and
irradiation tested. The initial p-channel Vpy was + 1.1
to + 1.6V and p~channel threshold vpp was -.8 to ~1.25V,
All devices met standard product specification require-
ments for leakage and breakdown.




see

ol

o

Table 11 summarizes the effectiveness of the A1203/S109
dielectric structure in enhancing the radiation resistance
of COS/MOS devices, As anticipated, the smallest shifts
occurred under zero bias and the greatest shifts occurred
under the highest biss. All shifts on the p-channel unit
were in the enhancement (turn-off) direction. The
n-channel units meoved in tiae depletion (turn-on) direction
at zero and ten voits but shifted in the enhancement
direction at five volts, The data represent an improve-
ment in the radiation tolerance ofCO8/M)S devices ¢f almost
two orders of magnitude.
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TABLE i

IRRADIATICGN TES1 RESYI YR OF 9109-A1907 YIS CATACIUOHS

- Thickness 3

Tathaid Voitage V¥B_ 1 THAADIATION CONDITIORS

SAMPLE | 8103 A1503| Calculated | Weasured | Dose Bias VEB
NO. A JA Lv) V) Reda (S4) 1 __(V) V)
6 x 104 + 10 - 1.0

25 310 | 1984 - ~% .4 1 x 109 + 10 - 1.6
2 x 10 + 1C - 3.1

6 x 10, + 10 - 1.2

28 480 445 -2.25 -2.8 1 x 10% + 10 - 1.9
2 x 109 + 10 - 3.7

32 170 445 -,633 -1.7 1 x 105 + 10 - 0.3
2 x 105 + 10 - 0.9

1 x 10% + 10 - 2.4

33 170 | soo -1.65 -1.6 2 x 103 + 10 - 4.0
1 x 102 - 10 + 2.2

1 x 165 + 10 - 0.7

35 310 445 -1.34 -2.3 2 x 10% + 10 - 1.1
1 x 109 - 10 ~ 1.1

1 x 109 + 10 -~ 1.8

36 310 900 - -2.4 2 x 109 4 10 ~ 3.8
1 x 10° - 10 -~ 0.4

TABLE 11

Dose (Rads (S1)

ThreshoYd Voltage ‘Change Vr

5 x 104 5
Blas (volts) (3) ! §v§0 2(:’)105
N-~Type Channel 0 0 (~.1) (~.2) (- .1)
+5 + .1 + .15 + .25
+10 (-.13) (-.15)~(~.5) (~.3)
P-Type Channel 0 (~.25) (-.50) (~.7)
~5 (~.40) (~.75) (-1,35)
~10 (~.35) (~.65) (~1,30)

SUMMARY OF TEST RESULTS
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LOW FREQUENCY NOISE CHARACTERISTICS OF GaAs JFETs
FOR CRYOQGENIC OPERATION

M. B. Colligan

McDonnell Douglas Astronautics Company
Huntington Beach, California 92647

ABSTRACT

Gallium arsenide junction FETs were developed for use in lowv noise
audio frequency preamplifier circuits at cryogenic teaperatures, The
effects of variations in geometry, processing techniques and material
parameters vere investigated to reduce low frequency noise ond maintain
high input impedance.

INTRODUCTION

This paper descridbes the design and verformance of Gahs JFETs which
were developed for use as low noise audio frequency ypreamplifiers at
reduced temperatures. The GaAs JFET is well suited for this application
becouse, Tirst, the JFET has inherently low noise, linited basicaliy by
the thermal noise of the conducting channel. Second, GaAs devices
perform well at temperatures down to thet of liquid helium because of
the lov ionization energies of commonly used n-type impurities, The
input resistance, whilse gencrully nol as large as an insuiated gefe

’
device, will be high enough for mogti spplications.
DESIGE CORSTDERATIONG

The desig.. eriteris in this arplication are primsirlly determined by
the limit on pove:r dissipat.ion, ncmipally one milliwati, and the necea-
8ity of keepfng tne preamplifier input capacitance sufficiently small.

The devices are decigned for use in a scarce followver configuration to

take advuntuge of impedance transformation and the reduction in input




capacitance, The input capacitance is given by

1
Cyp ™ ng + cgs (l“Gv) + c“my (1)

where C and Cgs are the gate-drain and gate-source capacit.-ces and G

gd v

is the circuit voltage gain. A convenient figure of merit in high
impedance circuitry is the prodnct of the equivalent input noise voltage,
L and the input capicitance., The gate-source capacitance is given byl
Cow = 3 "—;:é!’- P(V g V) (2)
vhere L and W ere the gate length and width, a 1is the channel height
and Vo is the pinch-off potential. The function F(vgs' Vo) is approxi-
mately 0.2 to 0.4 in the bias range of intereet. A value of 0.3 is
used for ease in calculation, and it is sssumed that ng is approxi-
mately a corstant determined by packaging. With C e propurtional to
area and ei inversely proportional to area2'3, the encin product has a
broad minimun with respect to Cgs' Taking into account material
properties, the restrictlions on power and area lesd to acceptable ranges

of device geozetry, maximum current and pinch-off voltage resulting in

devices; with rather small channel width to length ratios, (alculations
were made for & aominal circuit voltage gain of 0.9, Typical values are
4 transconductance of 500 pmhos, cpersating current of 300 pA, Cns of 3
to 5 pF and gate vidth te length ratios of 2 to S. Figure 1 shows the

surface configuration of one of these devices,
DEVICE FABRICATION

The devices wore fadbricated from vapor epitaxy materlsl of 1 um
nominal thickness on compensated chromium doped semi..insulating aub-
sirates, Carrier concentrations are in the range of 1 to 6 x 1016/cm3.

The gate is formed by zinc diffusion to & typical depth of 0,5 um. The

source and drain metsllization consists of alloyed gold-germsnium.
EXPERIMENTAL RESULTS

Meagsurements were conducted to determine input impedance and to
isviate major physicsl sources of low frequency noise. A current-
voltage characteristic at liquid helium temperature is shown in Figure 2.
Input capacitance of the presmplifier circuit alone with a voltage galn




of 0.9 is typically 1.0 pF or less for test devices mounted in T0-18

13 ohms has been measured

packages. Input resistance larger than 1 x 10
for temperatures nesr that of liquid helium, the low frequency equiva-
lent input noise voltage spectra generally consist of ar spproximately
1/f region which turns into a flat region in the frequency range of 1l to
10 kHz, The flat region is presumed to be the plateau of a generation-
recombination {g-r) term of the form constant/{(1 + w212), having a value
typically two decades above the calculated thermal nuise level, The
magnitude of the 1/f noise at liquid helium temperature has been

/2 at 300 Hz., Tigure 3 illustrates

noise spectra measured at room temperature and at liquid nitrogen and

measured to be as low as 50 nV/Hz

liquid helium temperatures,

Measurements were carried out tc investigate the effects of varia-
tions in processing and material properties such as surface etching,
annealing, contact resistance and substrate effects. Surface etching
reduces noise if there is an initia’ significant surface leankage current.
EFxcessive gate current which increases noise and degrades input
impedance can also result from diffusion spreading which may be alded by
etching., A major source of iow Trequency noise is found to be assoclated
with the region near the epitaxy-substrate interface., This is illus-
trated in Figure L4 which shows the effect of substrate to sourc: bias on
the noise magnitude at 300 Hz and 10 kHz. The g~r noise as well as the
1/f noise appears to be associated with the interface/substrate since
carrier fluctuations within the channel usually will not be significant
at room temperature, At lower temperatures there may be & contribution
from partially ionized impurity levels,

1t is concluded from this initial develomment program that GaAs
JFETs are useful as low noise, low frequency preamplifiers extending
down to very low temperatures, and are competitive with other devices
used in such applications, An additional feature of the JFET is that it
is relatively resistant to radiation. Further work is concerned with
Yetter characterization of noise sources in relation to geometry and
materiael parameters.
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Fiture 1, Photograph of surface geametry of GaAs JFET with gate dimensions
of 3.9 x 8 mils.

Figure 2, Curient-voltage charscteristics of GaAs JFET at liquid helium

temperature, Horizontal scale, 1 v/div.; vertical scale, 100
uA/div,; 0.5 v/step.
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Figure 3. GaAs JFET equivalent input ncise voltage spectra from room
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MONCLITHIC HIGH POWER MODULAT&R
R, N. Guadagnolo
RCA/EASD
8500 Balboa Blvd.

Van Nuys, California 91409

ABSTRACT

The application of silicon integrated circuits to high
voltage, high current drivers for GahAs Lasexr Diodes and
microwave phase shilifters has Deen investigated, An
integrated circuit having dielecirically isolated circuits
capable of shaping and timing high spred pulses with an 80
volt swing and a peak current of 10 amperes was constructed.
This paper summarizes the design and results achieved with
the device,

INTRODUCTION

The majority of the modulators presently used forxr GahAs
Laser Diodes and feirite phase shifters are either of a
hybrid or discrete type. Under direction of the U.S. Armmy,
Electronics Command, a development program to apply inte-
grated circuit technology in the area of high voltage, high
current modulation was conducted. Figure 1 is a photograph
of the chip developed during this program. The goals of
this development effort and the results obtained are
summarized in Table I.
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CUTPUT
CHARACTERISTICS

Output Pulse
Voltage:

Output Pulse
Current:

Output lulse Rige
and Fall Time:
Duty Cycle:

Pulse Width:

Leakage:

Amplitude:

ADDITICNAL FUNCTIONS

AND REQUIREMENTS

Monostable

Pulse Width:

Pulse Input:

TABLE I

TA6177 CHARACTERISTICS

OBJECTIVi

80 volts maximum

10 amperes max,
(adjustable from
2 to 10 amperes)

Less than 40 nano-
seconds

0.02 to 2.0 per-
cent

100 nanosecond to
1 microgecond

0.3 milliamperes

Compatible with
5 voit logic

Externally adjust-
able from 100
nanoseconds to 2
microseconds

A strobe

compatible with 5
volt logic
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ACTUAL
PERFORMANCE

80-120+ vclts max.

10 amperes
(adjustable from

<l to 10 amperes)

40 nanosecconds
(7 ampere pulse)

0 to 2.0 percent
100 nanosecond to
1 microsecond

0.3 milliamperes
max.

5 volt pulse

Externally adjust-
able from 100
nanoseconds to 2
microseconds

5 volt strobe input



Clearly the objectives in Table I call for a menolithic
design capable of simultanecus high speed, high voltage,
and high current., In addition to the objectives in Table I,
it was determined that maintaining low power consumption
would be essential for potential applications. To meet this
additional constraint, all circuits should be in the "off"
state until an input pulse is received, The design developed
during this program represents a unique, all monolithic,
approach which maintains all circuits in the normally “off«
state while meeting the performance goals,

CIRCUIT DESIGN

The final ecircuit configuration is shown in Figure 2,
Though description of the entire circuit 1s lengthy, the
overall pulse response and several unique circuits can be
highlighted,

The circult shown in Figure 2 responds to an input pulse
by shaping it to form a constant current, high resolution
pulse output. The control circuits shown also provide
regulation of the output current level and isolation of the
output current pulse from the power supply. To circumvent the
problem of processing high resolution pulses with low
performance lateral PNP transistors, a unigque, though more
complex, pulse processing chain was designed., 1In this approach,
the critical PNP's aire pulsed on before the required output
glgnal is to be generated. This allcows the critical PNP's to
rcach their full current level before their current is routed
to the load device,

Transistor Q26 in Figure 2 1ls the critical PNP which
supplies the output drive current. To obtain high resolution
pulses, Q26's current is amplified by Q28 whose output is
shunted to ground by Q37. Q37 continues to shunt this current
to ground until the two level detectors composed of Q29, Q30,
Q17, Q18, Q31, and Q32 time out. When both level detectors
have switched, Q37 is driven off by Q33 allowing the current
from Q28 to drive Q45 and Q46,

Transistors Q45 and Q46 are coanfigured in a Distrxributed
Darlington Array. This patented structure has been used
successfully in several other high current integrated circuits.
This structure makes extensive use of interdigitation, and
bhallasting to attain good current distribution, For use in this
high voltage process, field plates, deep diffusions, and rounded
corners were added to assure the highest breukdown voltage
pcessible,

Another function available on this integrated circuit is
a zero qulscent power consumpticn monostable exhibiting high
speed rise and fall times, Transistors Ql1l, Q12, Q13 and Q14
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make up this unique monostable, The modulator may be con-
figured so that either the input pulse or the monostable
determines the output pulse width.

The remaining control circuits provide current regula-
tion and isolation from the power supply. Transistors Q44,
043,Q42,Q041,040 and Q39 are conflgured as a high current
differential amplifier. With the collector of Q44 connected
to the base of Q45 and the base of Q44 connected to the
emitter of Q46, wide band, closed loop control over the
Darlington Array collecter current is obtained, Because
this wide band system may be subject to oscillation, an alter-
nate open loop regulator is provided. This configuration has
both the collector and bage of Q44 connected to the base of
Q45. To give this open loop system the long term gtability
of the closed loop system, a pumped AGC network composed of
Q54,055,056,Q57,056 and Q59 can be used to control the
Reference Voltage input., Varilation of the Reference Voltage
to maintain constant voltage at the emitter of the Darlington
Array will maintain constant collector current,

To isolate the 10 ampere constant current output from
the power supply, a line isolator is provided. This circuit,
composed of transistors Q47,048 and (49, is essentially a
constant current source. This circuit forces the Darlington
Array to obtain its pulsed current from a storage capacitor

and allows the power supply to supply essentially a constant
lower value recharge gurrent,

CIRCUIT PERFORMANCE

s

The circuit outlined above was processed by using deep
pocket dielectric isolation technology. As shown in Table I
all of the significant objectives of the program were obtained,
The control circuit provided an internally timed 200 milli-
ampere pulse characterized by a 35 nanc second rise time and a
10 nanosecond fall time. The output stzge exhibited a 40 nano-
second rise and fall time for a 7 ampere pulse,

The modulator system was configured with the monosteble
determining the pulse width, the output stage driving a
resistive load, and the regulator providing open loop current
control, Figure 3 1s a photograph of the output current for
five different References Voltage settings, Tie resistive load
was then replaced by a TA 7606 Laser Diode. 7This particular
diode had a threshold of 4 amperes and a peak forward current
of 10 amperes. Figure 4 shows the detected light output for
two Reference Voltage settings., Clearly, Figure 3 indlcates
that control over the output current level has been obtained.
Figure 4 demonstrates that this current control can be trans-
lated into control over the transmitted ligli: inteasity.




Scales:
Vertical - 10 volts/
cm (2 am-
peres/cm)
Time - 100 nanoseconds/
cm
Load - 5 ohms
Reference Voltage
Settings 16, 14, 12,
10 and 5 volts

Figure 3, Darlington Array Output Current for
varing Reference Voltage

Top - Current - 2
amperes,/cm
Bottom -~ Light Output -
.005 volts/cm
Time:— 100 nanoseconds/
cn

Reference Vcltage -
16.5 and 14.5 volts

Figure 4. Laser Current and Light Output for
Varing Reference Voltages
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CONCLUSICN

The developwment program summal ized in this paper leads
to several significant conclusions. First, the performance
obtained indicates that monolithic technology can be used
for wodulation of Laser Diode, microwave ferrite phase
ghifters, and microwave diodes, requiring high current, high
voltage, and high speed. Second, the modulator developed 1is
a compact unit which makes phase shifter arrays practical
and minjature microwave or laser sources workable, Third,
the ability to control the amplitude of a high resolution
pulse allows both compensation and control of the drive
signal as required by a potential system.
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AN INTEGRATED S-BAND SOLID STATE FRONT END

R. J. Grabinski
F. L. Sachen

Westinghouse Electric Corporation
Baltimore, Maryland

ABSTRACT

The application of microwave integrated circuit technology to radar
receiver design has resulted in a compact, lightweight front end module.
The unit, measuring 1.0" x 2.5" x 4.5", operates from 2.3 GHz to 2.7 GHz
with a 5,5 dB noise figure and 28 dB gain.

INTRODUCTION

This paper describes a microwave integrated circuit front end that
was developed as part of a modification program for an S-band radar. It
represents a 60:1 impvovewent iLa sysiem reiiabilivy compared with the
discrete component device that it replaces. The size and weight have been
reduced by an order of magnitude. The module features a low overall noise
figure combined with the additional advantage of built-in receiver pvotec-
tion against high power transmitter leakage pulses. It consists of a dicde
limiter followed by a single-pole double~throw PIN diode switch, & 20 dB
direcctional coupler, and a low-noige transister ampiifier. All of the com~
poncnts are integrated within a single housing with the limiter forming an
integral part of the overall package.

Except for the limiter, which is a coaxial device, microstrip fabrica-
tion techniques arve used throughout. Transmission line patterns are defined
by scicening high conduciivity thick £fiim goid ink onto a U.9025 inch thick,
99.5% alumina substrate. Bias resistors and transmission line terminations
are formed with resistive inks in a similar fashion and then laser trimmed
to within theilr appropriate tolerance rzmge. Other circuit components, such
as chip capacitors and semlconductor devices, are attached to the substrate
either by soldering or by welding with a parallel gap welder.




BLOCK DIAGRAM AND DESIGN OBJECTIVES

A block diagram of the frount end showing its individual componcnts 1is
illustrated in Figure 1. The module is required to work in eithcr of two
states determined by the polarity of the switch control voltage: one of
these is the normal receive function and the othex 18 a test mode that was
included to permit receilver measurements to be conveniently made at the radar
site. When in the test mode, isolation betwecen the amplifier and the
module's input signal terminal is accomplished by the switch, which is used
to terminate the main arm of the coupler, and by applying btias to the

shunt mounted limiter Jiodes. Including the contribution of the switch, a
total is~lation nf 60 dB is achieved with this schemec.

Tables 1 and 2 present 8 summary of the principsl design specifica-
tions for the module and it8 respective couwponents. Throughout the design,
major emphasis was placed on achieving the best reproducible noisc figure
possible. As a consequence, losses in front of the amplifier had co be
minimized. 1In addition, selected low-noise transistors were specified for
the first two amplifier stages. The transistors chosen for this applica-
tion exhibit g maximun noise figure of 4.0 dB at 3.0 GHz. Final optimiza-
tion of noise figure was accomplished by amplifier input matching.

Since the device would be produced in quantity for g military applica-

tion, high reliability, low cost, reproducibility and ease of repalr were
esscntlal design objectives.

qualified MIL parts. All semiconductors were JAN TX rated. Chip ¢

and resistore were tested uunder the envirommental ¢ nditions required for
the equipment as a whole. Extenaive environmental cesting at all levels
of the design helped eliminate any defects.

The high reliability objective was attained through the use of fully
capaciters

The cost
niques and an
and assembly.

objective was met by the use of microstrip fabrication tech-
emphasis on layout procecdures that enabled ease of fabrication

Since reproducibility is directly related to the quality of the design

and fabrication as well as the tolerance control established, particular
attention was devoted to thesc areas.

Extensive evaluations were conducted
which established standards for the thick film fabrication process. Rigid
quality concrol criteria were esisblished.

In addition, testing at all
levels of the design allowed specification of the tolerances requived to
yield a reproducible design.

In order to achiesve the repairability objective, all substrates are
clamped in place instecad of using & permanent mounting method, thus allowing

quick removal. Initial prcblems associated with substrate shifting and the
connector-medule interface werc successfully solved.




DESCRIPTION OF INDIVIDUAL COMPONENTS
A. Recelver Protector

The limiter has to protect against a leakage pulse of 3 KW peak power
with a 6 us pulsewidth and a duty cycle of (.002. The first stage provides
wmost of the required protection by using two high-po-er I'IN diodes mounted
in shunt across zhe RF line. When a high level pulse is cpplied at the
input port, these diodes eventually bilas on and act to reflcot the bulk
of the incident encrgy. Spike leakage occurring a< the beginun'ng of the
pulse is significantly reduced by two pairs of quick-acting vara.tor diodes
added bchind the input stage.

All of the diodes are mourted from the inmer to the outer conductor
of a coaxial cransmission line, with the outer conductor being the module
housing. This provides an excellent heat sinking capability and also makes
diode removal relatively easy. Both the spacing of tho dicdes and the
impedance of the tramsmission line are regulated to provide a good match.

Mcasured data for the limiter is presented in Figure 2. The cntire
module was field tested to 3.3 KW with no apparent degradation to small
signal performance.

B, SPDT Switch and Directional Coupler

Both of these components, including biasing nctworks for the switch,
are fabricated on a single substrate that is 1 inch long by 2 inches wide.
Low level PIN diodes are used to provide the switching tunction. Qbtained
in a beam lead configuration, they are attached to the microstrip circuit
through the application of parallel gap welding techniques. Those located
in the signal arm of the switch were chosen for their low series resiscance
and package lead inductance in order to minimize transmission loss. The
directional coupler is a conventional microstrip design ¢mploying a parallel
section of coupled line which is a quarter-wavelength at the design center
frequency.

Typical performance curves for the switch-coupler combinati~r are
given in Figure 3. The units typically exhibit an inserticn losc of less
than 0.7 dr across the barnd.

C. RF Amplifier

A cascade arrangement of five common emitter transistor stages is used
to achieve 27 dB minimum gain and a typical noise figure of 4.2 dB. This
clrcuit, with attendant biasing and matching networks, is contained on a
2 inch by 2 iach substrate. The transistors are housed in a smali, hermeti-
cally sealed stripline package and wmounted in a hole through the substrate.
The fFirst two stages arc bilased for low-noise operation and the next two
for maximum power galn. Together, these four stagec are uscd te determine

amplifier performance with the last stage serving as a buffer tuv provide
load isclation and the required output match.
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The first step in the developwent was an approximatc Smitn Chart design
carried out from data supplied by transistor two-port scattering parameter
measurcncnts. Computer-aided design techniques were then applied to optimize
the matching networks cof the resulting circuit. A flat gain response is
obtained by Jdesigning the matching structures fo provide a low VSWR at the
highest operating frequency, and then roll off in mwatch at lower frequencies
where transistor gain is higher. During the design procedure, it was deter-
mined that the amplifier is unconditionally stable throughout its opecrating
band, but becumes unstable for frequencies lying in the UHF rcgiom. Appro-
priate circuitry was, thernforc, added to the design to remedy the problem.
The modification produced stable transistor leading conditions at lower
frequencies, yet had a negligible effect at S-band. Slight changes to the
matching networks were made during breadboarding and subsequent testing to
arrive at a final mask design. The gain and noise figure of a typical
amplifier are given in Figure 4.

MODULE RESULTS

The prototype version of the integrated front end (Figure 5} met all
the design requirements presented earlier. The final test results for a
sample¢ of fifteea production units is given in Table 3. All of the specifica-
tions have been met. The reliability record accumulated under actual field
operating conditions has been impressive. To date, over 15,000 hours of
operation hLave been logged without a failure. The uniformity experienced
during the initial production run demonstrates the effectiveness of the
approach used to attain this level of reproducibility.




SRS Directional <
Recelver Coupler :
RF | Protector SPDT Switch - Auplifi RF .
Input Qutput i
Control Voltage Test Signal Input ‘
FIGURE 1: Module Block Diagram
Characteristic Specificat. Characteristic _ Specifi;at.
Frequency (GHz) 2.3 to 2.7 ] |Receiver Protector e~
Gain (dB), min. 25 Ins. Loss (dB), max. 0.3
Gailn Flatness {dB) £0.5 Limit{ing Threshold +10 X
(dBm)
Noisc Figure (GB),max. 5.5
VSWR Switch
Input Noise Ins. Loss (dB), max. 0.4
Matched
Isolation (dB), min. 25
Output, nominal 2.5:1
! Coupler
RF Input, max. 3 KW pecak,
6 W ave. Ins. Loss (dB), max. 0.2
Test Mode Isolation Coupling (dB) 20
Amplifier to R¥ Amplifier
Input Port (dB) 60 Galn (dB), min. 27 ]
Temperature (°C) -10 to +52 Noise Figure (dB), 4.5 .
UK.
TABLE 1: Module Specifications TABLE 2: Component Specifications '




Ingertion Loss (dB)

Peak Power Outnut (dBm)

Insertion Loss (dB)

Switch Isolation and

Coupling (dR)

0.6 | 12.0
Lossg
0.4 | 41.5
W
0.2 |- - VSWR -1.0
I _1 1 — _
2.3 2.4 2.5 2.6 2,7
Frequency (GHz)
(a)
+30-
+20
. I
+10}
r/
1 | 1 1 1 1
+20 +30 +0 +50 +60 +70
Peak Power Input (dBm)
(b)
FIGUKE 2: ILimiter Responsge
Isolation
0.8 o - — « - 30
- /,./‘
Loss e - —
0.6 |- - 25
Coupling
0.4 | * * * 4 20
1 L ] ! L
2.3 2.4 2.5 2.6 2.7
Frequency (GHz)
FIGURE 3; Switch-Coupler Response
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Noise Figure (dB)

Gain
5.0 ™ .‘-——-_‘\N__' ~ 28
g
4.5 = 7 [ n 26
'__‘-———‘\-—'——__./
4.0 Noige Figure — 24
1 _ 1 1 1 L
2.3 2.4 2.5 2.6 2.7
Frequency (GHz)
FIGURE 4: RF Amplifier Response
Characteristics Minimum | Maximum
Gain (dB) 27.0 28.8
Gain Flatness +0.2 +0.5
Noise Figure (dB)
2.3 GHz 4.9 5.2
2.5 GHz 5.0 5.4
2.7 GHz 5.1 5.5
Output VSWR 1.7 2.5
Isolation of Switch and
Limiter (dB) 61.6 67.0

TABLE 3: Performance of Production Modules
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APPLICATION OF MIC TECHNOLOCY
TO WIDEBAND MICROWAVE RECEIVERS*

by J.J. Taub, G.V. Kopcsay and H,C. Qkean

AlL, a division of Cutler-Hammer
Melville, New York 11746

ABSTRACT

A variety of microwave integraled circuit components are described which
are suitable for application to wideband, high-performance receiving systems. In
particular, a 4 to 12 GHz interferometer receiver consisting entirely of integrated
rodules is presented as an exampie of the current technology.

I. INTRODUCTION

This paper describes some recent advances in the application of microwave integrated
circuit (MIC) techniques to the realization of complex wideband receiving systems, The cur-
rent level cf technology is best illustrated by describing a recently developed 4 to 12 GHz
double-superheterodyne interferometer receiver. A number of new MIC componcnts and
modules used in this receiver are described, including:

. 5, C, and X-band step-scanned local escillators

. Hulf-octave, C- and X-band tunne¢l-divic ampldiers

® Octave-wide PIN-diode aitenuators

. Half-octave mixers with 1 1o 2-GHz IF cutputs

. Phase-tracked limiters,

. A wide variety of vand-pass and jow-pass filte rs 1 microstrip and alununa

sandwich Line

1. WIDEBAND RECH IVER

Fuyure 1 shows the vlock diagram of a recently ceveloped laboratury mterfe Someter
receiver for the 4 to 12 GHz range. This receiver tahes equal-amplitude RE inputs and,
after double downeonvrrsion, comparces therr phase 1in + 0,710 0.3 GHz {sacond IE-

vy b e
comparator,

nhnoaes
peosse al

The RF input of each of two chaunels is split into tare: bands by means of a triplexer
which feeds 4 to 6, 6 to 8, and 8 to 12 Ghz receiver modiles. These modules perform thic
two frequency converstions. Each of the two sets of thre » receiver module gutputs are re-
combined 1n a pre-encoder channel which provides IF gaii and serves to hard limit th: RF
input's 40-dB dynamic range to a level within 1 dB., Each pre-encoder channel provides an
output to the phase comparator, Finally, the 0.7 to 0,9 Gulz IF is further resolved into 15
frequency slots, each 13.3 MHz wide in the frequency channelizer module,

* This work was supported in part by the Air Force Avionics Laboratory under Contract
F33615-69.C-1859. H.C. Okean was with AIL, a division of Cutler-Hammer. He is now
with LNR Communications, Inc,, Farmingdale, N,7, 11735,




Two local oscillator assemblies supply the step-tuned signals which are required
for the frequency conversions.

The components contained in cach of these modules are now described,

A, Triplexer

The triplexer serves to split the 4 to 12 GHz input into three bands, It consists of
three band-pass filters which are sequentially switched as indicated in Figure 2, Two
SPDT PIN-diode switch modules mounted in microstrip provide band selection. The filters
are constructed in alumina sandwich line of 0. 1-inch ground plane spacing and provide
greater rejection than could be obtained in microstrip.

B. Receiver Modules

Figure 3 is a block diagram of a typical receiver module. A varietly of receiver
functions are contaiied in this module, including:

) Crystal video detector for high level signal reception
. Main channel double-superheterodyne downconversion
. Independently tunable monitor receiver

The components of special note are the circulators, tunnel-diode amplifiers, PIN-
dicde attenuator, and the balanced mixers. They represent considerably wider band designs
than had previously exicted in alumina microstrip.

C. Local Oscillator Assemblies

Local vscillator signals from 6 to 13 GHz are supplied by a bank of six Gunn
cscillatorsg, Also contained in the first LO assembly are PIN-diode switches and power
dividers for signal distribution,

The second LO is supplied by a PIN-diode step-tuned transistor oscillator for 1.9 to
2.7 GHz., This assembly also contains power dividers and swiiches which direct oscillator
power to the proper mixers,

D. Other Modules

All other modules consist of 0.7 to 0.4 GHz IF components, The pre-encoder contains
transistor amplifiers and diode limiters. The phas. comparater medule hac low-pass filters,
rat-race and quadrature hykrids, and detector-video amplifiers, The lrequency channelizer
consists of a bank of 15 single-pole band-pass filters each coupled to a detector-video

amplifier,

nI. CONCLUSIONS

A number of recently developed receiver components have been briefly described., By
using them as building blocks, a fairly complex receiving system has been configured. Un-
doubtedly other receiving systems using the components described herein will suggest them-
selves to the reader,
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UHF HYBRID INTEGPATED 45-WATT TWO-STAGE
AMPLIFILR WITH OCTAVE BARNDWIDTH

R. €. Huntington and S. Cho
Central Research Laborvatories
Semiconductor Products Division
Motorola Inc.

Phoenix, Arizona

ABSTRACT

Design and realization of a hybrid integrated 45-watt
two-stage UHF amplifier with 12-16 dB gain over an octave
bandwidth are described. Emphasis is on computer-aided de-
sign and on layout and assembly contributing to low-cost
production.

INTRODUCT ION

Requirewenis of the emerging generation of communica-
tions equipment in the 225-400 MHz band impose need for an
efficient solid state high-power CW amplifier at ever-
increasing output levels in a design which is adapted to
low-cost quantity production. To meet the present need, a
45-wart amplifier with 12 dB minimum gain, + 2 dB gain var-
iation, 1.4:1 waximum VSWR, and 30% minimum efficiency
across the band was developed. Operating tempcrature range
is -55°C to +72°C, and the amplifier remains stable at all
output levels and when driving a load having 3:1 VSWR at
any angle. Hybrid integrated circuitry is utilized through-
out, and the amplifier is constructed in a dual-channel hal-
anced amplifier configuration es block diagrammed in Figure
1. Each channel consists of two stages, and the channels
are¢ combined using overlay quadrature hybrid couplers at in-
put and output. The amplifier housing is hermetically seal-
ed, and its dimensions are 2.8 x 1.8 x 0.75 inches exclusive
of connectors. The design procedure and amplifier realiza-
tion are described.

DESIGN i

It was determined at the outset that design require-
ments would best be met using a balanced amplifier config-
uration. This permits a low VSWR across the band at the
amplifier input (into the hybrid coupler) while the exped-
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ient of mis-matching each amplifier channel at low frequen-
cles 1s used for gain leveling. It also provides a relia-~
bility bonus in that open-circuit failure of one channcl
results iu reductlion in output rather than catastrophic
failure. The quadrature hybrid couplers used are of con-

ventional ? stripline construction having less than .25 dB
insertion loss.

Each of the two ldentical amplifier channels uses two
common emitter stages both operating class C. The traunsis-
tors selected are the Motorola RF164 and RF416 for the
driver and power stages, respectively. Both are 28V silicon
npn devices * ich are rated at 20W cutput for the RF164 and
30K for the RF416 at 400 MHz. A newly-designed microstrip-
compatible carrier for high-power UHF transistors, which is
sketched in Figure 2, was used for both transistors. Tt
consists of a metallized beryllia substrate with a symmetri-
cal grounded bridge to which the emitter is wire bonded. It
provides good thermal conduction to a heat sink and minimum
series inductance in the grounded emitter.

It has been observed that gain characteristics of a UHF
common emitter large signal transistor can be optimized by
augmenting the base-to-emitter capacitance with a selected
external capacitor located closely as possible to the chip.
The effects of various capacitance values on the RF164 at
8.5W output across the band are shown in Figure 3 for matched
operation. A 6 dB per octave roll-off with no capacitance
is reduced to 1.5 dB gain spread, gain at 400 MHz is in~
creased 2 dB, and efficiency is improved using a 71 pF aug-
menting capacitor.

Gain and efficiency of the RF416 transistor, which was

operated without an augmenting capacitor, are plotted in
Figure 4.

To simplify the input and output matching networks, the
50-ohm source and load impedances were reduced by a factor
of 4 using transmission-line transformers. However, it was
found that transformers constructed of a E{filar winding on
a toroidal core as discussed by Ruthrof£{1) had nou-uniform
iransfer tunctions resulting from varying parasitic induc-~
tances caused by slight varlations Jn windings. This pro-
blem was eliminated by design of an equivalent transmiss%pg-
line transformer usinz parallel-strip transmission lines\4
formed by etching both sides of a chrome-gold metallized
30-mil thick alumina wafer. Transformer construction is
sketched in Figure 5. The wrap-arourd wetallization on one
edge constitutes the ground terminal as well as the surface
which is soldered to the circuit ground plane for vertical
mounting of thc cransformer as shown in Figure 6. Figure 7
shows impedance measured at the lcow-impedance terminal with
a flat 50-ohm load on the higti~impedance terminal fer three
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transformers having different developed lengths of trans-
mission lime. Line length of 4.1 inch was used for this

amplificr. Measured insertion loss is less than .25 dB,

and the temperature coefficient is 1°C/W at 400 MHz.

Twe computer programs were used in designing the coup-
liny networks. One incorporates an optimization subroutine
and is used in the selection and optimization of a simple
broadband network configuration and constants. Using the
second program, circuit parasitics are introduced, and the
selection of constants 1s reiined.

Objectives of the coupling circuit design are to devel-
op an amplifier having constant transducer gain across the
225~400 MHz band in a 50-ohm system and to provide good im-
pedance match art outputs of both stages for maximized effi-
ciency., This was accomplished using the following procedure.
The drive levels into the power (output) stage to compensate
for the composite gain roll-offs indicated by Figures 3 and
4 were determined. Input impedances of the driver stage
then were measured under matched conditions at these output
levels, and an input network for the driver stage was de-
signed which provided good impedance match at the upper end
of the band with progressively greater mismatch at lower
Irequencies as calculated to compensate for gain roll-off,
Output impedance was measurcd across the band for an RF164
cquipped with the designed input network. A broadband in-
terctage network then was designed ior optimal match between
this impedance and measured input impedance of the RF416
under matched conditions at rated output power (30W) across
the band. This network and an RF416 then were added to the
driver stage, and output impedance was measured. The out-
put network then was designed to match this impedance across
the band to the transformed 50-ohm load.

Lumped constants were used for convenience in initial
design and breadboarding. Where feasible, these constants

later were converted to equivalent microstrip transmission
line segments.

AMPLIFIER REALIZATION

Primary objectives in design of the amplifier structure
and housing are to achieve maximum producibility and to
develop the required manufacturing technology while main-
taining design performance and reliability.

Each channel assembly of the amplifier consists of
seven small microstrip circuit beards, two transistor car-
riers, and two ceramic transformers. All inductances and
RF chokes are realized as equivalent transmission line
sections, capacitors are discrete ceramic chips, and re-
sistors are evaporatad thin £ilw on Si02. Figure 8 shows
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the circuit laycut used ii. production units.

Be“ore assembly of the amplifier, each circuit board is
prepared as a sub-assembly on which are mounted discrete
componcnts and ccupling ribbons using high-temperature (300°C)
solder. After test and inspection of transistors and sub-
assemblies, they are fitted into the housing with lower tem-
perature solder preforms and furnace soldered at a tempera-
ture of 200°C. This process of assembling pre-tested sub-
assemblies is capable of producing high yields of acceptable
amplifiers in production. In addition tou this advantage,
metallized small ceramic boards can be soldered successfully
directly to a plated aluminum housing whereas a larger cera-
mic board wmay crack due to thermal stresses during the cool-
ing cycle.

All circuit boards are 50-mil thick 99.5% alumina with
chrome-gold metallization. This board thickness is used be-
cause it provides reasonably high imBedance lines (72.) with
sufficient width (20 mils) to keep I4R losses within accept-
able limits. Uniform board thicknesg contributes to ease of
attaching interconnecting ribbons.

The amplitier package permits assembly of each channel
into a separate housiag such that only pre-tested channels
are assembled into a dual-channel amplifier; again, a yield-
improving expedient relative to use of a single dual-channel
housing. Figure ¢ is an exploded view of the amplifier pack-
age showing the method of installing the auadrature hyhrid
couplers and the hermetic feed-throughs to the couplers and
the external bias supply. The two channel housings are sol-
dered together and to the base plate. After final test the
hermetic seai is completed by soldering the cover plate in
place with a iower-temperature solder. Figure 10 is a
photograph of a prototype amplifier without covcer plate.

TEST RESULTS

Test data measured on one typical production protctype
amplifier and summarized here indicate that performance ob-
lectives stated at the outset have heen met.

Transducer gain, collector efficiency, and VSWR at 45W
constant output across the 225-400 MHz band at rooum tempera-
ture are plotted in Figure 11. Minimum gain is 12.5W with
total gain spread of 2.3 dB. Minimum efficiency is 30%, and
maximum VSWR is 1.45:1,

Transducer gair and efficiency measured at 45W constant
output are plotted against frequency in Figure 12 for the
two temperature extremes of =55°C and +72°C. Performance
data for intermediate temperatures are encompassed by these
curves. Rated 45W output power capability with minoys var-
iations in gain and efficiency are shown at all temperatures
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within this range.

Power delivered to the load and efficiency of the amp-
Jifier operating into a 3:1 VSWR load are summarized in
Table I for band-end frequencies of 225 and 400 MHz. At
each frequency and load angle the amplifier was operated
either at 45W output or at an output obtained with a supply
current not to exceed 3.0 amp in either single channel.
Minimum output power was 33.1W, and minimum gain was 11,89 dB.

The amplifier output was monitored with a spectrum anal-
yzer ir all tests. In no case, including operation into 3:1
VSWR load, was there instability or gencration of spurious
frequencies at any combination of frequency, temperature, or
signal level, nor was there device damage. The second har-
monic remained more than 15 dB below the fundamental.

Capability of operating continuously and stably at out-
put levels down to 0.5W at all frequencies and temperatures
was verified.

The work reported in this paper was supported in part
by the Manufacturing Technology Division, Air Force Materials
Lab, WPAFB, Contract F33615-70-C-1828.

Freq. P G Eff. Py

MH2z W dB A Angle
deg

225 45,0 112.20 | 31.2 0°

225 45.0 [12.25 | 30.7 90°
225 37.2 |14.89 | 31.3 | 180°
225 45.0 |12.38 [ 31.3 | 270°

400 40.7 1143.57 | 26.4 0°
400 42.2 114.16 | 26.3 90°
400 33.6 114.89 | 25.9

400 33.1 |14.67 | 21.6 | 270°

o
-1

Table I

Operation into 3:1 VSWR Load at
all Angles at Band-End Frequencies
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AN INTEGRATED INTERMEDIAI‘L FRLQUENCY
AMPLIFIER - LIMITER ™

James K. Roberge
Massachusetts lustitute of Teclhnology
Cambridge, Massachusett- 02139

Williama H, McGonagle
Liacoln Laboratory, Massachusetts Institute of Technology
Lexington, Masaachusetis 02173

ABSTRACT

The design and fabrication of an integrated intermediate -
frequency amplifier-limiter is described. The low power consumption
and amplitude -to -phase conversion characteriastics make the citcuit

ideally suited for use as part of a comrnunications satellite F-M
repeater, Exnpvxmpnt;_:_l regplts zre nregented

HaS palosiluiil,

*This work was sponsored by the Departmert of the &ir Force,
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BACKGROUND

This paper describes an intermediate -frequency amplifier -
limiter designed for use in the Lincoln Experimental Satellite serics
of communications satellites. This circuit is used to—émplify
reeeived frequency-modulated signals (converted to a 3 MHz center
frequency)to a standard amplitude prior to retransmission by the
satellite. Primary design objectives include low -power operation,
low amplitude -to ~-phase shift conversion to minimize distortion of
the F'-M signals, and fabrication in a small, reliable form. It was
also necessary to convert the initial breadboard circuit to final form
quickly in order to meet satellite assembly schedules.

CIRCUIT DESIGN

The configuration chosen for thc amplifier -limiter consists of
an eritter -coupled amplifier driving an emitter follower included to
providc low output impedance. The emitter-cougpled pair provides
wideband small-signal responge and limits the output at a predictable
level determined by the magnitudes of the operating current and the
load resistor of the amplifier. Preliminary analytic and experimental
investigations indicated that the only effective way to reduce amplitude -
to-phase conversion for this circuit was to increase its small-signal
bandwidth well above 3 MHz. Furthermore, it was necessary to in-
crcase the bandwidth by reducing the r-c tirme constant at the output
nod= of the emitter-coupled amplitier {the dominant time constant for
thiv configuration}, since aileinpis at Ziductively peaiking the amplifier
response resulted in disastrous amplitude -to-phase characteristics.
The low-capacitance requirement dictated that the final circuit be
fabricated in hybrid rather than monolithic integrated circuit form
since the collector-to-substrate capacitance associated with mono-
lithic designs would deteriorate performance.

The circuit schematic is shown in Fig. 1. The quiescent bias
current of the emitter follower is repeated by the Q4 -Qg pair to set
the bi..« level of the emitter-coupled pair. This tcchnique permits
low v~Itage operation of the current source so that a 5-volt supply is
sufficient. Since the bias current of the output transistor is repeated,
ue additional supply curreni is necessary io bias the current source.

Some operating point gtability is obtained because of negative
feedback, although the gain around this loop is quite low. A more
important source of small-signal gain stability arises because of the
temperature characteristics of the diode and the base-to-emitter
junctions of Q) and Q5. As temperature increases, the forward
voltages of these three junctions decrcasc, and thus Ij increascs,
The voltage gain of the emitter-coupled pair is approximately

 mx 1.5K= q x 2 x L5 K (1)
> KT 2

where g, is the transconductance of either Qp or Q3. The increase
in Iz with temperature (since this current is equal to I}) offsets the




decrease in transconducltaance with icniperatuve which resulis if a
bipolar transistor is operated at constant current,

Since transistors Qp and 23 are biased at applox.mately
0.25 mA each, their transconduciances are 19 m mho, and the sinall-
signal voltapge gain of the circuit iy approximately 7.5, The raaximum

pecak-to-pcak output signal swing is 0.5 mA x 1.5 X = 0.75 volt, and
the power consumption of the circuit is 5 mW,

CIRCUIT FABRICATION

“he layout of the 3 MHz amplifier-liraiter circuiv was initicted
by applying an equation that we have found useful in prelicting the sub-
strate area required for components and interconnectioa metalization.
The parameters required for the equation are: the number of internal
substrate and input-output conaections, total substrate area required
for active devices, rcristors, capacitors and other componeni pads,
number of resistors whose areas are determined by power consider -
ations rether than sheet resistivity, and number of total components.
Experience has indicated that the equation predicts a subsirate area
within 5-16 percent of the area actually required for the layout,

After the package and related substirate size were chosen based
on the area predicted, the circuit Jayout was drawn to scale, This
drawing was then digitized using a Calma machine where sets of
coordinate nurabers for each comporent boudiag pad and cornductor
lines were recorded on magnetic tape.

After digitizing, the magnetic tape was plac- d on an IBM 360
computer where programs called "DIGITIZE" and " MANWPLGCT"
were used to scale, edit, and provide a visual displ:y ox the layout.
At this time any corrections in component plagemen. or line routing
may be made. When the layoul was accepted as correct, a paper tape
was punched with the edited data. This tape was then n.ed to make
the masks for the substrates.

The masks were madce on a David Mann computer-controlled
pattern gcnerator. The patiern genexiztor exposed o pglass plate in
such a mann2r that a mask of the circuit was produced. After
cheriical developing of the plate, the {inisled inaslk was ready for
final processing of the substrate.

The amount of time {rom layout to final glass masks was
2-1/2 days. This was followed by 2 day for substrate metalization
and c¢tching resulting in a total time of 3-1/2 days fromn layout to
avallability of a prototype substratc.

Fabrication of the circuit was completed using chip resistors,
capacitors and trvansistors. The passive clements werz attached to
the substrate with a conductive adhesive, while semiconductor devices
were cuteciically mounied. Conventional ultrasonic wire bonding was
emj.ioyed to: the pin-to-saliytrate connections.

In-process testing wao performed on the circwl during
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fabrication. The testing consisted of matching critical transistor
paira for current gain and base-to-cinitter voltage Lefore bonding
and a functional test of the circuit after bending, but before sealing
of the package. This testing provided an oppertunity of repaiving
any defective cuinponent and resul’ed in a high yield after scaliug,

Since the circuit was for a space flight applicition, rigoraus
environrnental testing was performed. This included mechanical
shock and vibration, centrifuging, thermal shock and a hurn in.  The
prolotype circuit kas met or exceeded all the original specitications
and bids are now out for production uaits.

The layout used for this circuit is shown in Fig. 2, while Fig. 3
lusirates the coramets carcuit.

PERFORMANCE

Figure 4 shows the ovtpni and relavive phase change of three
cascaded anplificr-limriter stages au a function of input-signal level.
¥or small tapuat sipnals the viltage gam per stape is 18 dB, consistant
with the predicted valus, Thke amplitude-tc ~phace conversiown char-
acieristics indicate a pzak-to -peak phase change of less thasn 25° for :
a 120 ¢B change in input- signal level. This valuce insurer that ine i
distorison of the frequency ~-modulated signal= will be negligible fox A
anticipated amplitude -change 11ies. {

|

The freQuensy recponse of cach ipdividaal stage is {at v ithin :
40, ~3 ¢B over ithe 20 kHz te 10 MHz range, and this wide b.ndwidth is !
responsible for the encellent amplitude ~to -phase shiti conversion !
characteristics. The change in linear-regiow gain with temperiture
iz less than 0. 1 nernent per degree centigrade.
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A HYBRID INTEGRATED FERRITE PUASE SHIFTER DRIVER
FOR PHASED ARRAY RADAR APFLICATIONS#*

J. DiBartolo, W.J. Ince, D.H. Temme
Massachusetts Institute of Technology, Lincoln Latoratory
Lexington, Massachusetts

Abstract

A hybrid integrated driver circuit for latching ferrite phasers
is described. Test data on prototype drivers demonstrates ability
to control phase accurately over a vwide temperaturc iange, inter-
changeability, and small sensitivity to phaser parameter variations.

Introduction

A hybrid integrated version of a flux drive control circuit1 for
nonreciprocal toroidal latching waveguide ferrite phasers? is
described. Test data on prototyre drivers demonstratee ability to
control phase accurately over a wide tempercture range, inter-
changeability, and small sensitivity to phaser parameter variations.

The principle of the flux drive circuit is demunstrated in Fig, 1.
Phase is changed by incrementing the phaser toroid flux from a
reference remanence state on che major hysteresis loop. This is
accomplished by applying a voltage step, v(t), to the control winding
which threads the toroid. If the driver output impedance, lecakage
inductance and circuit losses are negligible, the incremented flux AV
is proportional to a volt-time integral, i.c., A¥ = S tv(1) dt.
Ideally, if the applied voltage is a step function of amplitude V, the
flux incremenl is simply propertional to tinme.

The driver delivers an initial RESET command to establish the
refcrence state followed by a SET pulse to achieve the desired phase
state, The refcrence point is taken to correspond to the lony (M)
state, since the insertion phase of the long state 1s less toewperature
~sensitive than that of the short (M+*) state. Assume that in the
TRANSMIT mode of operation the reference is represented by state A of
Fig. la. During the pulse the flux is incremer ed along path AB. When
the driver is turned off the flux relaxes to 1. remanent point €, 1f
C 1s on a minor loop for all vhase settings, any shrinkage of the

*This work was sponsored by the Department of the Acmy.




hysteresis loop due to average power heating or ambient temperature
fluctuations can be accommodated. In addition, phaser mechanical
tolerances and toroid material tolerances become less critical.

The flux differential ¥pg - ¥ corresponds mainly to reversible
domain wall motion. Energy must be supplied by the driver to
sustain the reversible flux. This energy is not recovered, but is
dissipated in the driver circuitry.

Due to the ncenreciprocal nature of the phase shifter, the
remanent induction must be inverted when changing between the TRANSMIT
and RFCEIVE modes of operaticu. Point D in Fig. la represents the new
reference state for RECELVE,

The differential phase-versus-time relationsiiip is usually non-
linear. Linearization is accomplished within this particuier driver
by shaping the driver waveform (Fig. 1c). In addition, for operatiovn
with a digital steering control scheme, an auxiliary digital-to-analog
converter is required.

Circuit Description

The phaser configuration utilized in this work is operated with
single wire controi. Hence, the driver must be capable of providing
output waveforms of both positive and negative polarity. For the SET
function a peak current of 3A is required. During the RESET operation,
which is performed in about half the time taken for % SOT {uuci ion,
the peak current is permicted to rise to a maximum va've of 10A.

The driver block diagram is shown in Fig. 2. The driver comprises
dual channel complementary amplifiers with low ocutput impedance (&0.3
ohm) direct-coupled emitter-follower final stages. One channel
processes the SET and RESET commands for the TRANSMIT mode. The other
channel is active in the RECEIVE mode.

The waveform shaping required to linearize the phase~time
relationship is performed in the small-signal amplifying stages. The
rectangular input pulse from the control logic circuitry is amplified
and is then accurately defipved in amplitude by a temperature-stable
reference voltage. In parallel the input pulse is also differentiated,
amplified and then added to the accurately defined waveform. The
shaped waveform then drives the class B push-pull output stage. The
RESET command signal bypasses the waveform-shaping stapes via a
separate input, since linearity is not required for the RESET. Thus,
additional gain can be provided to speed up the RLSET aperation.

The special ferrite phase shifter driver coumpounents were
fabricated utiliziug thick film hylwrid microcircuit techniques. Screen
printing techniques were used to form both the thick film conductor and
ieésistor pattern on the alumina substrate, and the paticrns were firea
at elevated temperatures, The acltive devices and capacitors werc
attached to the substrate to form the hybrid circuit. The transistors
were mounted using & gold silicon eutectic bond, and the capaclitors
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wore mounted with a gold-tin solder. Gold wire was used for the
inteiconnections.

The complete lew level circuitry is contained within two 5/8"
hermetically sealed flat packs. A modified TO-3 package is used for
the emitter follower stages, which are scparated {rom the small signal
circuitry for thermal considerations. These microcircuit components
are mounted wiLh larger discrete components on a printed circuit board
as jllustrated in Fig. 3.

Each flat pack conta: ; the compunants which comprise the low
power secction of one individual channel, including the components
which define the refercnce voltage. The component iayout is shown
in Fig. 4. The flat packs are identical, with the exception of the
transistor chips. The output stages of both channels and four other
junctions to provide temperature compensation for base-emitter voltage
variations Iin the output tramsistors are contained in the single T0-3
package, which is mounted on thie heat sink. The component layout
within the TU-3 package 1is shown in TFig. 5.

Large components, such as the necessary energy storage capacitors
and potentiomenters, have been mounted directly onto the printed
circuit board. 1In addition, tc inhibit the output transistors from
delivering excessive current when the phaser toi1o0id saturates, a
sensing resistor consisting of a small length of nichrome wire,
having a resistance of less than 0.1 ohm, is externally connected in
series with the output lead. The voltage developed across thig
1esistor can operate control circuiliry to limit the driver current
at some predetermined maximum value, =.g., 10A.

Fifty integrated circuit drivers have been fahricated and tested.
The objectives of making a small-quantity production run were to veriry
that the circuit is reproducible and to determine a large quantity
(e.g., 210,000) production cast. These objectives have been met. The
large quantity price is expected to be less than $50, for production
lots of 50,000 or more.
Experimental Results

Fxperiments were perforied with ten S-band latchiang wavegnide
phasers having the cross-section indicated in Table I, which also
summarizes the performance of the driver-phaser assembly. The driver
input pulse width was quantized to four bits (maximum phase Increment
= 337.5°). The phaser configuration utilizes a single garnet toroid
(4nM = gSOG) containing a high dielectric constant ceramic (e’ =38)
insart.

Important criteria for cevaluating driver performance are (1)
accuracy in setting dlfferential phase shift (ii) effect of parameter
tolerances aud temperature variations on differential phase shift (iii)
switching speed and switching energy. One driver connected in turn to
ecach of the ten phasers cxhibited no more than a 3° rms deviation in
phase from the nominal cetting, for any of the fifteen phase states.
The raage of the differential phase shift error for all sixteen phase
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states for a single driver-phase shifter asscmbly was measured as a
function of iacident average power. The total error spread at low
power was only 3°, and increased to 11° at 350W. An incident level
of 350W corresponded to a phaser temperature rise of about 40°C above
ambient. At this power level, the change in the reference insertion
phase state was 20° from its value at low power.

The driver circuit itself is very temperature stable, by virtue
of the temperature-~compensating compenents. With the phaser operating
at low power and maintsined at room temperature, the driver temperature
could be raised to 60°C without appreciable change in the driver output
waveform.

The driver switching time is primarily determined by the tine
taken to reverse the remanent flux in the phaser toroid. At S-band
the driver cycle time, comprising one SET and a RESET operation, is
approximately 10 microseconds. The maximum PRF of 15 KHz is deteimined
by the maximum dissipation of the output trancistors. The quiescent

Conclusicn

An integrated transistor driver for providing analog control of a
ferrite phaser has been described. The flux Jdrive mode of operation
provides relative freedom from temperature sensitivity and effects of
tclerances, High PRF's, relatively fast switching speed and accurate
rhase sectiag have been demonstrated.
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TABLE 1

S-BAND PERFOKMANCE OV PHASER-DRIVER COMBINATION

Toroid Material

Remanent Magnetization
Diclectric Constant of Insert
Figure of Merit

Maximum Peak Power
(instability thre .hold, f = 2.8 GHz)

Maximum Average Power*
(conduction-convection cooling)

Driver Cycle Time
Maximum Driver PRF

R.M.S., Error of Any Bit Setting Using
4- Bit Digital Flux Drive®*

Switching LEnergy
(total energy per cycle delivered
by driver power supply)

Mn-Doped Garnet (4rM
415 G

10 usecs
15 kHz
<3deg

630 nJ

= 650 G)

* Frequenecy = 2.8 — 3.2 Gliz

fe—— 0.10Qin.

0.125in.:l

k /

- 0.620in.

T‘*———— 0.815in. -——————-DI
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DIAMOND: A New Approach to Microelectronie Circuit Design®
(Dielectrically Isolated Arrays of MONelithic Devices)

J. D. Willians and D. G. Skogmo

Sandia Labeoratories, Albugucerque, New Mexico

ABSTRACT

I'IAMOND is an approach Lo microelectronie circuit design which re-
duces many of the problems associlateq with the design and vrocurement
of radiation-tolerant integrated circuits. Building block standurdiza-
tion is achieved while allowing special purpose circuiis, when required.

INTRODUCTLiON

The development of radiation hardened semiconductor circuits is
expensive and time consumiug. DIAMOND is an approach to microelectronic
circuit design which reduces meny of the problems associated with the
design and procurement of rauiation-iolerant integrated circuits. 1In
the pust, a hardened circult was first breadboarued using a colleciion
of hardened discrete devices. These devices may have come from many
different processes and many different vendors. The circuit was then
subJected to the radiation enviroument snd its performance evaluated.
The breadboard allowed the designer to finnlize the schematic diagram,
but he was still faced with the problem of Jdesigning an intepgrated
circuit of cqual perfcrmance. Typically, the first integrated circuit
did not perform correctly and various iterations were regquired. Once
the circuit was performing properly, some general information about
designing hardened IC's had been gained but most of the information
vertained conly to that particular circuit. When a new 1C was required,
the trial and error process was repoated.

In the DIAMOND approach, a group of standard discrete components is
de ipned, developed, and characterized for all anticipated environments,
These standard discretes are identical to the devieces which will ulti-
mately be used to build inteprated circuits., Qur standurd list of
devices is inteuded to be dynamic, and will chuange as the technology
advances or the needs of the circuit designer change. Such an approuch
will preclude the problem of devrices becoming obsolete before {vey

*¥'his work was supported by the U. S. Atomie Energy Commission.
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appear on the list, BRullding block, or breadboard, integrated circuits
have been constructed by other investigators. Some off these were for
radiation hardened applicationsl’ *% and others were for more benign
enviromuents??3’%,  None featured individual device characterization.

DIAMOND AVPRQACH

The philosophy of the DIAMOND approach to c¢ircuit design is as
follows: Given an electronic systam, cxtract the process uniform,
regionally locstod groups of discrete components and design integrated
circuits to replace them. These two underlined concepts are defined
below,

(a)} TProcess Uniferm: A group of clectrical compouents whosc
important parsmcters are such that the components could
all have resultod from the same sequence of munufacturing
processes are process uniform. For example, all the com-
rounents in any integrated circuit are process uniform.

Two transistors of different current rating but of 1he
same voltage rating are usually process witrorm. Two
transistors with widely different Lreakdown voltages would
probably not be process uniform because different starting
collector resistivities are regquired.

{(b) Regionally Located: If onc were Lo partition a schematic
diagram into "preximity" groups, those campeonents in one
ol these g¢roups are regionally located. 1T a block dia-
gram of the schematic is constructed, there is a high
probability that all those components in any block arce

regiaonnlly located.

The DIAMOND approuch pruvides a systematic wvay 1o fulfill circuit
and system needs over a wide range or economic and environmental con-
ditions (e.g., time scales, production quantitics, design iterations,
and adverse environments) and yet achieve highly relisble, rudiation-
tolerant parts at a reasonable cost. The components discussed are all
desipgned Lo have geld beum leads for attachment. However, the approach
is general und not limited to a particular attaclment technique.

The initial step in the development of the DIAMOND approsach is to
divide the most frequently used portion of the current/breakdown voluag
rlane Tor {ransistors into rectangular regions. At leant cne iransisio

is developed which meets the I-V requirements of each regicu. The

transistor types are developed in both the gold-doped and non-gold-doped

versions. Zener (emitter-base) and signal diodes (base-collecior ung
basc-enitter) are realized by utilizing existing transistor Junctions.
Capacitors are either metal~oxide-semicorductor or reverse biased oN
Junctions. Schottky clamping diodes are previded Tor the NPN transis-—
tors. A full range of diffusea and thin-film resistors have glso been
developed Lo be compatible with any of the process uniform groups.

Cireuits with compurable performance can be obtained iv thr'ce formg:

N it - . - . N ¥ Lo .. N
(L) biscrete Hyovriu, i< owanauerd oaydue DIAMUND, duu (5} Cusoon Layout
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DIAMOND, The cheice is dictated by the desipgn time allowed, quanticy
reguired, and the ailowed circuil volume. The flow diasgram followed in
making the decicion ic showm dn Figure 1.

The components developead arc completely charactoerized in design
hundbooks and modeled over the euyiromments ¢f dihitercst thus waiing
circuit analysis accurate, Yhese devices wre stocked in bean lead ehip
form and in DIY' puackages &nd are readily availeble tor building bread-
boards. In-ltlouse hybrid fabrication fecilitics and an interactive
graphics system make possivle the completion of initial circuit deuign
to finished discrete Lybrid in a3 short & time as one week.

DIAMOND DEVELOIMENT

‘1%ii

The first porticn of tbe DIAMOND development consists of twelve
basic transistor types using beam lead and radiation-.olerant technol-
ogies. ‘The twelve types inelude NPM and PNP traszistor arroys vith
Ricpo's or 10 and 3% volts representing tlrce scparate operating current
1anges.  The itwelve basic transistor types are expanded to twenty-four
ty»es Ly providing cuch bazic device in both gold-doped and non-gold-
doped versions. These trsnsistors are provided in the form of quad
transistor arrays., A small rcal estate penalty end nepligible doliar
cost allowed us to develop quads instead of single tiransistors.  The
quad form greatly enhances the amound of characterization data avuilable,
Singles cun casily Le fabricated if the larger arca uanits prove to be
unde tirable. ALl four transistors in an array have the same curr-nt and :
voltuge rauges. kach quad transistor array contains 1wo gold-dored
trensistors and two non-gold-doped trunsistors. Onc non-gold-doped
and one gold-doped transistor of each NPR arruy have Schottky diodes
bnild dinte their collectors bul noi connested to the btase. The NP
arrays conteln regular PN Junction diodes since useful Schettky diodes
cannot be fabricated on the p-type ecollector materisl. A schomatic
representation of the NI'N array is shown in Figure 2. The actual arrays
contain fourleen pold benm leads and the silicon chip size is .OWC"x.050".
In breadboarding, only one or two devices from each quad are normally
used.

In order to gain Lhe statistical contidence regquired Tor computer
modeling, three different lots of each of the twelve transistor types
have been processed.  From cach lot 400 arrays (14,400 total units) were
obtained. Half of cach group was packarsed in aual-in-line packages.

The dunl-in-line units @re useiul in conveutional breadboards and in
device chardcterization by automatic testers.

The seccond portion of tle DIAMOND development will consist of the
Standard layout LIAMOND (SLD).  Ou this ciip will be a <olleection or
thitee current ranges of transistors, diffuvsed resistors and cross-unders.
These circuits will be stocked by the supplier with all the processing
complete except the final metallization, I1f an integrated circuit can
be reulized using only componunts from this collection, interconnection
instructions are sent to the supplier who then appliecs the appropriate
metallization for the particular application. In this manner, small
quantities of fully characterized integrated circuiis may be obtained
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quickly {appraximately I weeka) and at low cost (a few thousand dollavs).
A tenlative draving of the

Standard Layouat DIAMOND constructed ou
the Sandie interactive graphacs

facility is showu in Fipure 3.

If the UDICY and Sandia Video Amplificr® had bLeen fabricated from
DIAMOND-characterized discrete devicee, they would be exampler of Cus
DIAMOND circuits. Dcvelcopment times for these types of circuits should
be 16 to 20 weeks, aad cven though the cost will be more than that of

SLPh's, it will be considerably less than a conventional custom hardened
circuit.

DEVICE PERFCHMANCE

Table 1 shows typleal device performance. The typical valuces given
ave the jrerasdiation values of the non-gold-doped units. Although
arrays of all of the types have not been reccived or irradiated at the
time o1 this writing, Figures U and Y show the perormwices of cul'ly

prototype versions of the 10 volt NPN 2mA and 10mA transistors versus
neutron dosc.
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FLEXIBLE MULTILAYER INTERCONNECTION USING

EVAPORATED ALUMINUM CANTILEVERED BEAMS

M. B. Shamash, F.A. Lindberg, C.1,. Marriott, and R. D. IHall
Westingbousc Defense & Electronic Systems Center
Systemis Development Division
Baltimore, Maryland

ABSTRACT

A compatible multilayer interconnecticn system including the for-
mation of cantilevered aluminum beame for interconnectior of standard
chips or very large LSI wafers is described. This packaging technique

has all the advantages of an all-aluminum system with the possibility of
semiautomation.

INTRODUCTION

This paper describes a technigue of interconnecting any type cf off-
the-shelf integrated circuit with aluminum cantilevered heams that is
integral to the metallization on the two surfaces of a flexible film
through the elimination of flying wire bonds. The technique is used
before the integrated circuits are mounted backdown in intimate contact
to a heat sinking substrate. This method of subsystem packaging, for

silitary or comimercial application, may utilize double-sided or three-
layer construction. The beam lead and bumped flip- chip integrated
circuits suffer from the disadvantage that the active surfaces of the

1/C's are not visible for inspection and test, and are not effectively
cooled.

General

New technigies for device attachment to flexible Kapton film were
developed with provisions for backdown mounting of the interconnected
devices. These techniques required etching of 0. 005-inch Kapton,
fabrication of cantilevered aluninum beams on Kapton, and mounting
of the preconnected chip arrays to alumina substrates.
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Beam-Leads on Kapton for Device Attachment

The requirement that devices be mounted face up on substrates
while being interconnected by double-sided metallized Kapton film
places certain restrictions on the geometry. The design of the carrier
provides cantilevered beams extending over large etched windows in the
Kapton film for attachment to the devices. This allows for device !
removal after all bonding is completed. The film is also attached to the
substrate by bonding thic aluminum on the lower side of the Kapton to the
substrate 50 the beam leads are not stressed. The thick flexible film
{0. 005 inch) approximates the device thickness and the flexibility of the
beams enables stress loops to be formed Lo accominodate any slight
misalignment. Figure 1 illustrates the method used to connect to the
devices.

Circuit Selection

A sense amplifier circuit was designed, breadboard tested, and
fabricated in final form as part of the verification of the cantilevered
beam for the multilayer hybrid packaging technique.

Conductor Deposition

The vacuum equipment used consisted of a 26~inch-diameter stain-
less-steel bell jar, a 10-inch-diameter cil diffusion pump, and a film
thickness monitor. Figure 2 shows the electron beam evaporation
system,

One of the primary goals was to produce aluminum films that have
good adhesion to Kapton, The cleaning procedure which proved most
effective consisted of outgassing the Kapton by placing it in the chamber
and pumping to a pressure between ! X 10-€ torr to 5 x 1077 torr with
500 watis dissipated by heaters placed 2-1/2 inches above the Kapton
{ilm, Omitting the iaitial outgassing step iuvariably produced poor
alaminum adhesion. After this outgassing, the shceet was removed for
further cleaning, reinserted in the chamber, and pumped to a pressure
somewhat higher than the initial ocutgassing pressure for the aluminum
deposition.

In order to etch the through holes 1n Kapton film, both sides of a
10-inch sheet were deposited with about 0, 004 inch of aluminum.
After one side was coated, the sheet was removed from the vacuum
chamber and to aitach the lower aluminum layer on the Kapton to the
gold layer on the ceramic substrate. Access holes were etched in the
Kapton from the top down to the lower aluminum layer. These holes
were ctched when the rectangular chip access holes were etched from
the bottom side up. The thermal compression bonds were made with a
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wire bonder. The substrate was held at 200°C and the capillary was
held-at 350°C.

A SECOND APPLICATION

Another application for the technique of etching aluminum conduc-
tors on flexible film is interconnecting a 3-inch-diameter wafer or sub-
stratec to its package. The initial interconnection concept consisted of
0. 001-inch-thick pure aluminum conductors cantilevered over btoth
edges of the film for interconnection to the substrate at one edge and to
the package pads at the other edge. This configuration yields repeat-
able tight tolerance (hence constant capacitance) of relatively long con-
ductors which can be of considerable importance in Ligh-speed appli-
cations, Part of figure 6 shows this initial design.

The secoud interconnection technique, which is rather unique, is
called the removable carrier design. The deposition and etching pro-
cesses are essentially the same as described in the first part of this
paper. The difference is in the gecmetry of the finished aluminum
beams and the Kapton. The aluminum leads are cantilevered over a
window etched in the Kapton {ilm. Once the part is in position, the
bonds are made inside the window where the beams are hanging. The
Kapton is then pulled away, leaving only aluminum beams as shown in
figure 7. Note that the beams have separated outside the bond. The
most obvious advantages of the removable film carrier design are that
there is no Kapton in the final assembly and that the beams are better
protected during handling since the ends of the beams are not free as
in the iuitial design. Figure 8 shows the ultrasonic bonder with the tip
in operation to interconnect the large modular package.

Cantilevered beam interconnections 0. 010- x 0. 001-inch in cross-
section can attain a pull strength of between 80 and 82 grams. Com-
pared to gold flying wire bonding, the advantage in specific strength is
over four to one.

CONCLUSIONS/SUMMARY

The technique of using cantilevered aluminum beams was devised
to provide multilayer capability with a reduced number of interconnec-
tions. This method of microcircuit packaging uses the two layers on
the Kapton to replace gold wire connections. The face up mounting of
the chips provides good heat transfer, ease of inspection and test, and
in-process replacement capability.




The aluminum beam lead carrier used to connect a wafer or a sub-
strate to a package was developed to provide a reliable, radiation-
hardened, low-cost interconnection technique. The vapor deposited
metal can be chosen to conform to other materials in the package and
the photoetching techniques lend themselves to speed and accuracy.
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Figure 1, Cross-Section of Face-Up Device Bonding
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Figure 2.

Electiron Ream Evaporation System
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Figure 4. Closeup of Same Bonded Chip




Figure 5. Assembled Sense Amplifier
Note: Cantilevered beams are 4 mils wide by 16

mils long
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ADBSTRACT

Results of an cvaluation of one-mil gold wires as used
fer intraconnectiont in hybrad wmicrocircuits for high

acceleration artillery shell applicatiocus are reporrad.

Wire orieatation and length control are necessary for

successful use in this environment.
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INTRODUCT] ON

Stnce hybrid microcircuits were first produced in industry, ouc-mil
(0.001 inch) gold wires have becen favored for vewasovnably reliable iotra-
connections on hybrid microcitcuit (HMC) substrotes. They have been used
for the cliectrical connections of nearly all types of applique devices
such as chip capacitors, tiransistors, and cven chip resistors.

Gold wites have been popular because of their ecase of handling, their
compatibility with the wide range of materials usuvally centered around a
gold Lilm system, and the non-critical nature ot bounding paramcters,
especially when compared teo other techniques. 1In addition, a level of
gold wire bond integrity can be establishea by a high level centrituge
with forces in such a dirvection as to litt the wires from the substrate
or components. Figure | depicts this force application,

The latter advantage is a disadvantage when  the forces ave in the
wrong direction. For example, if the torces of the centrifuge were
agajnst the wire loop (Figure 2) the lack of beading strength in the gold
could allow it to collapse to the substrate surfece causing possible
clectrical shorting to substrate metallization or the component cdge.

The same problem can occur with application of hiph level forces
in other divectiovns, Under these conditions, the wire loops can move to
the side o1 end, causiag possible shorting to other electrically conducting
componeuts.,

Despite this movement that can be cxperieonced, the wire bonds them-
selves can be expected to retain their original configuration through
rcasonably high force levels, i.e., in excess of 20,000 g,  7Thas, if
gold vire movemint couid be cvuntrolled in high acceleration vnvironments,
theiv use 1n forcer levels in execess of that to bend the gold wire is
possible.

To evaluate fully the gold wires in orientations where collapse is
possible, a centrifuge test was established where controlled forces could
be placed on the HMC's sud the results monitored after cach of the force
sLeps.

CONCLUSIONS

This evaluation showed a definije ditference in the gold wire
capabilitres In relation to its orientation. The one-mil peld wires,
when controlled to (0,050 inch between bonds and & height of 0.015 iach
can withstand side forces (Figure 3b) up to 14,000 g. The same wire
with forces pushing down (Figure 3a) can be used to 10,00¢ g and when
subjected to forces in its lougitudinal direction (Figure 3c¢) up to
20,000y.

This report also investigates the effect of over all wire length
on the ability of the wire to withstand torces 1n the various divections,
As mipht be expected, wire length is a critical parameter. Wires 80-mils
lonp detlected at only 10,0004.




The force level 15 also an {oportant factor in the amount of deflection.

The wire does not just collapse when it reaches its yield point. Instead,
it moves a little at that force level end then o little more at the next
force level. lu f{ew cases did the wire reach total collapse at the levels
tested.

TEST PROCEDURL

Ninety 7/8 by 7/8 inch integral packages (leads attached directly to
the substrate) with 105 one-mil gold wires bonded at each end with a
natural loop between bonds and 180 5/8 by 5/8 inch integral packages with
50 one-mil gold wires bonded al each end with a natural loovp between
bonds were exposed to centrifugal forces (Figure 4). This provided a
sample of 18,450 wires which were bonded at one end with a thermocompression

ball bond aund at the other end with a thermocompression wedge bond. Figure S

shows a typical wire., The packages were obtaiued from a commercial
supplicr,

At the suppliers facility, all units were centrifuged at 20,000y in
such a direction as to lift the wires from the substeate (such as shown
in figure 1). Upon recceipt, all units were tested tor continuity. These
tests confirmed the bond dintegrity of the wire strings.

Each size package was divided into three groups for centrifuge,
corresponding to the centrifuge divections of Figure 3. Each group
was then centrifuged in the correspondiag oricntation of the arrvows
(Figure 3) at levels of 10,000, 12,000, 14,000, 10,00C, 20,000, and 25,0004.

Alter each increment of force, cach package vas x-rayed to allow
usudl examination. This should detedt major wite movement that occurred
during that level of centrafuging. 1n addition, to verity bond inteprity,
an clectrical continuity check was made.

Prior to lidding the hybrid packages at the suppliers plant, photo-
graphs were made of each substrate, These, plus initial x-rays, weve the
basis for monitoring wir: movement after cach centrifuge step,

The contract for HMC packages specified 0.050 inch betweon btonds,
However, not all bounded substrates fulfilled the specification as on many
substrates, tie bond centers were well beyond the 0.050 inch specified.
These substrates were used anyway because the different leagth wires
could provide uscful information for comparison at one centrifuge lovel,

TEST RESULTS

The vesults of the centrifuge evaluation within the ditfterent orienta-
tion groups w.re much the same, Thus, only a representative sample will be
discussed., The order of discussion will be for those with forces as
shown in Figures 3b, then 3a, and finally 3c¢.

Figure 6 shows a typical package with the forces pushivg to the side,

The superimposed photographs are made by overlaying the x-ray negative
betore centrifuge with that after centrifuge. This particular HMC has
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several long wircs apparently formed when the original bonds were reworked.
As shown by the superimposed x-rays, these longer wires deflected after
the 10,000g centrifuge level. Minor movement of the shorter wires can

be noted after 16,000g with a pronounced movement of some of the shorter
wires noticably deflecting after 25,000g.

Vith forces pushirg the wires toward the substrate, the gold wire
capability is greatar than with side forces. Figure 7 shows distortion in
this direction only above 20,000g. Then, the occurance is only with the
longer wires.

The effects of up to 25,000g imposed on the longitudinal direction of
the wires produced no observahle distortion in any of the units tested.
This is true even with those units containing sbnormally long wires,

Some care should be taken in assuming that licttle, if any, distortion
of the gold wires occurred during the last two discussed <ircetions, i.e.,
the forces pushing the wires down or endwise. The x-rays and photographs
are all from a vertical direction and would show ounly a4 twisting or
deflecting acition of the wire. Wire movement only in the verticle plane
would not be discernible. Such possible motion is depicted in Figure 2,
This did in fact happen on some of the longer wires (Figure 8). It is
interesting to note that, of those wires observed to have deformed in
this rfashion, there was still separation between the wire and the substrate
surface. Samples were selected from the group after 16,0005 and 20,000g
for an open lid examination. The verticle motion of tne wires with a
force to push them to the substrate could not be observed at less than
20,030g. Motion of the wirves with longitudinal forces were not vbseraed
below the 25,000g level. b '

A sample of three packages and 293 wires was taken on those units
with forces pushing to the side. Each wire was straightened and measured
for length. From the x-rays, 1t was then determined at what level the wire
deflected. Figure 9 is a plot of the average values and the range at each
Jevel, The end pvints on each range can usually be related to an unusual
shape or excessive loop height. At 12,000g, there is onz wire at 55-miis
long; the next shortest to bc 1 at this level was 63-mils loag. Discount-
ing this one poinc, any wire less than 59-mils in total length should be
capable of withstanding 14,000g side acceleration. Fifty-nine mils would
typically be a wire 30-mils "“~tween bonds with a 1b5-mil loop height.

APPLICATION

The need for this evaluation arose duc to a hybrid microcircuit
application in an artillery shell. The setback forces during f{iring and toe
rotational forces duc to prujectile spin were extremely high. The
evaluation showed that the wires would not withstand the worst case
conditions of =ither the snin cr setback forces when the forces were
in a directivn to push the wires to the side. To counter this »nroblem,
the hybrid microcircuits layouts were changed from a random array
(Figure 10) to one where the one-mil gola wires were all oriented in the
same direction (Figure 11). 1In conditions witere this was not feasible or
lons wires werce necessary, three-mil aluminum wires were used. This was
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possible because of the lower muss and greater bending strength in com-
parison with gold. The single direction of the gold wires then allows
an orientation within the artillery projectile so that side forces will
not be experienced,
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Figure 7 (a). Before and arter Centrifuging.
Forces pushing wires down.
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ENGINEERING STUDY OF DEVELOPMENT OF TWO-LEVEL
ANODIZED Al INTERCONNECTS FOR MSI AND LSI

by B. G. Carbajal and W. R. McMahon
Texas Instruments, Incorporated

Dallas, Texas 75222

ABSTRACT

This study covers the process development for two-level anodized
aluminum interconnects suitable for LSI integrated circuits, included
in this study is a reliability evaluation and a comparison with
conventional two-level aluminum interconnect systems.

Multilevel aluminum interconnect systems have been traditionally
plagued by open metal problems, interlevel shorting problems, and
interlevel contact resistance problems. These problems are ali
indirectly the result of conventignal interconnect processing in which
metal films and insulator films are deposited and then selectively
removed. The development of aluminum anodization as a useful method of
defining interconnect systems has opened the way for the deveiopment of
a multilevel aluminum interconnect system that is free from these
problems. Al anodization is a conversion process not a subtractive
process in which selected areas of aluminum metal are converted to
aluminum oxide insulating lavers. This conversion process yields a
monolithic conductor-insulator system, that is basically flat and does
not suffer from the deficiencies incurred in conventional aluminum-
silicon oxide multilevel interconnect systems.

The anodization process can be carried out in a series of electro-
lyte baths. The electrolyte used in this study consists of an oxalic
acid solution in ethyl alcokol. The ancdic process was carried ou:l at
roon temperature with an applied dc potential of 125V. lUnder these
conditions the rate of anodic conversion of metallic aluminum to the
oxide is 4 micro inches per minute.

The anodic process sequence is outlined in Figure 1. The process
sequence uses steps similar to those used in conventional multilevel
interconnect systems, but the order in which the process steps are
carried out is in some cases reversed. Step 1 involves the definition
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of the first to second level via holes. Step 2 involves the definition
of the leads, the secon’ and subsequent levels of interconnects are
formea by iterations of this process. Nocte that the aluminum leads

are imbedded in and overcoated with aluminum oxide. Also note, that
the first to second level contact via holes are formed in place, not

by an etching operation. The patterns are defined using conventional
photolithography.

Figures 2 and 3 show arcas of a two-level test pattern. Figure 2
is a test pattern in which the first level interconnect is formed by
aluminum anodization. Figure 3 is the same test pattern in which the
first level interconnect is formed by conventional etching techniques
and the insulation layer is deposited silicon dioxide. Note in
particular in the scanning elactron micrographs the absence of steps
at the metal crossover points on the anodized aluminum samples. Also
note the interlevel contact points in the anodized aluminum test pattern
shown in Figure 2 exhibits an almost planar structure both at the metal
edges and at the interlevel contact points. This planarity of the
anodized surface is a critical factor in eliminating the open metal
problem and the interlevel shorting problem. The interlevel contact
resistance problem has been significantly impacted by eliminating the
etching operations normally used to open the contact window.

Preliminary data indicates an improvement in the mean time to
failure for anodiced aluminum leads vs. conventional aluminum leads
under high current stress conditions. Other preliminary data indicates
that the anodized aluminum structure offers aoou barrier properties to
jonic contaminants that affect integrated circuits.
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T1IME-SHARED CIRCUITS

William H. Licata

Naval Crxdnance Laboratory

A circuit has been designed to generate the vector sum of two DC
input signals using a time-chared multiplier. It has been shown that
special analog modules can be used in a time-shared mode with savings
in cost, size, and power consumption. Increased accuracy may also
result,

INTRODUCTION

The investigation of time-sharing techniques applied to analog
circuit modules was motivated from a system design standpoint. It is
hoped that the development of this idea can greatly increase the
flexibility of analog guidance computers and reduce total hardware cost.
Although a nmultiplier was used in the vector summer circuit, many other
analog and probably digital circuits can be used in a time-shared mode,

TIME-SHARED CIRCUIT

Analog gquidance computers requive many special computational
circuits. One such circuit is a vector summer circuit which calculates
the square root of the sum of the squares of two numbers. This functicn
could be instrumented using three analog multipliers and two operational
amplifiers. Two multipliers would be used as squaring circuits and the
third would be used as a square root circuit. This circuit approach is
straightforward and no design problems would be anticipated.

To pexrform the desired circuit function, it was decided to use
only one multiplier in a time-shared mode. This means multiplexing the
input signal to the multiplier and demultiplexing the multiplier output.
The square root function can be accomplished using the multiplier as a
squaring circuit in the feedback loop of an integrator. This means the
multiplier will always be used as a squaring circuit. In other
applications, it micht be necessary to change the operating mode of the
multiplier to perform multiplications, divisions, and obtain powers.

The main addition in circuitry to the multiplier and operational
amplifiers is the timing circuits needed to sequencs the multiplier
tlrough the different operations. Given soae base time interval, the
incerval is divided into four subintervals. Each channel of the
multiplier will be on during one subinterval and off for the remaining
three intervals. Only three squaring operations are needed, so the
fourth charnel is a spare. To prevent coupling between the channels,
care must be taken to ensure the timing signals do not overlap.
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To generate the four timing signals, a sguare wave oscillator and
some digital logic is needed. The oscillator provides a base frequency
and specifies the base time interval. The oscillator output drives a
toggle flip-flop which acls as a frequency count down circuit. This
lower frequency signal drives a second count down circuit and provides
a third square wave at 1/4 the base frequency. By comparing the base
frequency and subfrequencies using NOR gates, the four timing signals
shown in Figure 1 are generated. The base frequency is shown as 1 kliz,
and, therefore, the base time interval is 1 me. Each channel is
therefore on for 1/4 ms and off for 3/4 ms every millisecond. The
schematic of the timing circuit ic shown in Figure 2,

Since each channel is not on continuously, the three multiplier
outputs must be stored over the 3/4 ms when the channels are off. This
is accomplished using a simple hold circuit. The hold circuit consists
of a capacitor connected across the input of an operation amplifier used
as a follower, The amplifier is uscd to provide a high impedance load
to the capacitor and to provide a low impedance output. The capacitor
charge time should be small and the discharge time long. 1f the base
frequency is increased the operational amplifier can be eliminated. The
capacitor is then shunted by the input impedance of a summer circuit.
The discharge timc may be long compared to the base time interval, There
are trade-offs which can be made and other problems are encountered if
the base frequency is made too high.

The main circuit is shown i Figure 3 and requires a 115V power
supply. The timing circuit in Figure 2 also operates off +15V and,
therefore, contains a +5V regulator to supply the logic voltage. A
modified version of the timing circuli uses COS/MOS leogic which can
operate otf +15V. The power consumption of the COS/MOS logic is alsc
much less than the transistor logic. The multiplexing is accomplished
using FET's as analog switches, To pass #10V signals, the gate voltage
of the FET's must switch between 115V. The logic voltage is too small
to drive the FE1's directly and, therefore, operaticnal amplifiers must
be added to the timing circuit to boost the logic voltage. 1In a
practical circuit the operational amplifiers would be replaced by a
simple transistor or FET amplifier. In practice, one timing circuit
may drive many time-shared circuits. This is why thc total circuit is
divided into two parts.

Table 1 chows somc typical test data. When both inputs are zero a
fairly large biacs is present. This is to be expected since the square
root of a small number is larger than the number itself, With a bias of
.01lv, a .1V offset can be anticipated at the output. The accuracy of
the data is betrter than anticipated. One possible reason for this is
that the same multiplier is used to calculate the squarc and square
root. The effect of inaccuracies is opposite when taking squares and
square roots. There may be some cancellation of errors.

One possible way to improve circuit accuracy is to use the spare
channel to cancel the multiplier offset. The input to the spare
channel is grounded and the output is stored. This output voltage will
be the multiplier offset, It can be subtracted from the other three
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outputs. Doing this continuously, the circuit tracks variations in the
multiplier offset, At present, this is not done. Other errors predom-
inate and the effect of the multiplier offset is masked out by these
other errors.

At the moment, the primary problem area in impreving the circuit
performance is cross coupling between the channels. The multiplier
used has a 100 kliz bandwidth, but the sampled output signal is
distorted slightly. The output of the multiplier is a staircase type
of function. The corners of the output function are rounded off due to
high frequency attenuation, but of more importance is the phase shift
introduced. The output of the multiplier is shifted slightly in phase
frem the input. This means the outpult is slightly out of phasn with
the timing signals causing cross coupling between the channels. 7o
overcome this, the timing signals to the FET's at the multiplier output
should be shifted an equal amount in phasc. This m>ane adding a low
pass filter which matches the frequency characteristics of the multiplier,
Besides cross coupling of the channels no other real problems were
encountered. Variations in base frequcncy are not important. An
unsymetric square wave signal out of the oscillator causes short periods
of time when no channel is on. This causes 15V spikes in and out of
the multiplier. Adding a capacitor across the input of the amplifier
driving the multiplier eliminates this problem.

In conclusion, it is felt that it has beon demonstrated that
special analcg modules can be used in a time-shared mode. The bread-
board unit described in this paper is shown in Figure 3. A small
reduction in cost of about $20 was realized. Largev reductions in costs
appear when many time-shared circuits appear in a system, The cost of
the timing circuit is distributed over many circuits. A size reduction
is achieved due to the large size of the multiplier in comparison to
the digital logic and operational amplifiers. Also a small savings
in current drain was realized. Although the study of time-sharing
analog mod: les was motivated from a systems standpoint, it does appear
to hold out some promise for improved circuit accuracy and much more
flexibility in designing complex computational modules.
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Table 1

ACCURACY DATA

x? + y3)1/2
Volts

.01
-99

1.99

.98
1.99
3.00
1.41
2,83
4.24
5.64

7.05
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DEVICE IMPLICATIONS OF ION IMPLANTATION DAMAGE 1IN SILICON
D. Eirug Davies and S. Roosild

Air Force Cambridge Research Laborataries
Air Force Systems Command A
L. G. Hanscom Field, Bedrord, Massachusetts 01730

Abstract - Thermal stimulated current and diode recovery measurements
are presented for ion implanted silicon. The results are used to

evaluate device possibilities such as bipolar transistors and hyper-
abrupt diodes where coentrol of implantation damage is critical, '

Jon implantation offers a doping method that promises te extend
the current state of the art of both discrete devices and integrated
circuits. The advantages of the precise control attainable over the
total dopant dose introduced together with the extreme uniformity in
both depth of penetration as well as laterally over an entire wafer
surface arc immcdiately appareni., The greatest concern over th. *
applicability of the process centers on the radiation damage that is
introduced and how well it can be annealed,

In some applications such as with the self aligned gate of MOS
transistors, the implanted region does not form the active part of
the device and any residual damage after annealing should not affect
the device too adversely. This is not so, however, once the implanted
layer becomes the critical part of a device such as with the base of a
bipolar transistor or is incorporated to give 2 p-n junction hyper-
abrupt properties. It is weil known, for example, that deep levels
such as the gold centers affect the capacitance of p-n structures.]
Consequently, implanted layers have Deen examined for deep defect
! levels and the minority carrier lifetimes have been monitored as a

function of annealing temperature.

For both the defect level and lifetime determinations, phosphorus
diffused junctions are used that are then implanted at sufficiently
’ high energies for the ions to penetrate to the region immediately
: beyond the junction, In this respect the structures resemble actual
: devices where the implanted layer corresponds to the bipolar base

region or to the region that gives the junction its hyper-sbrupt
proverties,

As it is the damage rather than the doping that is under examina-
tion, non-dopant ions have been used, At the high energies of -~ 1 MeV
that are used, the initial energ 1loss of the ions will be electronic in
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nature and only towards the ond of their paths after being considerably
slowed down do nuclear collisions and hence lattice damage become
appreciable. In this manper, most of the damage will be contined to
the rcgion immediately below the junction and which is the region
probed by the measurement techniques used.

It should also he noted that even though the encrgies used here
arc appreciably greater than those normally used for device work, the
degree of damage obtained will not be considerably higher. As the
implant energy is increased, the fraction of the total energy dissipated
in damaging nuclear collisions progressively decreases. Thus, on in-
creasing the implantation cnergy cof carbon ions from 3350 XeV to 1 MeV,
the encygy dissipated in nuclear coliisions only increzses from 41 to
54 KeV.=

Thermal stimulated currents (7.5.C.) have been used {or the detoet
investigation.3 The implanted sample ix couvled Lo Y8°K and light
applied to fill the varieus defects with varyiers. These carriers ave
vcleased on heating the sample (usgally av g wniform rate of ~ 1°C sec™)

and give rise to current (T.5.C.) peaks that are saperimposed on the
diode leakage current. The charpe releascd, and hence the size of the
peak, is a measure of derect concentration while the tenperature ai
which a TSC peak occurs is relsted to the depth of the defect level
within the bandgap. Tt will ke scen thar severai deferts with over-
lapping peaks will be obscrvable and on annealiug small variations ia
the TSC peak temperature occur. This variation, which should not arisc
if the defect energy remains constunt, is attributed 10 the influence
of other partially ovexlapping peavs and whose rate ¢f growih or
annealing differ.

Figure 1 shows tho T5C's obtained rrom sultur dawmaped diodes.  ‘They
were recorded prior to and aftev sannealing to the temmeratures indicated
in the figure. Being of nearly =umilar mass to phosphorus, the sviltfur
damage should be indicative of pluspiorus damage snd the dose requirgd
for hyper-abrupt applications wil) ha close to the 1,5x100% joue on™™
used here. The TSC peaks shown represont levels ranging from .25 oV to
.38 eV deep, The large carrent sc2n at the higher remporatures is the
rise in the dark current of the diode @¢ it is heated towards room
temperature.

Other implanted ioas give rise to s.milar levels,  The mosv notabile
difference has been secn with the lighier corbion and onygen roas.™  Then,
an additional level grows in at ~ . eV whijc the intermediate peak
obtained ~ 140°K does not show the appreciable prowrh that is scen acxe
for sulfur.

From the device viewpoint, what is impertaut 1s whether these
detects can be anncaled out. As can be scen, anncaling op to -~ 250°C
serves to form additional rather than apn22l cut the initial concentra-
tion. They are still present to greacer tnan the pro-anneal confenira-
tions at 400°C (not shown) but are largaiy aunealed by 510°¢.  Now-
electrical measurements such as Rutheryowd bagkscattering indicate vhat
low dose damage anneals between 200 and 4007°C% while the present roesult
clearly indicates that device quality layers are net obisined unless
annealed to at least 500°C.
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For the carrier lifetime, the reverse recovery pulsed technique is
used. Usually, the lifetime can be considered as being fairly uniform
over the low doped side of a diode. CObviously, this is not so here and
most of the effect of the ion damagce will be confined to a micron or so
wide layer immediately below the junction. Even within this region the
lifetime can be expected to le non-uniform and exhibit some form of
Gaussian distribution. Despite these difficulties, the indicated life-
time from the measurement will accurately piapoint the annealing
required to restore the lifetime to its pre-irradiated value.

Annealing of the minority carrier lifetime is shown in Fig. 2. The
example given is for carbon (similar mass to boron) and implanted to a
dose that approaches that required for a bipolar base. As can be seen,
the lifetime recovers to values greater than 1 us and matches that in
similar but unirradiated diodes by 600-650°C. Thus, the damage does

not inhibit the lifetime from recovering to values that are adequate
for base transportation.
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2 VARACTOR-TUNED RF AMPLIFIER INTEGRATED CIRCUIT
FABRICATED USING ION~IMPLANTED DEVICES

John W. Hanson, John D. Macdougall and Oleh Tkal
Research and Development Center
Sprague Electric Company
North Adams, Massachusetts 01247

ABSTRACT

Ion implantation has been used in the fabrication of
components for a varactor tuned RF amplifier integrated cir-
cuit having a gain of over 20 dB and tunable from 50 to 7¢
MHz. The amplifier was designed to establish production
capability for this type of circuit, and consists of varactor,
resistor and dual-gate MOSFET devices on a 48 by 60 mil chip.
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An RF amplifier integrated circuit has been designed for
a production engineering measure in progiress, the ohjective
of which is establishment of production capability for ion
implanted circuits. The amplifier circuit consists of a dual-
gate MOSFET transistor, a voltage variable tuning capacitor
(varactor) and resistors. The circuit schematic is shown in
Fig. 1.

The circuit was designed to be sultable for the front-~
end of a receiver for the 50-76 Mz band. The input circuit
is electrically tuned by the varactor. Ther dual-gate MOSFET
provides power gair and the resistors are tur bhiasing the
MOSFET and the wvaractor.

The incorporation of a high quality varactor on the same
chip as the MOSFET and resistors makes this cir~uit un.quc.
The specific requirements for the varaclLor in the IC were

Q > 70 at ~2.5 volts, 50 MHz,

_ C(2 volts) _
CR C(12 volts) — 3.5 4.0.

I S 100 na at -12 volts, 25°C.

rev

]

Ion implant doping was used in fabricating the varactor, which
made possible a hyper-abrupt junction and a high Q device.

Ion implantation was also used to fabricale all the
resistors. This made possible gmall, high valuc resistors,
which were desirable to minimize loading of the input tuned
circuit. The use of ion implant for MOSFET threshold voltage
adjustment was also investigated as part of this work., Both
enhancement and depletion type MOSFET's were studied in the
RF amplifier IC.

A picture of the IC chip, which measures 48 x 60 mils,
is shown in Fig. 2.

The IC was made with an n' substrate on which a 4 M
thick, 4 §{i-cm n-type epitaxial layer was grown. The varactor
was fabricated as a pt-n hyper-abrupt junction diode. Ion iiu-
planted phosphorus was used as a low concentration pre-deposit
to dope the n-epitaxial varactor region. The phosphorus was
then driven in so as to provide a concentration gragient, with
the donor concentration varying from about 1017 cnn=3 at the
surface to 1015 em=3 at a depth of 2 M. The pt-region was
formed by ion implanting a high dose of horon ions, followed
by a high temperatuire anneal step. The resvlting p+—n junc-
tion was located approximately 0.4 pM from the silicon surface.
Varactor series resiscance was kept small through the use of
the low resistivity nt-substrate material.

A capacitance-voltage curve for the vavactor diode in
the IC is shown in Fig. 3. For these devices, the capacitance
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ratio CR ~ 3.5.

A dual-gate MOSFET transistoxr is an ideal device for an
RF amplifier, because of its high gain, low noise and small
¢ross modulation. Tha MOSFET chosen for this circuit was a
p-channel diffused device having a channel width-to-length
ratio ~ 500. A fairly conventional aluminum gate, SiOp di-

eclectri¢c structure was used. The transconductance for these
devices was about 7000 iimhos,

Threshold voltage adjustment through the use of ion im-
plant channel doping [1] was used to evaluate the merits of
lower gate 1 and 2 bias voltages. A p-channel device having
a threshold voltage Vp ~ 3.5 V reguired V325 = =10 V and
VGls ~ -7 V in order teo pbias it in a high transconductance
region. If the threshold voltage were lowered to ahout
Vp ~ 1.5 V (by ion implant, for example), the bias voltages
were Vg2s ~ -7 V, Vgis ~ -4 V. Depletion-mode devices were
also made by channel doping with a low dose of boron ions.
MOSFET's were made which operated in a high transconductance
region with Vgag = -4 V, Vgi1g = 0 V.

The admittance "y" parameters were measured for discrete
p~channel dual-gate MOSFET's as fabricated con the IC. From

this, the maximum available gain MAG was calculated and found
to be about 33 dB at 50 MHz and 27 4B at 76 Miz.

Resistors in the IC were p-type, boron ion implanted. A
sheet resistivity of 2.5 k{ per square was chosen for the
resistors, based on considerations of TCR, juncticn capaci-
tance and junction breakdown voltage.

~he RF amplifier IC's were packaged in 12 lead TO-5 type
cases and their performance was evaluated. A single 12-volt
supply was used for biasing and input circuit tuning. The
measured power gain was greater than 20 dB at 76 MHz, for an
input power of =40 dBm. The total power dissipation of the
IC chip was less than 200 mW. The measured noise figure at
70 Mdz was approximately 3 dB at a gain of 20 dB.
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COS/MQS FUZE TIMER COMBINES SCR

AND ANALOG VOLTAGE DETECTOR ON SINGLE IC*

by
R. Fillmore N. Cutillo
RCA Solid State Division Picatinny Arsenal
Somerville, N.J. Dover, N.J.
ARSTRACT

An integrated circuit for the XM56 mine system com-
bines complementary MOS and bipolar technology to provide
analog and digital timing functions with a monelithic SCR
output device,

SYSTEM REQUIREMENTS

The system requirements for the XM56 electronics are:

a} Interface with and detect time dclays gener-
ated by two E-cell tirning devices. One declay
shall provide zircuit arming and cliaarging of
a firing capacitor. The other E-cell delay
shall provide for self-destrucc at the mission
completed time,

b) Discriminate over-run time duration and pro-
vide output upon over-run ¢r 17 T., whichevel
is less, for aver-run greater LhaA T.. A
secondary input (anti-~disturbance) p}ovxdlnq
a 17 T, time delay until dcetonation, regard-
less o} duraticen, shall also be provided.

¢) Include output capability of 5000 ERGS for
T20El1 detonator from 120 microfarad capacitor
at 5 volts.

* This work was supported by the Depar*ment cf the Army,
Picatinny Arsenal
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d) Include low-supply voltage detector for self-
destruct if battery voltage is less than 5.6
volts after arming.

@) Operate from 6.75-volt 5-milliampere-hr.
battery for mission duration.

ANALOG DETECTQR CIRCUITS

E-cells, electrochemical devices used for timing ap-
plications, provide a changing electrical characteristic
after prescribed charge transfer occurs. These devices
consist of a catnode and an anods immersed in an electro-
lytic solution. During plating, the device has a low im-
pedance and a voltage drop of 30 millivolts. After plating
has ceased, the device impedance increases and 800 milli-
volts is the typical device voltage.

E=-cell voltage changes are difficult to detect usin
MOS transistors because the final voltage is less than the
typical MOS threshold voltage. The circuit described below
utilizes the substrate effect in a unigue push-pull
arrangement to detect the E~cell voltage change and trans-
late this change into levels compatible with the MOS cir-
cui try.

The E-cell deitecior in Fig., j{a) operates in the
following manner: Device N, is connected in a bias cir-
cuit with an external diode, The gate veltage of device
N, is:

= - J 1 -
ng VD + VN th + Ks (JD VE) (1)
where Ks is the substratc effect constant in
volts per volt of source reverse bias,

The source voltage of N, is the E-cell voltage (V_ ),
wirich is initially 0 volts. “The threshold voltage of de-

aws o~

vice NZ wmay be described as follows:

“Nz TH = vy TH + Ks (VE) (2)
N? will turn off when V <V TH
- gs, = N
2 2
= + \Y -V‘) -V (3)
Vgs,, Vp Vg —_— Kg V=V E
Voot Kg Vg)

The effects of the actual threshold voltage cancel
and switching occurs when:
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Vg = (1 + Kg) (4)

E
T+ QKS) Vg
For K, = 1 volt/volt, switching will occur fox an
E-cell volEage equal to 2/3 the external bias (V) For

a 0.5 volt diode, Vg = 0.33 volts, and thus the plrcu1t
will detect as the E-cell voltage makes the transition
from 0 volts to 0.8 volts, Switching is very rapid due
to the push-pull action of transferring substrate effect
between devices.

The low=-supply voltage detector in Fig 1{b) util-
izes the same basic concept. (v )} in this case,
is chosen such that device N2 1@ offPDana senc2, for a
given Vg, the supply voltage at detection equeals V, +
VE. The integrated c¢ircuit has a zener diode fabricated
on-chip and an external limiting resistor to provide con-
trol of the sampling current. Present COS/MOS processing
does not allow fabrication of forward biased diodes for
the bias circuit without parasitic transistor action,
hence an external diode is required.

Each irtegrated circuit contains two E-cell detect-
ors and one low--voltage detector.

TIMING LOGIG

Fig. 2 illustrates the logic functions of the inte-
grated circuit used for discrimination of input duration
and control of delayed fixing. A COS/MOS RC oscillator
provides an accurate time base (T7). A logic 1 at the
over-ride input will start the OS(JlldfOf F¥Fi divides
by two and is the clock for a divide-by=-8 councer and Ty
discriminator (FF2). Ouuput “Y" from the counter will
cause detonation at 1773 while FI*3 records T; and will
cause detonation if the over-ride signal 1s removed after
T1. The anti-disturbance input utilizes the same count-
down path so that the over-ride time delay dominates.
Transistor count is areater than 150 devices,

OUTPUT

The output section ¢f the integrated circuit, Fag.
3, consists of an SCR device, fabricated by means cf the
standard COS/MOS diffusion profiles, and control cir-
cuitry.

The signal from the arming E-cell detector controls
device P1, and allows charging of the firing capacitor
after the arming delay. As the firing capacitor voltage
reaches the threshold voltage of Nj, device Nj is parall-
eled with the 20-kilohm shunting resistor, providing a




low-impedance shunt, while the capacitor voltage is ap-
plied to the SCR aaode.

Firing signals irom the timing logic, LVD, and ond
of mission E-cell :tetector ere CF'ed for turn-on,

The SCR is a composzites latwral-vertical-bipolar
transistor with a PMOS ifxansjster shunting the p-n-p
emitter-collector. Turrn-os if predominantly Ly mezns
of MOS transistor P,.

r4
Typical ON resistance is two ohuns.
Breakdown voltage is greater thau 15 velts.,

PERFORMANCE

Packaged in a 1l6-lead DIC, the ¢ircult roguires
exteinal timing resistors, timing and {iring capacitors,
LVD sampling resisvor, and bias diode,

Current drain for the analeg functioas is less than
60 micrommperes. Tha quiescent current drain of the COS/
MOS logic is less than 10 micrecamperes., Peak firing
current from a 120 microfarad capazitor at 5 volts into
a 3-ohwn lcad i3 one ampere.

Fig, 4 illustrates the distribution of low-supply
voltage detection fo1r 538 units.

Circuits have been delivered in quantity in both
commerzial and high-reliability grades. The engineering
design test results for the system electronics are summa-
rized below.

ENGINEERING DESIGN TEST RESULTS

introduaction

The XMS6 Alrcref. Mine Dispensing Subsystem is an
aarially delivered scaitterable mine system disrensing
avti~tank,anti-vehicle mines. The XMS6 =lectronic module,
including battery, connectors, printed circuit board, ex-
ternal componerts, and integrated cirecuiv, was tsted
with the follcowing results:

Test Pro.;edure

Aircraft Vibration - MIL-STD-9)0B
T:ransportation Vibration - MIL--STD-331
Temperature Conditioning - +125°F to -25°F
kough Handling - MIL-S1'D-331%

Jolt and Jumble - MIL-STD-231

Ty
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Resultg

After being subjected to the above envirconmental
tests, the items were clectrically armed and allowed to
time-out for self-destruct. The results of these tests
were:

‘Arming - 96.3%
Self-Destruct - 98.9%

Mines were also ejected from a helicopter and sub-
jected to anti~tank, anti-vehicle over-runs and anti-
disturbance functioning with the following results:

(Reliability (Point Estimate)

Anti-vehicle ] *20-88.8%
Anti~tank 98.6%
Anti~disturbance 93,0%

*Dependent upon speed of vehicle

Failures in the above categories were determined to
be caused by faulty components, such as switches and
connectors, and to poor solder joints on printed circuit
boards,

The electronic circuit has an over-all reliahility
of 23.6 percent (point estimate). There were no failuvres
directly attributed to the integrated circuit.

CONCLUSIONS

The developmental work under this contract has demon-

strated the feasibility of integrating low-power comple-
mentary MOS logic circuitry with SCR output capability.
The ability to perform both analog and digital functions
on a single integrated circuit makes COS/MOS the ideal
choice for low-power, battery-operated, portable systems,
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A COMPUTER-AIDEL METHOD FOK THE DESIGN
OF A WIDE CLASS OF MICROWAVE COUDTAR% ANp FILTERS

Bevry T, Spielman

Naval Research lalworatoery
washington, L, €. 2039C
(202) 787-3:36

ABSTRACT

A numerical method, suitabie for use in the computer-aided
design of a wide class of mi~rowave £ilters and couplers, is
presented. The convergence charsacteristics of the method are
illustrated. The performance chsiacteristics of two directional
couplers, designed and fabricated based upon results generated by
the wmethed, are showua. ne coupler employs a configuration of
microstrip over a slot:ted ground plane. The other coupler employs
a ''reduced" ground plane, with oversized microstrip lines.

INTRODUCTION

This puaper describes and demonstrates the usage of a computer-
aided method for designing microwave filters and couplers employing
uniform, coupled sections of a wide class of transmission lines.
lncluded in this class are microstrip, slot line, sandwich slot-
line, and coplanar waveguide. Previously, efforts to incorporate
the latter ttree transmigsion media in couplers and filters have
been substantially empirical [13, [2], [3].

FORMULATION

The coupled transmission line structures treated in this
woik are characrerized by the admittances and phase velocities of
the evei. and odd modes of propagation. In terms of these
quantities it has been shown how to design wicrowave directional
couplers and filters [4].

The method developed in this work for computing these
admittances and phase velocities is described as follows.
Consider a specified configuration of dielectric loaded, coupled
transmission lines in terms of which it is desired to design a
directional coupler or filter. Now consider a second structure,




obtained from the first by fictitiously removing the dielectric
regions, but retaining the same conductor geometry as in the original
structure. This second structure will heretofore be referred to

as the empty structure. For both the original and the eumpty
structures quasi-TEM propagation models are invoked for both the

even and odd modes of propagation. By virtue of these models,

for each structure the even and odd mode transmission line
capacitances to ground are computed in Lerms of scalar poteatial
functions. Finally, the necessary admitiances and phase velocities
of the original structure are computed in terms of these capacitances.

The computational scheme is now described in somewhat greater
detail for an arbitrary configuration of dielectric loaded coupled
transmission lines. The cross section of this configuration is
illustrated in Figure 1(a). The cross section of the corresponding
empty configuration {8 shown in Figure 1(b). The application of
quasi-TEM models to thie even and odd modes of both configurations
allows for mode excitations to be defined in terms of voltages.

Hence,
V1 = V2 =1
even mode excitation )
V3 =0
and
V1=-V2=1
V3 -0 ‘ odd mode excitation 2)

Here, Vl, Vz, and V3 are the voltages shown in Figures l(a) and 1(b).

The computation of the even and odd mode transmission line
capacitances, for a designated line in each of the two configurations,
is accomplished as follows, The voltage excitation schemes from
(1) and (2) are impressed on each configuration yielding four
different distributions of scalar potential. The potential at any
point P, in each of these four distributions, iy of the form

o(P) = ur o(4) 1n % dse. )

Here, ¢ is some equivalent source distribution which, for a
structure of conductors and dielectriss, is the sum of free ard
bound charges. This source distribution lies along the boundaries
of conductois and dielectrics. R is the distance between an
equivalent source point, at path location {, and the point P,

k is a constant defined, due to numerical considerations, as

k >R o (4)




where is the maximum value pussible for R when P is constrained
to lie agxsource peints. The equivalent source distribution,
corresponding to each of the four potential distributions and its
corresponding excitation, is discretized and ultimately computed

by a moment solution. The moment solution chosen here embedies

a pulse function expansion of each source distribution and point
matching of the boundary condition:. The capacitances to ground

for the even and odd modes of the original and empty configurations
are ultimately determined from their corresponding equivalent nource

distribution by strategically applying Gauss's Law at the corductor
boundaries shown in Figures 1(a) and 1l(b).

It is now shown how tliese two gsets of eveu and odd mode
capacitances, comprising tane four cases previously mentioned, are
used to compute the even and odd mode admittances and phase velocities
for a configuration like the one shown in Figure 1(a). Let the even
and odd mode capacitances to ground for one of the transmission
lines in Figurs 1l(a) be represented by C_ and C , respectively,
Similarly, for the corresponding transmiSsion 1¥ne in Figure 1(b), let
the even and odd mode capacjitances be represented by Ce e and Ce o
respectively, Define the even and odd mode transmission line '’

admittances for the configuration in Figure 1(a) according to the
expiession

Here, "i" can be efither "e", for the even mode, or "o", for the
odd mode. The vhase velocitiag Y, and v, cai e expressed as
shown in (6).

1
v =
1 e (6)
LyCy

where the subscript '"i" is defined as it was for (5). The
transmission line inductance, L,, introduced in (6) is defined
implicitly by the expression fo¥ the phase velocity in the empty
structure in Figure 1(b). Thus,

1

‘ =Viice i @
R

in (7), ¢ is the velocity of light in free space. Finally, the
admittances and phase velocities for the designated transmission
line of the configuration in Figure 1(a) can be expressed
succinctly as

= o4 8
b S Cice,i (8
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and

vy el )

It {s the quantities Y, and v, which are pertinent to coupler and
i i
filter decign.

The method described here has been programmed in Fortran 1V
for use on the CHC 3800 digital computer at the Naval Research
Laboratery Computation Center., The matrix calculation portion
of the program {s a modificarion ¢f a routine due to Pontoppidan [5].

The convergence of the method is illustrated in Figures 2 and 3.
These figures show the variation in computed line impedance and
phase velocity as the number of equivalent charge functions is varied
on the strip and ground plane of a nominally 50 ohm microstrip
line. Values due to Bryau. and Welss [6] are shown for reference.
Convergence here produced agreement to within 3 percent
compared to the reference values.

EXAMPLES

a. Microstrip-slotted ground planc configuration

A directional coupler was designed using computer results
renerated by the method described in the previous section, The
coupler was fabricated on a 2"x1"x0.025" pourtion of alumina
substrate using thin tilm techniques, The circuits on each side of
the gubstrate are shown in Figures 4(a) and 4(b). The configuration
used here is a variation of that used by Garcis [3] in a
wideband, quadrature, 3 dB coupler developed empirically. The
performance of the coupler developed in this work is illustrsted
in Figures 5(a), 5(b), and 5(c). 'The designed-for midbgand value
is 5.4 dB, while the mcasured value is 5.3 dB., The coupling is
6.0 + 0.7 dB over a 60 percent bandwidth about the midband
frequency. Over more than an octave band, the return loss is 19.5
dB or better and the directivity is better than 14 dB. It is to
be noted that this device is the result of a single design attempt
using the computer resulte,

b. Reduced ground plane microstrip configuration

A second directional coupler, designed using ti.e method
presented here, was fabricated on a 2"x1"x0,025" portion of
alumina substrate, The double-sided circuit employed is shown
in Figures 6(a) and 6(b). Duc to the ncn-optimal transition from
narrow to wide microstrip, shown in Figure 6(a), the return loss of
this coupler was originally 16 dB or better over the range from
2 to 4 GHz, The return loss characteristic was improved t< that
shown in Figure 7(b) by a simple tuning technique. The
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performance of the coupler developed here is shown in Figures 7(a)},
7(b), and 7(c). The designed-for aund measure value of midband
coupling is 6.8 dB, The coupling is 7.2 + 0.4 dB over a 56

percent bandwidth about 3.125 GHz. Over the octave band shown in

Figure 7, the return loss is 23 dB or better and the directivity is
13 dB or better.
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Figure 4 Microstrip Slotted-Cround Plane Coupler,
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MICHOWAYVE INTEGRATD FILTIRS
R. k., Jones & R, &, Moorse
Westinghouse Defense & Electronic Syatoms Center

Baltimore, Marylaad 21203

ARSTRACT

Passive high Q filter elements capahle ol sahlsigctory performance in
the Microwave Integrated Circuit area are restrieted to dielectrde and YIG
resonators. However, tenperature enevironient may liwmd® their usefulness un-
less certain techniques are utilised in the da2sign and fabrication of these
I.C. filter elementis,

INTRODUCTION

Physical dimensions of micruwave filters have besin significantly
reduced by the use of integraled mivciccircuite, However, reducing the
cavivy slze *o an extent cumparable with other mindaturized elements usually
results in a drastic reduction in Q. In contrsst to waveguide components for
which Q's range between 5,000 and 15,000, nicrostrip transnission cirecuit
resonator Q's range betwevn 100 to 3. There are, novertheless, significant
I.C. applications for which QO's comparahle to waveguide values are required,
i.e. reguare high @ passive filters. High ('s are necessitated when band-
widths ol 6.1% or less are degired,

Passive high ¢ filter {ypos useful {or integrated microwave circuits are
limited to the following:

1. Diclectric
2. YIG (Yitriws-Tvon-Garnet)

However, temperature environme.sl. can yoslrist their uwsefulness unless these
filtars are designed by specific puielines.
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DIELECTRIC RZSCNATORS

Jow loss, high dielectric constant objects will resonate in a micro-
otrip configuration for sizes more tksn an order of magnitude smaller than
the waveguilde cavity equivalents, The dielectric resonator is the electro-
magnetic dusl (E & H fields sre interchanged) of the metal wall cavity.
Microwave energy will be confined to a region in and neasr the resonator
provided the dielectric constant is sufficlently hign. The disk geometry
has been found most suitable for integrsted circult devices. With proper
choice of length to diameter ratio, a disk insures a large frequency separa-
tion between the fundamental resonance mode, TE@ $ and the next higher orcer
mode. Radiation losses are suppressed for suffisiently high dielectric
constant material (6r 280). kigh unloaded Q (G, = 1/tan 8) will be obtained
at nmicrowave frequencies, if the dielectric constant is large (€r z 80),
Unloadzd Q's, Qu, of 3,000 to 10,000 arc available from such single crystal
materlals as rutile, TiO, (ten & = 0,0001). A microstrip S-Band double pole
filter ¢onfiguration is shown in Figure 1, All coupling from line to disk
and disk to disk is magnetic or dipole type. The butterworth filter has a
frequency response at 2,3GHz as shown in Figure 2; an insertion loss of
2.4db and a 3db bandwidth of 4.6MIz. The temperature sensitivity by the
following equation:

LS (1)
fo ‘I‘

vhere €. = € (T)

Ai S-Bend irequency, rutile has a TCK (temp, coefficient of permittivity)
of =1000 PPM/OC over 50 to 100 C, which can be translated into a 50MHz change
in center frequency. This vemperature sensitivity has limited, o some degree,
the usefulness of 1.{. dielectric filters.

However, advances in obtaining a temperature stable materials are being
made. Usually materials with high €. also have negative TCK such as rutile;
nevertheless, materials with fairly hiph bermittivities with pesitive TCK do
€.fe Bl Tiz 015 and Ca Ti 3i Os. Mixing of materials (one with bigh positive
and the'othér Algh negative TCK? in the proper volume fraction will result in
a temperature stable (low TCK) material. Usually the €_ is reduced below a
value which is useful for microwave filter applications., The most promiasing
material (from the standpoint of obtaining a low loss, high dielestriz con-
stant, temperature stable microwave dielectric) investigated to date is
Bi05Ti0,Ca02r0y. The characteristicy of this material as well as others
inveatigated at Westinghouse will be discussed.

375




YIG FILTERS

YIG resonators make ugse of bulk gyromagnetic materials and are typi-
cally formed into spheres which are 20 to 50 mils in diameter, For numerous
integrated circuit applications, permanent magnet (rather than electromag-
netic) bias would be used except for its extreme frequency sensitivity over
a given ambient temperature range (typically 1 to 2Miz freguency drift per 1°
C change in temperature at C-band frequencies).

T?is paper describes an integrated circuit, C-band douple-pole YIG
filter* with a permanent magnet biasing source. This filter has been temjer-
ature stgbilized by a simple yet effective method which simultanecusly com-
pensates the permanent magnet and YIG resonator, This planar filter shown
in Figure 3, consaists of two shielded microstrip transmission lines separated
by a metal wall. The hF transmission lires are deposited on an alunina
substrate with the YIG spheres and the po§itioning rods imbedded in the upper
dielectric medium, At resonance, energy Is coupled from the input line to
the first YIC, The first YIG, then radlates a circularly polarized field
which propagates thru the metal iris and ciuples the energy to the output
line. The purpose of the coupling slot is tou prevent direct coupling from
the input to output line,

A method has been developed for temperature stabillizing the resonant
frequency of the YIG filter which eliminates the need for temperature com-
pensating shunts on the permanent magnets an® high precision X-ray orienta-
tion of the YIG sphere. Instead of eliminating these two effects, this
technique uses the temperature sensitive anisotropy of the YIG to cancel
the corresponding change in the blasing field. No pre-orientation of the
YIG along a preferred criysialline axis is required. The YIG sphere is
merely rotated to a position such that

aH AH
o + F (8) ,
T =0 (2)
where
F (9) Hy = effective internal anisotropy field (oe)
H, = external magnetic biasing field (oe)

H temperature dependent anisotropy field (oe)
a

Once this is acccaplished, the center frequency of the filter is
stabilized to 1 1MHz over the temperature internal of + 20° C to 70° C,
as shown in Figurc 4. This represents a reduction in the drift by a factor
or 50. Interpole tracking of the two resonators was better than 1 1z
over the 100° C temperature interval,

CONCLUS101

I.C. Dielectric and YIG {ilters demonstrate characteristics which
malie them valuable for Microwave Integrated (1 :uit design.
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QUAST-LUMPED MICROSTRIP DIRECTIONAL COUPLERS
R. E. Neidert

Naval Research Laboratory
Washington, D, C. 20390
(202-767-2180)

ABSTRACT

Theoretical and experimental vresults are presented on quasi-
lumped directional couplers in microustrip, employiug interdigitated
capacitors as the coupling elements. The principal advantage of the
technique is that tight coupling can be produced, ir small size,
with straightforward, single-step, vhotolithographic processing.

INTRODUCTION

he lumped interdigitated capacitor on microstrip l.as been
discussed by Alley [17], and a quasi-lumped directional cc.pler has
been described briefly by Peppiatt, Hall, and McDaniel [2]. Combiniig
and exterding theee twc ideas has produced & uselul microstriy
component.

TWO-CAPACITOR COUPLER

An example of the experimental microstrip coupler developed in
this work, shown in the Figure 1 drawing, consists of transmission lines
on a dielectric substrate above a ground plane. Interdigitated
capacitors are thown as coupling elements, separating the main tran: -
mission lines far enough that there is no significant direct coupling
between them.

Figure 2 shows the electrical equivalent circuit of the micro-
strip configuration. The Ewen and 0dd Mode analysis techuique,
surmarized in [37], is a convenient methed for the solution of the
performance of circuits of this type. To review briefly, the ABCD
matrix relates circuit input quantities tc output quantities according

to

. r——— BT T Y SR T YT
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I {05 (12

The ABCD matrices of the even mode circuit and the odd mode circuit,
shown in Figure 3, are determined independently. Even and odd mode
transmiscion and reflection coefficients are then Jetermined an’ used
to calculate the emerging voltage vectors (by through bz) at thr

terminals of the four port network. The even and odd mode ABCD
matrices are the following:

[} %] n |ccs 8 iz, sin ei] (2) ]
¢l j¥, sin 8 cos 8
and
{
ABl _ [cos 8- 207, sin @ ) jZosina '
CD ° j(bw cos 8 + Y5 sin O - 4u2e Z,sin 8) cosp-2wCZysink |’

3)

where w is radian frequency and the other terms are as defined in
Figure 3. For the coupler shown, the condition {or infinite isolation
(bz = 0) end perfect match (b; = 0), occurring simultaneouvsly, is that

1

tan @, = —E;Eﬁi;_. , (4)

where W, 1s the radian frequency of infinite isolaticn and 6, is
the electrical length of the interconnecting transmission lines at
that frequency. When this value of 85 i1s inserted into the equation

for the voltage emerging at Port 3, the value of voltage coupling at
Wy is determined to be

bqy = cos 00 (5)

Using the circuit values obtained from the desired coupling value at

0y, the complete perrformance versus frequency may be determined directly
from the general equations given in Figure 3.




Figure 4 gives the computed responsc ¢f a directional coupler
of this type, whose values are sclccted for 3 db coupling at 1250 MHz
design center (C = 2.54 pf and 65 = 45 degrees). Useful baudwidth
is about 10%, length is only onc-eighth wavelength, and width is that
required to assure mnegligible direct main line coupling. 1In general,
capacitance values are small - a few picofarads at 1 GHz - with
required values decreasing as frequency increases auu as coupling
loosens, m-king the capacitors reali.able using interdigitated capacitor
techniques on microstrip.

The photograph iu Figure 5 shows two quasi-lumped microstrip
couplers on .025 inch thick alumina substrate. Data from the upper
unit, a 6 db coupler at 1450 MHz, 1s given in Figure 6. The capacitors
have 22 fingers, .060 inch long, with .0035 inch wide lines and 0014
inch spaces, Data for the lower unit is given in Figure 7. The
capacitors have seven f{ingers, .230 inch long, with .0022 ianch wide
lines and .0014 inch spaces. This measured data has been compared
with computed response curves in each case, in order to estabjish
whether the coupler bandwidth may be significantly affected by the
capacitor form factor (length to width ratio). The computations
assumed frequency independent capacitors, while the actual capacitors
used show some frequency dependence, which is related to form factor.
However, bandwidth deviation from computed values was negligible for
both capacitor types. Therefore, it was concluded that increasing the
number of coupling elements should be investigated as a means to
achleve wider bandwidth.

THREE-CAPACTITOR COUPLER

The analysis for a three capacitor coupler was carried out using
the procedure described earlier. Figure 8 shows the equivalent circuit
of the device analyzed. The simplifications used were that the two
end capaciters are equal and the four interconnecting lines are of
eqgial length. The equations for the even and odd mode ABCD matrices
are the following:

0dd
A = [ (4020022 - 1)tan®y - (4uC1Z. + 20CoZ ) tand + 1 2
= | (#w™CyCp2 Jtan”g 125 + 2Z,) tand + cos 8

- 2. 2 2

B = jL(-ZwCzZo)tan 6 + (ZZo)tane] co520 (6)
o032, .2 , 2 2.2 2.

C = J[(Sm CILZZO - 4wcl)tan 8+ (2Y, - Bw CyZ,-8w (lczzo)tﬂn 0

+ (4af, + ZLUC?_)] cos®6
D= A
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Even

A = cos 20

B = jZ,<in 20

. N

C = onsin 28

D=A
Solving again for the condition of infinite isclation and unity
VSWR, which occur simulteneously, provides the following:

2uC12,(C1 + Cg2) + ‘\/4u)2C142 2 + /+Cl2 - sz
tang = P 7 (8)
4y Cl CZZO + C2 - 2C1

Two poles of isolation are apparent - one for the positive sign before
the radical and one for the negative sign, The two poles may be
simultaneously located at the coupler design center frcquency by
requiring that the term undcr the radical be zero. The resultant
condition is that

g, = 2, v wlc

2., 2
2 Zu +1 (9)

1

For perspective, Figure 9 gives a plot of a specific case in
which £, 1s 1250 MHz and Z, is 50 ohms. Coupling values {rom approxi-
mately 20 db to 0.5 db are shown, with ¢] values from about .02 pf to
2 pf. The line length required is also plotted and C, is assumed to be
the value given by equation (9). The 50 ohm, 3 db coupler case, with
both isclation poles located at 1250 MHz, requires €y = 1.1 pf,
C, = 2,4 pf, and 6 = 56,7 degrees. The computed response 1s piotted
in Filgure 10, where it is compared with the computed performance of the
two capaclitor coupler,

Other cases may be of interest in which the cimultancous location
of the two poles of {solation at f, is not the primary design criterion.
A zero db coupler may be produced, for example, with parameters which
are cquivalent to a tandem connection of two-capacitor 3 db couplers,
having & single pole of isolation at fo. A 3 db, three~capacitor
coupler with all capacitors cqual may also be produced. Although it
has only a single pole of isolation at f,, it:; bandwidth is slightly
greater than the two-capacitor version, All of the couplers described
have 90 degree phase difference at f, between the direct and coupled
output ports.




SUMMARY

An analysis technique for multi-capacitor directional couplers
has been presented which may be extended to any number cof coupling
elements, A technique of fabrication on microstrip using interdigitated
coupling capacitors has been demonstrated, with measured results in
agreenent with computed performance. In many relatively narrow band
applications, the use of this coupler design can eleminate the cross-
over complication and/or the larger size of other types ol microstrip
couplers.
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VARTIABLE DISPIRAION MoANDER-LINE
J. M, Schellenberg and . R. Jones
Westinghouse Electric Corporation

Baltimore, Maryland 21203

ABSTRACT

An 3~Band variable dispersion meander line circuit has heen developed,
The amount of phase dispersion can be continuously vari=d while maintaining
an excellent impedance match over a bandwidth well in excess of an wctave.
This device has keen used to s Hpress second harmonic powcr generated in
amplifier chains. .

INTRCDUCTION

This paper describes a variable phaue lispersion deovies for use in
suppressing second harmonic power generated in power amplifier chains, Due
to 1ts varlable dispersion characteristic, this device also has possible
arvlication as a variable phase cqualizer or as a variuable time delay device.

The aprroach for second harmonic <ansellation is illustrated in
Fipure 1. With the va~iable phace dispersio: device {called "harmonic phase
adjuster"), the phuse relationship between the first and second harmonics
can be controlled. Uhen the phase is adjusted properiy, the second harmonic
power generated in the output amplilier will be cancelied by the injected

“gecond hermonic sirnal. while, din general, it is necessary to control the

amplitude as well as tne phase of the injected harmonic to achieve complete
cancellati n, a reduction ol rore than 10 4B in the seccond havmonic content
of an output amp?i*:ar has been demonstrated by adjusting only the phase of
the injected hz vwnic.

VARIABLE DISPIi3I0ON MEANCER-LING

The meander line circuit considered here iz a planar circuit
cenerates by winding the center vonductor of a stripline transmission line
in a zin-zag pattern. The characteristics of this circuit have beon analyzed
hv several authors.l=2 Due to its planar nature and simplicity, the meander-
line circuit is well suited fo:r variable dispersion applications. Figure 2
illustrates the phase characieristics of the meander-line, As s/D is
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decreased from one tou zero, Lhe phase characteristics vary from non-
disrersive to resonant. Figure 3 shows the contiguration developed for
varying s/D and heuce the dispersion. The structure is composed of two
substrates with a meander-iine pattern etched on eacli substrate. The
etched pattorns are mirror imgges of each other such that when the sub-
strates are placed together, the patterns exac..y match. If the top
substrate is moved off center, the spacing between adjacent sirips "s"
is reduceq resulting in tighter coupling and more dispersion. In
addition to providing a simple means of varying the dispzrsion, an important
characteristic of this circuit is that the characteristic impedance is a
slowly varying function of s/D.

Cromack1 has shown tLhat the characteristic impedance of the meander-
line circuit can be expressed as

zo(¢) = Z(2)Y Z (@ + 1) (1)

there Z(?) is defined as the characteristic impedance of any tape conductor
in a tape array propagating a TiM traveling wave with a phase change of 3
per tape. Z(2) can bf expressed in terms of the physical parameters of the
meander-line cireuit,
Then 2(®) and Z(? + T) become the so called even and odd mode impedances
regspectively and can be expressed in terms of Cohn' sk Tringing cajacitances
for zero thickness strips. As s/D is reduced Z(¥) ircrea. »s and 2(® + ™)
decreases while, the product, which determines the characteristic imredance
remains epproximately constant. This is strictly true orly if W ie held
constant, However, with the configuration shown in Figure 3, the variation
in the characteristic impedance can be minimized if the circuit is designed
sucg that W > > s. The above argument is also wrue for an arbitrary value
of 9O,

Figure 4 illustrates Z_ as a function of s/D with D constant rather
than ¥ as required by the geometry of Figure 3. The analysis is exact for
the idealized model which assumes lossless conductors of gzero thickness and
corners of zerc electrical length. In order to minimize the variation of
Zys 8/D should be less than 0.1,

For a given maximum impedance mismatch, Figure 4 determines the range
over which s/D can be varied. The amcunt of dispersion corresponding to
this s/D range can be determined from Cromack's dispersion equation for the
meander-line circuit which is: ’

29 _ 2 Z ZGD) (f)
tan = ¢ - 2)
a an” - 2® T

Ml

where @ =B_D

8

ka

and Bo is the propagation constant of the funcamental spa-e haraonic
traveling in the z-direction, ¥k is the propagation constant for the TR

Consider the case of ® =n 2 71, where n = 0, 1, 2 ...
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wave travelirng in the x~directlon and is given by:

k__u)
c Vtr

and "a" is the length of the coupled section., Therefore, ® represents

the phuse shift per tape and © represents the electrical length in radians
of the coupled section., Note that © is directly proportional to frequency
while @ isg not.

When amploying the meander-line as a harmonic phase adjuster, the
quantity of interest is the phase difference introduced between the first

and second harmonics. The phase differunce ) v, as defined in Figure 1 can
be expregsed as:

where 5(91) is the phase deviation from linearity at the first harmonic
frequency. It can be shown that & ¢ is a maximum for 9; (the fundamental
frequency variable) equal to 60% 4 ¢ is ploted as a function of s/U in
Figure 5 with 2A/D as a parameter and €, = 60°, This fisure translates
tie permissible s/D variation from Fizure 4 to 8 @ variation,

EAPERIMELNTAL RESULTS

A variable dispersion meander-line cirecuit has been constructed aad
tested as a harmonic phase adjuster, Thc desipn paraneters were:

(1) 4 2 to be variable over a 180° range from an arbitrary minimum
value '

(2) & @ variatior over a given frequency range to be a minimum

(3) maximum V3R = 1,5:1

Condition (3) determines the range over which s/J0 can be varied. Consider
the idealized case of a uniform transmission line of charscteristic
impedance Z, terminated in a 50 22 load and driven by a 50 i source. The
worst case micmatch occurs when the transmission line is an odd multiple of
A/L in length and the magnitude of the VSWR at that [requency is

s -

& \ 2 c o .
YSIR = 0 or (=9
50 Zo

depending upon whether Zo is greater or less than 50 {i, On the basis ol

this idealized model, the characteristic impedance of the meander-linc must
be maintained within the range £40.5 0 to 61.3 & in order to satisfy condition
(3). Figure 4 translates this impedance variation into permissible s/
variation and Figure 5 relates s/D to 4 ¥, The phase difference & ¥ plotted
in Figure 5 as a function of s/D is the phase difference per section or per
tape. For an n section meander-line circuit, the total @ @ is n & 2. There-
fore, krowing the range cof s/D and hence 8 ® per section, the number of
sections n can be determined as required by condition (;5.
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Figure 6 illuatrates the measured values of the phase difference
4 ¢ us a function of the normalized fundamental frequency variable §,.
The three curves plotted in Figure 6 were obtained with the unit in %hree
different settings. The bottom curve was obtained with the device in the
ninimwn phase difference position, i.e., the top substrate positioned such
that the two meander patterns match resulting in minimum dispersion. The
theoretical curve for this setting is also shown in the Figure. The
experimental & @ curves do not reach a maxirum value at exactly €, = 60°
as theory predicts, but the maximum point shifts toward 60° as s/i.') is
decreased, This effect can be attributed to the finite length of the
meander-line corners, The corners capacitively load the coupled section
of the meander-line increasing its effective electrical length. By reducing
the spacing s, the effective lengthi of tne corners is also reduced. This in
turn results in less capacitive loading, thereby approximating the zero
length corners of the theoretical model.

The insegtion loss was less than 1 dB over the frequency range
@ = 50° to 125" (1.5 octaves) for all & @ settings within the 180 degree
interval and the V3¥R was less than 1.6:1 over the same interval.

In summary, a varlable dispersion meander~line circuit has been
developed with the capacity to continucusly vary & ¢ by more than 1800,
while maintaining an impedance match. The theoretical model has been shown
to give axcellent agreement with the experimental resulta.
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LOW-POWER CMOS MASS MEMORY
Robert M. Trepp, Scnior Engincer

Westinghouse Electric Corporation
Baltimore, Maryland

Abstract

A mass memory of 107 bits can be built that is random access,
low power, 1.2 microsecond read or write, low size and weignt and
that would be suitable for airborne radar data memories and for the
replacement of space tape recorders. The technology selected in 1970
for the mass memory was complementary metal oxide silicon (CMOS)
because of its availability and low power dissipation. Other tcch-
nologies cvaluated were P channel MOS, N channel MOS, and bi-
polar, but each was found to dissipate considerably more power.
Metal nitride oxide silicon (MNOS), change coupled devices {(CCD)
and orthoferrites (magnetic bublkles) were considered very nromis-
ing, but they arc in the develupment stage and unavailable in
quantity.

A design of a 3. 6 million-bit CMOS random access memory was
performed under contract with the Naval Air Developmient Center
(NADG){1), The design was proven by building of small portion of
the memory (2,3,4) 192 words by 22 bits, using bare chip packaging
techniques and ceramic substrates., The packaging aund substrates
incorporate the design approach for the 3.6 million-bit CMOS ran-
dom access memory., Thz 192-woerd by 32-bit CMOS memory was
delivered to NADC in Juus of 1971, and it has been operating satis-
factorily since that time.

The 192-word by 32-bit CMOS mecmory was constructed with the
two substrate packages shown in figures 1 and 2, Each package
contains 192 words by 16 bits, which includes the neccssary address
decode and data buffers for the formation of larger memories by
wiring several packages together.
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Logic Design

The 192-word by 32-bit CMOS memory has 8 addrcess lines (Al
through A8), 1 rcad/write line (W), 1 mcmory strobe line (S), 2
power lincs {B4, gnd), and 32 data lince (D1 through D32) - a total
of 44 interface lines. A logic 1 is at B+t voltage (12.5 V) and a logic
0 is al ground (0 V),

When the memory strobe line ig a logic 1, a CMOS memory chip
on cach substrate will be sclected by address lines A5, A, A7, and
AB8. The bidirectional CMOS buffer chips (Z21 and 222) will bring the
data from the interface data lines (D1 through D32) to the memory
chip for the write operation or will bring the data from the mcmory
chip to the interface data lines for the rcad operation, depending on
the logic level of the read/write line (W). Each CMOS memory chip
has 16 words by 16 bits. Twelve chips on each substrate are bussed
togellier, except for chip select signal, to form 192 words by 16 bits as
shown in figurc 3. Each bit of the 16 bits of data has a bidircctional
CMOS buffer driver circuit from cither chip 221 or Z22 to buffer the
data between the memory chip and interface data lines to ensure suf-
ficient capacitance drive for speed. Address lines Al, A2, A3, and
A4 are busscd to all chips on a substrate after passing through a
buffer gatc and address one of the 16 words on the chip.

Electrical Design

The clectrical design uscs all CMOS logic gates. All interfaces
between CMOS chips arc at CMOS logic levels 0 Voor 12.5 V. West-
inghousge fabricated the 16-word by 16-bit memory chips and the bi-
directional CMOS buffer chips. These circuits were augmented by
off-the~shelf one of cight CMOS deceds chips (SCL 5206} frons Solid
State Scicentific, hex invertor CMOS gate chips (CD4009) and four 2
input NAND CMOS gate chips (CD4011) from RCA,

The substrate package used to hold the CMOS chips has 32 pins
and is 1-3/8 by 2-1/4 inches supplicd by Tek Form. The ceramic
substrate is 1.05 by 2. 00 by 0. 030 inches, The substrate is metal-
lized by vapor deposition and plating. The intevconnectiong are miade
on one gide of the substrate with 0. 004 -inch lines and 0. 005-iuch
spacings. Connections from the chips to the substrate are made by
ultrasonically bonding 0.6008-~inch gold wires. If two-layer metal-
lization is uscd on the substrate, all bonding pads would be located close
to the chips for casier bonding and shorter gold wires. Each sub-
strale package is filled with dry nitrogen and hermetically sealed.
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Design of a 3. 6-Millivn Bit Random Access CMOS Signal
Processor Memvury

A 3. 6-mllion bit CMOS memory that will be random access, low
power, l.2-microsecond read or write can be fabricated using the
same memory substrate packages delivered on this contract as
shown in figure 1. The 3. 6-million bit CMOS memory may be or-
ganized 204, 800 words by 18 bits or 4,096 words by 900 lnts. In
addition, the memory may be configured into other memory orga-
nizations by changing the back pancl interconnection wiring.

CMOS Mcmory Substrate Package {256 words by 18 bits)

If full use is made of the memory substrate package, as de-
scribed in the previcus paragraph, by using 16 memory chips and
using 18 bits on the memory chip, then the memory substrate pack-
age would be 256 words by 18 bits.

CMOS Mcmory Section (4,096 Words by 18 Bits)

Sixteen CMOS memory substrate packisges, cach containing 296
wurds by 18 bits, may be wire bussed together as shown in figure 4
to form a 4, 090-word by 18-bLit meinory secticn.

An additional 17th decode and buffer substrate package will be ‘
provided to buffor the daia through a bidirectivnal buffer, to butter E
the addreas lines (Al through A8) and rcad/write line (W) and to
decode package select addreas lines (AQ through AlZ) fur pachape
select P through IP156. A memuory section select (MSS) cuntrol line
weould be incorporated within the decode w:d buffer subatrate pack-
age so that decode and buffering would not take place uniess the
memory section gelect {MSS) is a logic vne.

Two 4,096-word by 18-bit inemory scetions rmay be placed un a
printed circuit board 9,75 by 12.75 inches 29 shown ire figure 5,

CMOS Meinoiy Modu.e (32, 768 Words by 18 Bits)

Eight 4, 09€ -word by 18-bit miemory scections mav be wire bussed
together as shown in figure & to forn: a2 32, 7o5-word by 18-bit
(584, 824 bits) memory maodule. The miemory section select decods
signal will determine which memory section of the eight is addressed.
An additicnal decode and buffor subetate package will be provided o
buffer the data through 2 bidirectionai bufler, te buffer address lines
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Figure 4. 4,096-Word by 18- Bit Memory Section Composed
of 16 Memory Packages

Figure 5. Packaging of 3. 6-Million Bit CMOS Mcrmory with
Two 4, 096-Waord by 18-Bit Memory

407

e e




01-D18
— .
uST l : MS2 wss 1 s \ gon (o108
- D - — L
""" 7]
a _
- |2 "R
~ =lo
E ? _"j S_ ALJAIS
“181° 2 My l—
MSS18
] | j-dod R/W, 8«
- - \ GROUND
Ms5 O R R 1 NS ﬁ wssD
- ] - JALALZ

THE INTERCONNECTIONS WILL BE MADE BETWLEN RACK MOUNTED CONNECT(QRS
LEGEND
M5 4096 WORD BYI8-BIT MEMORY SECTION Al A4
BOB  BIDIRECTIONAL BUFFER A5 A8
MSS0  MEMORY SECTION SELECT DECQOE
MMS. MEMORY MODULE SELECT

WORD ADDRESS WITHIN EACH CHiP
CHIP SELECT ADORESS

A8 A17 PACKAGE SELECT ADTRESS
AT3ATS REMQHY SECTION ADLAESS
M<51-MSS18 MENORY SECTION SELLCT

10582 v-19

Figure 6. 32,768-Word by 18-Bit Memory Module

Al through AlZ2 and read/write line (W) and to decode memory sec-
tion select address lines Al3 through A15. A memory module select
{(MMS) control line would be incorporated within the decode and buffer
substrate package so that decode and buffering would not take place
unless the memeory module select (MMS) is a logic one.

3. 6-Million Bit CMOS Memory (204, 800 Words by 18 Bits)

Six 32, 768-word by 18-bit memory modules and two 4, 096-word
by 18-bit rnemory sections may be wire bussed together to form
204, 800 words by 18 bits (3. 6-rnillion bitg) memory. The memory
rodule select decode signal will determine which memory module
an/or section is addresscd. An additional decodc and buifler sub-
strate package will be provided to butfer the data and some address
lines Al through Al5, while decoding A16 through Al9 for memory
module select. A memory module will fit on 4 printed circuit
boards; therefore, 6 memory modules and 2 memory sections will
fit on 25 printed boarde assembled in a card file 10, 25(W) by 13. 75(D)
by 12.75(H) inches as shown in figure 5. The card center-to-center
spacing is conservatively set at 0.5 inches and could be reduced. A
varintion of the present packaging approach is known and proven ex-
perirnentally that would reduce the volume of the memory packaging
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by four., The back panel may be wire wrappsd to form various orga-
nizations. If a 4,096-word by Y00-bit organization is desired, each
4,096-word by 18-bit memory section would be addressed simulia-
nzcusly, and the data would be presented in parallel.

Weight

Each substrate package weights 37 graras, A printed circuit
board as shown in figure 5, 9,75 by 12. 75 inches, weights 234
grams, A printed circuit board complete with 34 substrate pack-
ages weights 1,492 grams or 3. 29 pounds. Twenty-five PC boards
as shown in figure 5 weigh 82 pounds. The frame, connectors, and
wiring bring the total weight to about 90 pounds.

Timing

The 1. 2-microsecond read time is estimated to be apportioned
as follows: 350 nsgec for address decore and chip select, 400 nsec
for chip access time, 450 nsec {or the bidirectional drivers. The
0. 85 microseccnd write time is estimated to be apportioned as
fellows: 350 nsec for address decode and chip select, 450 nsgec for
bidirectional drivers running concurrently with address decode, and
400 nsec for chip access time.

Leakage Power

Wich this CMOS memory design, no refresh cycle is required,
and no dc current is used for address or data drivers. If the leakage
current associated with one memory cell, 8§ devices, is 10 nA, and

the supply voltage is 12.5 V, then the power dissipation per memory
cell is 0. 125 microwatts.

Dynamic Power

Thc dyuainic power dissipation due to a read or write cycle oper-
ation is determined by the capacitance that is charged up during ea7ch
cycle. The power dissipation is calculated by the formula P = CV* {,
where P is expressed in watts, C is expressed in farads, Vis ex-
pressed in volts, and { is expressed in hertz.

The memeory characteristics for the 3. 6-million bit mass memory
using twe mwemory organizations are summarized on the rext page.
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a. 204, 800 words by 18 bits

Access time 1. ] psec

Read or writc cycle 1.2 psec

Fower (stancby) C.50 watts

Power (operating) 0. 81 + 0.50 = 1, 31 watts
Size 10, 25 by 13. 75 by 12. 75 inches (1800 in,
Weight 90 1b

Power Supply +12.5 volts

Environmental -55°C te +125°C

® & 2 0 0 0 ¢ 3

4, 096 words by 900 bits

Access time 1.1 psec

Read or write cycle 1. 2 psec

Power (standby) 0.50 watts

Power {(operating) 25. 3 watts 3
Size 10.25 by 13,75 by 12. 75 inches (1800 in. ™)
Weight 90 L

Power Supply +12,5 volts

Environmental ~55°C to +125°C

0 2 & 0 O €& 2

‘The results from the reported CMOS memory work show that 2 mass
107 bit CMOS randum access memory would be suitable for radar

data memories and for the replacement of space tape recorders.
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A 1280-BIT MNOS RAM

R. J, Ledi, H. A, R, Wegener
and W, Mo»erg

Sperry Rand Research Center
100 North Road
Sudbury, Massachusetts €1776

Abstract

This paper describes the development of a fully decoded 1280-bit
random access memory chip utilizing variable threshold MNOS transistors
as the storage elements, The voltage polavity requirements led to the
development of a unique control circuit, Chip organization, layout and
other design considerations are discussed as well, Finally, test
results from fabricated circuits are presented,
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A 1280-BIT MNOS RAM
INTRODUCTION

" In order to take advantage of the bit densities possible with MNOS
variabhle threshold memory transistors, full decoding and write control
must be provided on the chip, A 1280-bit memory chip with a .72 sq.
mil/bit single transistor memory cell, full address decoding and write
control circuitry has been developed, This paper describes the design,
fabrication, and test results of this MNOS memory chip.

In order to have an understanding of the circuit rcquirements, the
properties of the MNOS memory transistor will be discussed, The memory
device has the structure of a typical p-channci enhancement made
insulated-gate ficld-effect transistor (I1GFET), By using specially
treated silicon nitride as the gate insulating material, charge may be
stored in the gate region in such a way that it produces a positive or
negative shift in the gate turn-on voltage, These shifts can be
retained for a long period of time but are electrically reversible,
Once the threshold velizgo has been set to a predetermined value, device
operation is the same as a fixed threshold insulated gate FET, Infor-
mation is stored by setting the threshold voltage (V.) of the IGFET to
a high (V_.) or a low (V.. ) value. A high (negative; threshold veltage
is set by applying a pulse of -30 V between the gate and substrate,

The low (V.. ) value is obtained by similarly applying a +30 V pulse.
Iaterrogation is accomplished by applying a gate voltage intermediate
to the threshold voltage extremes (V,), Figure 1 shows the idezlizcd
draii current vs gatc voltage characleristic for the typical memory
cell. The V., gate voltage turns ON the memory transistors that have
been set to {he V.. threshold level causing a drain current (I, ) to
flow, Those memory transistors that have been set to the V, Pkreshold
level remain in the OFF state, The drain current from the SN memory
transistors is sensed at the outputs, Figure 2 shows the hysteresis
loop of the memory cell,

A decoded MNOS memory ckip requires that circuits be provided to
control both the positive and the negative voltages necded for setting
the desired threshold level in the memory device. In undecoded MNOS
chipsthe memory gates are divecily aucessible and the positive and
negative potentials can be applied to the gates from external sources,
Since all devices on the decoded chip are p-channel enhancement type,
positive (referred to the substrate) voltages cannot be used, The
solution to this problem is to provide an isolated substrate region

*The work hercin repurivd was sponsored by the Air Force Avienics
Laboratory, Air Force Systems Comnmand, Wright-Patterson Air Force

Base, Dayton, Ohio umder Air Force Contract No, F33615-70-C-1306,
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for the MNOS memory devices, Then, by applying s negative voltage to
the memory substrate and 0 V to the memory gate, the insulutor is
exposed to the correct positive potential reguired for setting the
threshold to the low (V.. ) level. 1f the mcmory substrate is held at

0 V and a negative potcgkial is applied to the memory gate, the applicd
potential across the insulator is such that a high (negative) threshold
voltage (V.. ) is written into the memory devicc. The circuit that con-
trols the voltage polarity applied to the memory devices must be con-
trolled by the decoder so that only the selected memery transistors
will be exposed to the writing potential, Figurce 3 shows the unique
approach used to control the polarity of the voltage impressed upon the
memory devices., Devices B, and B make up a pair of buffer transistors
which function as a source follower or an inverter, This is accomplish-
ed by changing the polarity of the voltage applicd to the source and
drain lines of BD and BL under control of an input signal ¢,

Assume that the ¢ input is low. The common source line of the B
devices will be at a low level determined by the ¢ driver,and the
common drain line of the B, devices will be high (0 V) due to the
inverting action of the P driver, Device B, operates as a source
follower applying the decoder output level 1o the gates of the memory
devices. The sclected decoder output is low and the non-selected out-
put is high (0 V), The inverting action of the substrate driver applies
a high (0 V) level to the isolated memory substirate, Thus the sclected
row of memory devices have a low voltage lcvel applied to their gates
and a high (O V) level on the substrate causing the net voltage across
the device to be in the direction that sets a high (negative) threshold.
The non-selected rows have 0 V on their gates and O V on rhe substrate.

17 the ¢ inpui is high, the polarity of the common source and drain
lines will be reversed and the resistance ratio of the B, and B, devices
is such that they runction as an inverter, 1ln this case the low output
of the selected word will be inverted by the buffer and a high (0 V)
signal will be present on the memory gates, Unselected rows will have
the low level applied to their gates and the memory substrate will be
at its low level, Thus the selected row of memory devices will have a
high (0 V) level applied to their gates and a low level on the sub-
strate, The net voltage across the memory device is in the direction
that sets the threshold to a low level, Non-selected rows have a low
level on their gates and a low level on the substrate. The magnitude
of the low level applied in cither state is deiermined by the V .
power input, This approach simplifies the hardware necded to sﬂ%isfy
MNOS device voltage requirements to a single pelarity power driver
(VGG) and 2 control input ¢,

The circuit output is designed for current sensing, A single pin
on each bit line is used for both input and output, Chip select and
voltage level control is determined by the voltage applied to the VGG
input. Address inverters are included on the chip and the address
inputs accept negative MOS levels, A simplified circuit diagram is
shown in Fig. 4.

The chip is organized as 128 words of 10 bits each, Figure 5
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shows a block diagram of the circuit organization, Each of the 128
word lines is a common connection of 10 memory device gates. The bit
lines consist of a commun source and Jdrain diffusion for 128 devices.
Figure 6 is a photomicrograph of the 150 mils x 85 mils chip.

The chips are fabricated on a p-type slice with an n-type epilayer,
Isolation of the memory substrate is the first step, This is followed
by the p-type sourcc and drain diffusions, The fixed gate devices are
then deposited, followed by the deposition of the variable MNOS devices,
Finally, the eluminum metalizaticon is deposited and the interconnection
pattern etched,

A test cycle has been devised which shows the operating states of
the circuit 8s well as the voltages prescat on the memory control in-
puts, Referring to Fig., 7, time period 1 shows a Logic O (no current)
level being read, During time 2 a Legic 1 is written into the same
location and read during time 3. Time period 5 shows the bit returned
to its original Logic O state, Fiqgure 8 is an expanded view of the
same sequence with the time periods labeled in terms of read and write
memnry cycles,

SUMMARY

A 1280-bit fully decoded memory chip has been developed that
operates with single polarity input signals, Polarity inversion is
performed on the chip by means of a buffer circuit and an isolated
memory substrate, The circuit has been fabricated and test results
agree with the predicted response,
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BUBBLE MEMORY STATUS AND' TRENDG 1IN
U.5. GOVERNMENT DATA STORAGE APPLICATIONS

William C. Mavity
North American Rockwell Electronics Group
3370 Miraloma Avenue, Auaheim, CA 92803

ABSTRACT

The usage of lbubble memories in the verious data stovage nissions
of the sponsoring agencies will be discussed f-ow the standpoint of
the present stalus of U.5. Government,NREG contracts. Projectiions
of uvailability that can be used Lo plan future programs are presented.

INTRODUCTION

The U,S. Government interest in bubtle domain technclogy is teinug
well demonstrated by the suppc.t that military and civiliun agencies
&re providing to contractors in the areas of masterials reseurch,

devices, manufacturing technology, systems planning ena
A
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ren Y -~ :
SQLvTaopticnu »

The resultent from this investoent will be s wide range
of memory products that will be :gpable of opersting under Aiverse
environmental conditions to preovide a commor solution to the wany

dif ferent dsta storage missicons of the U.S. Governrent., Those memoly
missions run the gamut from the hLigh enviroumental performance
required of satellite systems ‘o cconomically competitive billicn Uit
mass memories operating in ground based cowputer systess. 1n betwveern,
strategic data storage missions in airerafi, thc mobile army, and
gurface and submerged navel vessels will he successfully sccomplished

e d
o

BUBBLE MEMORY CAFABILITIES

The techniqal copabilitizs of a tubble mewory that allows this new
storage media to Le edanted 15 so many different applications are
shown in Table 1. Over and above the straighitorward technical
advantages of NDRO, non-volatility, and po mechani.al inertia - the
most exciting techuical enhancements are the proveriies or &:yuchronous,
milti-spced operation. No longer rmust the parent equipiment be sluved
to the peripherals. With the facility to opeiate the memery at any
speed up to the design maximum und then to be able tn glop, hola, or
even reverse the direction of data floJ, the system designer/user cen
enhance his throughput and efficiency. while wn use the teom "av.rage
access time" to make comprrisons, the ability of bu'lble mencries to
stop a data flow and wait for & new start comend mas~s this term
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obsolete in many aspplications, Significant latency times are applicable
only when a large addreas jump is rcquired by the rrogram. The "aversge
access Lime" is reduced by haif vhen date propagalion iu two directions
is implemented. As the fuaction of Reading & Writing are acccomplished
by different patterns in the device they operate independentliy. A Resd-
Modify-Write can be accomplished on the seme data pass through the
cocntrol elements. By the proper placement of the elements of the

detector bridge a check operation can be pertformed within several bit
times of the modify operation.

Table 1

Capebility of a Bubble Memory

Asynchronous Operation (forward, stop, reverse)

100 fold improvement in access time (100uS « 10 mS)
Read /Modify /Write/Check "on the fly"

Passive construction (no diffusion, no semiconductor Junctions)
Non-Degtructive Readout

Non~Volatile Storage

N> Mechanical Inertia

BUBBLE MEMORY MISSIONS

A representative sample of potential lubble wemory missions is
shovn in Table &, They difter in capscity, data rete, and sccess time.
Environmental design and packaging will be unique for most epplications
Satellite usage has a prime consideration for power &issipation; mobile
{land, air or sea) usage has temperature range as a prime corsideration;
and permanent instellut.on tend to oplimize data throughput.

-

Table 2

Typical Bubble Memery Applications

APPLICATIONS

CIPACITY BIT RATE
¢
Drum Roplacement Tv Retreash Tx10"B 9x10S ba
Digital Fkecording 108 B 108 Bd
Satellite Tape Recorder Lx10' B 10" B4
& tellite -~ Rudar Deta 107 B 105 Bd
Memory ;ngB lﬂlm
Gnd Base Dalu Storsge
0.1%5 mS access time
Bulk Mcmory 109 B 107 Ba
1.0 mS access Lime
B = bits; Bd - Baud = bit/sec
421
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Table 3 shows how bubble systems compare agaivnst the perforuance
criteria o disks and drums. Given equal capacity and mission, the
tubble memory outperforms the compeling technolougy each time.

Similar comparisons can be made holdirg cther parameters constant.

For example, if data rates are constant, a taps recorder xeplacement
for a collect-store-forward apprlication can make use of ihe multi-speed
capaviiity, and in addition more bits/pound can be provided. In a
satellite this cuan mean an expended mission or a lighter memory.

Tavle 3

Rotating Memories Vs Bubbhle Memories

FIXED HEAD

CHARACTERISTICS ROTATING MEMORIES BUBELE MEMORY
Access Time {m3) 2.5 - 16.0 Q.150
Ivansfer Rates (MB4) 2 - L4 (Fixed) 2 (Variable)
Synchronization with Yo Yes
Parent Equipment
Write partial block No Yes
Size Range Uneconomical Below  Econamical in

2 MBitis Smaller Sizes

NR BUBBLE PROGRAM STATUS

At North Americau Ruckwell we are pleased to be working with
several agencies in developing and proving the bubble technology.
Tavle 4 shows a comparison of threc different bubble films developed
with the support of the agencies listed. The attrilutes and detriments
to the usage of each of the films is listed. The Ga:Y,GAIG film on G3
via CVD is continuing to be perfected under NASA-LRC spensorship.

In addition company funded investigations into LPE technologies are
also undervay. These CVD and LPE films will be evaluated in cur AFML
Manufacturing Methods contract to determine an optimum film for pro-
duction, design the methods of production, and offer it to device
experimenters ana systems SCSjgners. Devices were constructed using
Ga:ErJG on a mixed (GaDly)G™ substrate which wes developed to allow a
wider raige of film composition to be invesiigated. A phiysicel model
for stress induced anjisotropy was developed. Work under AFML sponsor-
ship is continuing to investigate redistion hardness, well mobility
and velocity improvement, temperature coefficient improvemenis and
resistance to shock and vibration of the bubble materials. Wwork ror
the USAECOM it ncw active in the device area studying high specd
propazation.
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Device studies are now underway, sponsored by the AFAL, to optimize
the performence of bubble devices under system usage conditions. Some
of the paltlerns thaty have been utilized ere shown in Fig. 1. We have
developed devices that operale from external exercisers in gll modes.
A significant firding in the understanding of bubble control has
resulted from our studies. When attempting to explain ovr design
bubble patterns the field created by the bubble itself must be con-
sidered in addition to the fields created by the propagation fricld
interaction with the permalloy pattern. A model was formulated which
has been proved both theoretically and experimentally. The progress
to dete fully supporls the prnjections used by our memory system
design stefy in nlamning for the introduction of bubble memories into
th= various U.S5. Covernment ageacy missions. Ve are no longer
satisfied with just operating buhble devices. By using the model and
intensive laboratory experimentation the effort now is to maximize and
mgke congruent the margin cf opcration of the basic device elements -
propagation structure, generator, detecter, annihilator, and svitches
at ever increasing data rates.

BUBBLE FUTURES

The time is now approj ~ to enter areas of investigation unique
t¢ the requirements for gcw. ~tel missions. For example, two areas
ready for investigation are t. ature range and module size. It is

desirable tc have the bubble ma. ain a ccnstant diameter over as wide
a temperaturc range as possible. Even a3 the basic materigls are
developed to minimize the effect of temperature, a combination of
tenperature varient magnets and shunts for the bias field will be
required to ensure operation over the wide environments found in
tactical missions. An effort to develep the basic molerials reguiied
is eppropriate. The volwme of controlled fiux that the provagation
coils create can be traded against power and drive voltagrs. In asero-
space usage, & small modular building block that requires lover
voltages (BVCEO) and totsl power, and which then could be driven in a
matrix, may be more useful than one large power-consuming module.

The present state of our development programs indicates that

. scheduled progress has been attained and program goals sre being met.
An internsl study at NREG indicates that, for aerospace progranms,
merory requirements will continue to grow logarithmically with lincar
time. We expect that trend to hold true for non-acrospace applica-
tion: az well, Figure 2 ghows thic growth for both replacement
functions and added functions in new equipmenis. The cross~hatched
ray shows the present and projected development of bubble memuries to
overtake and exceed these program needs by the mid 70's. Bubble
nemory technology and development has progressed to the point where
introduction of mewory hardware into defined pregrams can be
scheduled., With your continued suppori bubble memecries will bLe
available when lhey are needed. 1t is now appropriate for systen
designers in all agencies to categorize and specily thelr data storage
needs so that feasibility can be proved and detailed equipment designs
cuan be begun.
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AN LSI MEMORY SYSTEM FOR
MIUITARY MAINFRAME APPLICATIONS

Richard A, Zbriger
Litton Systems, Inc.

Data Systems Division
Van Nuys, Calif,

éggtract

A random acccss memory system utilizing 1024 bit dynamic MOS devices
has been developed., The system described is nonvolatile, organized
8K words by 33 bits, and meets the requirements of an existing
military system.

INTRODUCTION

Semizonductor memories offer numerous advantages as a replacement
for core memories in future military systems. Lower cost, improved
performance, higher reliability, and greater maintainability are just
a few of the potential advantages of a random access memory system
utilizing Large Scale Integration (LSI) devices. Studies conducted on
the developments in the semiconductor industry have indicated that
eristing random access memory devices are feasible pboth technically
and economically for use in military mainframe applications. A
militarized 8,192 word by 33 bit semiconductor memory system has been
developed and evaluated. The system uses MOS (Metal-Oxide-Semiconductor)
devices for data storage, and is functionally equivalcnt to an existling
core memory module. The feasibility of such a system has been proven
by successful performance in laboratory evaluation and six months of
continuous usage in a militarized computer systen.

The computer system used for evaluvation is a military command
and control data processing system produced by Litton Data Systems
for the U, S. Army. Its requirements are typical of ground based
transportable equipment. The system's basic memcry module is an
8K word by 33 bit core memory having an access time of 700 nsec and
a cyclie time of 2 usec. The entire system is cocled by forced air,
and will operate over a temperature range of -30°C to +55°C.




The introduction of 1024 bit memory devices during the past
two years made possible the development of a cost effective memory
system which could replace the core system. 7The basic design
requirements established for the LSI Memory for use in this system
include:

1. Memory device selected must have multiple sources.

2. Bxceed performnance parameters of the existing core
memory system.

3. Memory system nonvolatility.

The latter item has been a primary argument against the use of
semiconductor memories as mainframe storage. For most system appli-
cations protection is necessary only for power transients of short
duration. In recal time applications when prime power is lost, tle
stored data is invalid after a specific period of time, After power
is restored, it is necessary to update the information stored in
memory. Impor tant programs and data are normally stored on tape,
drum, or disc and reloaced whenever prime power is cycled. Therefore,
nonvolatility for a long period of time is not necessary for the high
speed mainframe memorics, The developed system is provided with a
battery to allow data to be retained when prime powe. is interrupted,
A one hour minimum nonvolatility requirement was established for the
program.

The MOSTEK 4006 device was selected as the storage element for
the system after a careful analysis of available devices. The study
included the evaluation of the specific technologies, laboratory
testing of devices, and a system's cost vs. performance study, Bi-
pelar and Static MOS devices were eliminated early in the investiga-
tion because they are not cost effective for most mainframe system
application., The MOSTEK device is a 1024 bit dynamic P channel MOS
device utilizing Ion Implantation processing. Table 1 contains a
summary of the device's characteristics.

SYSTEM DESCRIPTION

-

The MOS memory is divided inio four functional areas which
consist of the Port Logic, Timing and Control, Memory Array and
Power System. This is illustrated in Figure 1,

The Port logic provides the interface between the Memory Array
and the processing units accessing the memory. This interface is
designed to handle requests from up to four processors, Priority
is resolved by the Port Logic for simultaneous requests, and data
is channeled to or from the sclected processor.
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‘The Timing and Control card accepts memory cycle requests
from the Port Logic, and provides the required timing signals for
all memory operations, Since the storage elements are dynamic MOS
devices, the stored data must be periodically refreshed. A 1low
frequency temperature varying oscillator is provided on the Timing
card to periodically request Refresh cycles. At lower temperatures
the memory devices require less frequent refreshing, and the oscil-
lator frequency is automatically reduced. Logic on the card resolves
priority beitween normal memory and Refresh cycle requests and
initiates the proper timing,

The Memory Array consists of the entire 8K word by 33 bits of
storage and is contained on eleven circuit cards, Each card is
organized 8192 words by 3 bits, and contains 24 memory chips, address
buffers, sense circuits, a data register, and a pewer switch. The
power switch greatly reduces system power by reducing the voltage
across the memory devices not being accessed, The Memory Array card
is shown in Figure 2,

As indicated in Table 1, the MOSTEK 4006 operates on +5 and -12
volts, and has a basic access/cycle time of 400/650 nsec. Figure 3
indicates how the device is organized. Tke chip consists of &n
array of 1024 memory cells organized into 32 rows by 32 columns.

To access a particular location, 5 binary address bits are decoded
to select a particular row of 32 memory cells and 5 additional bits
are used to select one cell of the 32,

A basic memory cell is a 3 MOS transistor circuit configured
as shown in Pigure 4, Information is stored as charge on the gate
capacitance of transistor Ql. Because the gate is not a perfect
capacitor, charge is continually leaking off, and it is nccessary
to periodically replace this charge or Refresh the cell. This is
accomplished by first reading the data from the cell onto the Read
Bus, and into a Refresh Amplifier which restores the data on the
Write Bus. Data is restored to the gate of Ql by enabling Q3. Bach
device contains 32 Refresh Amplifiers, one per colummn, and 32 locations
are refreshed simultaneously. The entire array is refreshed by
cycling through the 32 row addresses and performing a Write cycle or
Refresh ¢ycle at each address., A Refresh cycle consisis of a Wriie
cycle with the chip's input/output circuitry disabled to prevent the
writing of erroneous data.

The Power System provides the necessary power for the memory,.
It receives input power from two Sources, & primary source of 270VDC
and a secondary (battery) source of 24 volts. The primary source
providcs pow.r necessary for normal memory operation. If prime power
is 1ost, th. -zoundary power source provides the power necessary to
retain previously stored data until primary power can be restored.
During the data retention mode of operation, power is applied to only
those circuits required to retain information. The LSI Memory is shown
in Figure 5, and Table 2 lists the basic characteristics of the system.
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SUMMARY

The feasibility of MOS memory devices for military mainframe
application has been demonstrated by the development and evaluation
of a militarized memory system. The unig has beeg successfully
tested over the temperature range of -30 C to +70 C, and used in
multiport modes of operation,

The improved performance and maintainability of the LSI Memory
make it a desirable replacement for the existing core system, The
faster access and cycle times provide increased processor throughput,
and the modular design simplifies fault isolation. Maintenance costs
are reduced because of improved reliability, simplified fault isolaticn,
and the lack of expensive spare items (i.e. corestacks).

The results of the LSI Memory program have been very encouraging.
Careful evaluation of both device characteristics and system require-
ments is extremely important when selecting components for a particular
application, The devices can be operated over an extended temperature
range without affecting their reliability. Semiconductor memory devices
offer too many advantages to be ignored because of the label "limited
temperature range'", and should be given carefui consideration for use
in future command and control data processing systems.
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Yable 1

Characteristics of MOSTEK 4006 Deovice

Parameter

Technology

Organization
Voltages Required

Access/Cycle Times

Refresn Perxiod
Input Signals
Output Signal
Mayimum Power
Dissipation
Package

Specified Operating
Temperature Range
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Characteristic

Dynamic P Channel MOS;
Ion Implantation

1024 X 1
+5 5% volts, ~12 5% volts

400 nsec/400 nsec (READ)
650 nsec {WRITE)

2 Msec
5 volt level signals

Current sensing required;
1 mA minimw:

450 mW (operating);
50 mW (stanby)

156 Pin Ceramic Dip

. Q
0°C %A T ambient <£ 70°C

b PR
[P S



Pt L .

e e NI

Table 2

Characteristics of LSI Memory Svystem

[
Parameter Characteristic
Capacity 8192 words X 33 bits; : '
Randum Access
Interface Multiport with
Priority Network; Bidirectional
Data Lines :
’ Nonvolatility 1 Hour
l . . °
| Operating Temperature -20°C £ T ambient £ 70°C
Range

Access/Cvcle Time 650 nsec/1.2 usec

Read or wWrite Cycle

Prime Power 270 vno

Fower Dissipation

65 watts (normal operation),
16 watts (data retention)
Excluding Converter Losses
Size Approximately 22% X 6" X }3n

Weight Approximately 60 lbs.
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