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Scientific Objective

Mo ianvestigzate new tachnijues {or 2ignal processing witn maximum
dynanic range using monolithic integrated-circuit tecnnology. The pro-
Ject will encompass nocise characterization, system design, new circuit
torologies and a coordinated program of technclogy research.

State of the Art

Monolithic 1integrated-circuit technology has profoundly affected
the field of signal processing. Functions such as A/D and D/A conver-
sion1, filteringz, and digital signal recovery” are examples where
monolithic technology has become the preferred method of realization in
many systems. However, the prevailing apprcach to the design of such
systems 1s the selection of an arbitrary available technology, often
developed for other purposes, followed by research into methods of real-
izing the desired function.

Qur research has shown the need and,the potential for a more uni-
fied approach to the realization of signal processing circuits which
maximizes the advantages inherent in monolithic fabrication. For exam-
ple, several methods of monolithic filter realization require amplifiers
with very high input impedance32v4. These can be realized in such
diverse technologies as NMOS, <C¥0S, B3iMOS, BiFET or GaAs and the
appropriate technology is not always obvious. In addition, many other
critical device parameters have widely differing values in different
technologies, providing the designer with an enormous number of poten-
tial parameter combinations. These include gm/I and gm/C ratios,
parasitic capacitance and many others. These parameters can be varied
at the process levei if the system requirements are included as inputs
at that level.

Progress and Publicationsg Since Last Major Proposal

Our earlier work on the fabrication, characterization and modeling
of generalized multi-layer monclithic structures allowed us to realize a
unique monolithic process incorzorating high-frequency JFET structures
with independently-accessible gzates. Extensive characterization on a
range of devices has been undertaken and verified the advantages of
these structures for a wide range of high-frequency signal processing
areas. In particular, it appears possible to advance the state of the
art significantly in the realization of high-frequency monolithic
filters and real-time signal processing. Experimental high-frequency
filters using this process are currently in fabrication. These filters
incorporate very~wide-band operational amplifiers (unity gain beyond 100
MHz) made possible by the unique JFET structures described previously.
This project .will continue with further work in combining advanced
fabrication techniques and new system concepts with the ultimate goal
being the realization of unique methods of high-speed signal processing
using arbitrary combinations of analog and digital te. hniques.

A second aspect of our work has involved new techniques to achieve

z
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e have Jesigned s far-submicron cooy of a2 superconducting interferometer
that we are making as a part of »ur anralog-to-digital converter project. It
appears possible to reduce the area by a factor Oor about 150. We are currently
considering choices of ways of defining Josepnsor junction areas,

Recent Publication Wi4h JSEP Support

"Silicon-coupled Josepnson Junctions and Super-Schottky Diodes with Coplanar Zlec-
trodes,” R. C. Ruby and T. Van Duzer, IZEE Trans. on Electronm Devices, vol, ED-28,

pp. 1394-1397, November 1981.

Recent Publications Without JSEP Supvort

"Hillock zrowth on lead films upon cycling o cryogenic temperatures,” C.Y. Fu and
T. Van Duzer, J. Vac. Sci. Technol., 17, pp. 752-754, May/June 1980..

"Josepnson digital devices and circuits,” T. Van Duzer, IEEE Trans. Microwave
Theory and Techniques, MTT-28, pp. 490-500, May 13980.

“Digital Applications of Josephson Junctions,” T. Van Duzer, Proc. Symposium on

Processing and Devices, Stanford University, May 1, 1982.

"Asymmetrical Three-Junction Superconducting Quantum-Interference Device," S. H.
Dong, R. E. Jewett, J. W. Spvargo, and T. Van Duzer, submitted for publication.

“Pabrication and Properties of High-J, Lead-Alloy Junction,” Y. Tarutani and T.
Van Duzer, submitted for publication.

Government Scientific Contacts

The principal investigator instigated the initiation of a biannual workshop
on Josephson digital circuits and was its first chairman. This workshop brings
together the governmental, academic, and industrial groups working in this field.
He was also elected as vice-chairman of the Applied Superconductivity Conference
in 1980. Both of these relationships oring him extensive interaction with scien-
tific personnel from the Office of Naval Research, the Naval Research Laboratory,
the National Bureau of Standards and other governmental agencies.

Significant Accomplishments

The most significant recent accomplishment was the demonstration of the
required performance of the new LEBES system. A considerable effort was required
to eliminate problems that prevented the 0.1 um accuracies demanded of it. We are
presently completing the programming necessary to permit circuit layouts made on
our CAD system to be fed into the pattern-generatica control of the LEBES system.
This w#will make possible very fast changes in the circuit designs. We are also
working on a program for making proximity-effect corrections in the electron-beam
exposures since our amall exposed regions will be affected significantly by nearby
exposures.

Proposed Research Program

We will conduct studies to determine the feasibility of fabricating useful
superconductive electronic devices with feature sizes in the far-submicron size
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range. With our new =lectron-team Lliti aphy system, we can make, for sxample,
logic rates and memory cellz. ‘nder ><her sponsorship, we nave Jevelorped =ne
technoliogy Sor maxineg 3ucn circuiwsz in Liarger size. Some of the techniques used
in the larger size devices will oe usabl2 in the smaller sizes only with ccnsider-
able effort.  (Others nust be replaced =2ntirely. For example, the preseat method
of usinz a silicon aonoxide masik o define the size of the Josepnscn junctions
w%1ll probably have “o be replaced or realized in an entirely new way.

In addition %o the fabrication ianncvaticn required ror these sizes, important
questions of physics of the devices must e attacked. The line widths will be on
the order 5f the pvenetration depth and some features will be comparable with the
coherence length. In which situations are these lengths going to set limits on
operation? For example, the paired-electron-fluid characteristic of superconduc-
tcrs has a significant amount of inertia end this acts like an inductance. This
inductance can be useful in some circumstances, but could set performance limits
in others.,

Analysis of the behavior of tnese devices, taking account of the new physical
effects that arise because of the sizes being comparable with the superconductor
characterizing parameters, will be carried out with our simulation programs. It
will be possible to handle distributed effects as arrays of lumped elements to get
accurate representation.

Interaction with Qther Work Units

This program of studying miniaturization forms a part of a larger effort on
various aspects of Josepnson digital circuits. A program has been initiated *o
develop a high-speed A/D converter and this will use Josephson junctions and cir-
cuits of conventional size that can be made by photolithography. In that work, we
expect to demonstrate superconductive integrated circuits containing some tens of
Josephson junctions. We also have 2an NSF-sponsored project to study the use of
coplanar junctions {both electrodes =2rs in the same plane) with special emphasis
on a structure we developed here that involves electron-pair coupling through a
highly doped surface of a semiconductor. These may prove to be valuable for mini-
aturization and that aspect will be considered.

Qur work on Josephson devices and their frequent need for submicron dimen-
sions has given our group a high degree of familiarity with electron lithography
and we have published several papers in that field. This expertise will be sup-
ported by the microfabrication interest of Professors A. R. Neureuther and w. G.

Oldham, as well as the large body of knowledge in our integrated circuits group
(SSD-84-1).
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The objective of <this wor< is t0 investigate the fundamental fac<ors <nzc
iimit tne size of 3superconductive Jevicas and cirzuiza.

State of the Art

Trere is currently interest in two fields tha®t appear destined to converz
Zlectron-beam lithograpny has made possible the fabrication of devices and ci
cuits having feature sizes cn the order of O.! micrometer and smaller. A parallel
ievelopment is the demonstration of the potential of systems using Josephson junc-
tions as the active elements'., In some cases the two [{ieids have already azet.
This has largely been in the formatiosn of very small Weakened regions between <wo
larger sections of superconductive material to form Josevhson junctions. Some
very small-area tunnel junciions have also been madez. To date, no work has “een
reported on theoretical or experimental examination of the effect of making cir-
cuits 3such as memory cells or logic circuits in which all feature sizes approach
the characteristic lengths that appear in the theory of superconductivity. These
characteristic lengths are called *the "penetration depth” and "coherence ieng:n.”
The former is the l/e distance of decrease of magnetic induction from the surface
of a bulk superconductor. The latter is roughly the size of the Cooper electron
vair, which, in thin films, is largely dominated by the mean free path >f <*he
electrons. For superconducting loops, one often refers to magnetic flux juantiza-
tion; the loop must contain an integral number of flux quanta. For loops of
small cross section, the quantization is of the so-called “"London fluxoid." If
circuits are made of sufficiently small cross section, juantization must be con-
sidered in the latter terms.

e,

Tunrel junctions have so Tar been the most common active element in 1

cgice
circuits and would form a part of this study. Our zrcup has reported the use of
semiconductor-barrier devices that appear tc have opromise for applications in

SQUID magnetometry, millimeter-wave detection and mixing, and digital circuis
No consideration in depth has yet been given to the effect of reducing <he dimen-
sions of these structures to the J.1 micrometer size range.

Progress and Publications Since last Maior Proposal

Our device-fabrication efforts under other sponsorship have involved the
realization of structures in which far-submicron (approximately 0.l micrometer:
features are required to obtain Josephson effects. These have included
constricted-thin-film devices and a structure in which an interrupted superconduc-
tive film strip lies on a highly doped silicon surface. 'We have also developed a
strong base for numerical analysis of the properties of superconductive devices
and circuits. We have developed the technology of making resist-patterned oxide-

parrier junctions and circuits and can work on extending it to the far-submicron
range.

An electron-beam lithography system (Perkin Elmer - ETEC LEBES system) has
been purchased and all acceptance tests have been succesafully performed. With
this machine we are able to write O.! um lines and achieve level-to-level regis-
tration of Q.1 um. Work is in progress to improve repeatability of the 0.1 um
Teatures by achieving tight control on all of the several determining factors.
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State Zlectronics - Devices

General

Since 1960 solid-state device research and integrated circuit research have
been carried out in a common facility in the Electronics Research Laboratory. we
have long maintained and observed :ae >bvious benefit; everyone enjcys a more com-
plete, flexible experimental capatility. Further, as a consequence of sharing
experimental rfacilities, there has been a beneficial contact between research in
apparently quite different fields. O ne result is a significant transfer of tech-
nique, accelerating progress in =2xcerimenzal technology for all concerned. More
subtle results are the development or larger research goals in common.

An excellent example orf the interaction of different research groups is the
research in electron-beam lithograpny initiatea by Professor Van Duzer and his
students nearly 10 years ago to make very fine geometries in Josephson Jjuncticn
structures. This background stimulated work by Professors Neureuther and Oldham
<o explore advanced lithographies for integrated circuits.

The fabhrication facility continues as the focal point for the collaboration
between the Zevice, design, and technology research activities in solid-state
electronic devicss. Recent additions to the laboratory have included a Riber
molecular-beam evizaxy system, an =2lectron-beam lithograpny system for precision
multi-level strucsures, and a Plasmatherm parallel plate plasma/reactive ion dry-
etching system.

The proposals contained hereir are all advanced device basic studies which
use the common laboratory facilities in the experimental phase. They have in com-
mon the §tate-of-the-art technigues required for successful fabrication. Such
processes as molecular beam epitaxy, ion implantation, high-resolution lithcgra-
phy, plasma etching, and ion milling will be used, as well as more standard
processes such as diffusion and thin-film deposition. The research proposals also
have in common certain intermediate and long-term goals. In general the inter-
mediate goalis are the basic study and development of simple devices and device
models which will point the way toward the long-term goal of more powertul,
cheaper, denser circuits.

The most basic studies in this proposal are the investigations in advanced
lithography. Progress in all the device studies depends in large measure on
advances in the definition of the structures. The electron-beam studies are aimed
at an analytic understanding of the factors controlling the ultimate performance
of electron-beam lithography systems. The results of such studies would make pos-
sible, for example, the application of the extensive Monte Carloc and experimental
energy deposition characterization to a wide class of new atructures, including,
e.g., Josephson superconductor devices. The proposed photolithographic studies
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omise to aid in =ne wivance I the intesrated-circuit and <ransdiucer

The vprovosal on Josephson ilevice studies is aimed at exploring tne rTacters
liniting t=he rverformance of *heses ievices in the rfar-subnicron size range. Van
Tuzer and co-workers have demenstrated tnat they can verform submicron lithograthy
in 2 modified scanning electron microscone. They have also constructed a number
5f novei working Josephson structures. They now propose to combine the technclco-

gies ani make really small circuit ells to explore the problems in +this new
iomain 27 device size. A numoer orf runaamental theoretical fabrication problens

411l te eacountered and resolved in the course of these studies; it promises %o ‘e
a vervy 2xcizing time in the Josernson effect research.

Anotner proposal deals witn technigues for realizing wide-dynamic-range sig-
nal processors with integrated circuits. Jystem design and new circuit topologies
#1ill be worked out to ovtimize the technology choices, with parameter choices ac
rrocess .evel. Proper noise characterization is essential to achievement of wide
iynamic range and forms an important part of the proposed project.

In the final project 1in solid-state Jdevices a study will bYe done on
niezoelectric polymer-film materials in order to optimize them for transducer
appiications. The polymers will ©bpe formed by plasma-initiated polymerization
wrhich naxes possible a wide ranee of process control. I% makes possible the for-
metion ol relatively mono-disperss, high-molecular-weight polymers. The oplasma
d 2130 permits polymerization of monomer films in the presence of an electric
ield, thereby eliminating constrzints to their use in transducers and integrazed
irceuits.
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*s0.3, esvecially with tne increasing lnterest in lsen wavelanzers. Iy

i4n data rate 3ystem 13 oridtilally newlel in Irder ) exnract nmcdel
carameters Jor existing and new r2sict w2Ianslogles.

Several studies of tne limits I litncerarny ave teen made. These

nave generally been icne on the ©as13 O7 2xgosure icse limrtations 2

or image contrast ' 7,2,3!. luch stuales nave ccnuricuted “c the unaer-

standing of the general impcriancs 92I variosus
dowever, most of the s:tudies :
consideration of develorment

.whograsny varameters.
lis /¢ not inciud=d zne
Tfecte ana are often o7 juestionabla prac-
-ical value. For example, it is a% {irst sizh®t attractive %0 create 3
regist with infinite contrast. ilowever, in the gresence of the finite
edge slope of typical optical images and vertical standinzg waves Ior
silicon substrates, a vresist wWwitnh .infinites contrast would wash out
laterally along standing wave peaks ilong before vunching through to the
substrate surface._ The availabilizy of combined exposure and develop-
ment simulation {4) now allows these etfects which limit the practical
ise of photolithography to be accurately explored L1O,11J. . The capaoil-
1ty to meodel multiple nrocess step line 2dge profiles 12, will allow
<he developer and compatitle processing erf2cts to be examined even more
completely at a composite vrocess level. As advances in both the prro-
cegs aodeling tools and the rabrication tecnnolozies occur, it will be
v0ssible to more clearly define the limits of opractical lithographic
tersornance.

To realize the benefits of hisgsh resclution lithograpny, =z2lignments
and registration <technigues must te Jevelooed whizh are accuraie to
within a fraction of the smallest revnlicated feature. Automated align-
ment using amplitude detection with complementary patterns is capable of
J.1 accuracy [13] and the use of vhase sensitive =zrating techniques
snows even greater potential [14]. Optical projection oprinting systems
now _under development are using aliasnment scnemes based on bright field
115] and dquwfield [16] tecnhniques as well as modifications of grating
techniques {17, and even off-axis prealignment with laser interference
controlled stepping L?BJ. The variety of alignment technijues presently
being tried 1is indicative of the poor understanding of the alignment
problem, The role of the alienment mark shave (3 dimensions), resist
pile up and interference -effects of thin film overlays confuse mark
design. The tradeoffs in selecting the alignment wavelengths, bright or
iark field imagzing, or alternatively grating techniques are so complex
that as yet no standard apprcach can be predicted.

All of these approaches dervend on the 1uality of the signals dif-
fra-ted from wafer marks and the imaging of the optics which collect and
process the signals. The basic proverties of the signals diffracted
from wafer marks can be explored using either simple physical approxima-
tions or, if necessary, rigorous electromagnegic methods such as are
uséd in the analysis of diffraction gratings L19]. The effect of the
signal collection optics can be assessed through suitable modification
of simulation algorithms such as those used for imaging mask patterns on
waters [4]. The problems which may be attacked with this array of
analytical tools includes: (1) signal quality from typical IC process
alignment marks, (2) design of optimum alignment marks, (3) understand-
ing of alignment time and accuracy tradeoffs in bright field imaging vs
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iark field imaging, +s z2rating ali:nmment tecnrnijues.

Alignment in electron beanm iirect writing gystems is to<tentially
considerabiy more accura‘e, tut 3till rcresents rather Zormidable trob-
lems. This is particulsrly true for producticn use where wafer marks
are restricted to be process compatible and are frequently overzcated
with resist. Typical production alignment mark signals in the presence
of resist coating have teen studiec experinmentally L20]. Theoretically,
Monte Carlo technigjues have been extended to non-planar topography and
used to a2 limited extent to examine backscaz:ered electron signals from
a.ignment marks L21—24}. It has also been tfound that for selective
2tched silicon alignment marks that the total tackscattered energy siz-
nal can be characterized by means of a simple universal curve [23,24}.
There is still, however, a pressing need for more complete basic data on
the angular distribution of backscattered electrons Zrom various warfer
marks and especially for a tractable means orf modeling these results.

i
T

The key issue in both optical and =electron beam alignment is
overall system performance. A typical measure of performance is the
3ignal to noise ratio which in turn determines the feedback data rate.
Since signal strength as well as alignment signature quality must be
considered, this leads to some interesting tradeoffs. For example, in
optical lithography dark [ield alignment produces a higher quality sig-
nal signature, but only at a much reduced level compared to the clear
Tleld approach. Similariy, in electron beam lithography higher quality
siznatures are available from collecting only the electrons which exit
“he substrate at near grazing angles, but the number of these electrons
decreases rapidly with the angle. The role of the warer mark properties
and electron collection system on the resultant signal to noise ratio
can be a dopmirant factor in the optimization of overall system perfor-
mance. In both optical and electron beam lithcgraphy there is a need %o
understand *he alignment process in terms of models which can character-
1ze these signal generation and collection tradeoffs. Thus there is a
critical need both in optical and electron beam lithography to include
the generation and collection of alignment signals into system con-
sideratiuns in optimizing overall performance.

Progress

An apparatus for making in situ measurements of resist film thick-
ness during development or etching has been constructed. It is based on
monitoring the reflectivity at 6328 A which varies with thickness change
due to interference. The reproducibility of the initial system has been
upgraded through improved optics and developer temperature control. The
iata collection and analysis has been automated. Presently the system
is being used to explore processing parameter effects such as prebake
temperature, developer temperature, and batch to batch variations.

An extensive Monte Carlo and experimental study of alignment sig-
nals from tapered Si steps, including resist coating, has been com-
pleted. Fundamental aspects of the electron scattering distribution in
energy, space and angle both within the wafer and in the backscattered
signal have been published by Y. C., Lin (Ph.D. thesis). As an extension
of that work, Albert Chen is applying the unique e-beam alignment capa-
bility to explore critical fabrication technology issues in IC devices




$SD-83-1 - p. 5

©
ot
e
w

raphy <est 1as< 3 teing levelored and -sed
solutisn, iirewidth c¢ontrol and aliznment of <“he
irect wrlting e=peam 37Stell. MOS8 devices of the lizntly

12 = icricnted using hytrid cgtizal and e-cean

[
b
.

2e¢ of e-beam lithograpay 1
: e tne use of .t
a

achy. Thz z20a
ne t
v exploring criti

o2
matching for .inear E]
anigue alignment abilisy as a ool for systemi
parameters in device structures.

Y. C. Lin, A. R. YNeurentner and W. 5. Jldham, "iliznment signals °ro
symmetrical silicon marxs ror electron oveam lithography," ECS Journal,

vy

gcceonted.

M. Exterkamp, W. Wonz, H. Pamar, A. R. Neureuther and %W. G. #ldhan,
"Resist characterization: Procedures, parameters, and profiles,” 3IPIF,
vol. 334, Optical Microlithograohy, vaper Yo. 24.

M. 3Ixtarkamp, “A srstem %o characterize rositive photoresist,” 4.3,

thesis, Ulepartment of Flectrical =Zngineering and Computer Sciences,
Jniversity cf California, Berkeley.

Do Kim, W. 3. Oldham and A. ®. MNeureuther, "Zharacterization of resist
development: Modeis, equipment, methods, and experimental results,”

Lodak Microelectroni:s Seminar, San liego, ZA., Cctober 21-22, 1982.

Siegnificant Accomplishments

A set of guidelines ror designing e-beam alignment marks, including
resist coating effects, has been published. The in situ resist develop-
ment measurement system has been fully automated and gives reproducible
results. Data on resist processins narameters (bake, temperature, con-
centration, batch) has been obtaineax.

2roncsed Research

Characterization of the Limits of Resist Perfsrmance

The in situ development rate svstem will be signiricantly upgraded
and used to quantitatively study development effects for a variety of
lithographic appiications such as ion, e-beam and x-ray exvosure. The
apparatus will be augmented so that controlled and reproducible exveri-
mental conditions can be obtained. Fspecially important parameters are
the developer flow rate and temperature. Puddle, tank, agitation and
flow types of developing conditions will be emulated. Automatic data
reduction for extracting the etch rate vs. chemical concentration of
photoactive compound in optical resists will be developed. The system
#ill be used to make characterizations of ion, e-beam and x-ray resists.
dere the emphasis will be on studying second order effects beyond the
simple etch rate vs. dose model.

The exposure and development measurement tools will be used to
establish resist model parameters of practical interest and to charac-
terize changes in these as a function of processing parameters and
resist modifications. Several examples of current interest are the
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The ;ropert;es of At used as a nexarti resist by means of imagze
reversal are also of «ev inte t. The modi'ication of the model paranm-
gters inherent in Irocess sSters 3uch as Tost exposure baking or the
addition of adhesion promoters wiil also be explored.

To more clearly ietermine zne “ra~**cal linits of lithographic per-
formance We will establish the relationsnip between the resist model and
perlormance, assess the capability of various resist technologies, and
explore other basic limiting erfects. The importance of the resist
model parameters on performance will be studied to obtain feedback as to
which parameters are significant and how they might bte cptimized. For
example, the standing wave effects can bte suppressed to some extent
through appropriate modifications of the absorption parameters. An
investigation of new lithograpny strategies such as multilayer and inor-
ganic resists with plasma development will be made to assess from a
practical point of view their potential improvement in lithographic per-
formance. Other basic effects such as thermal degradation and blister-
ing wnich may limit the exposure intensity in serially exposed optical
steppers and e-beam systems will also be explored.

Optimization of Alignment Signals for YLSI

Methods of characterizing the effects of wafer mark properties and
signal collection optics on optical aliznment signal signatures wiil be
explored. The quality of signals diffracted from wafer marks will be
considered by simple approximate physical methods and by more rigorous
diffraction grating integral equation numerical analysis techniques [18*
if necessary. The effects of the optics used in the collection of
aligrment signals w#ill be simulated through *he extension of the image
capability of program SAMPLZ L4j. This composite set of analytical
tools will be used to understand the role of the mark illumination, mark
shape, imazing approach and detector in the ccntext of the entire align-
ment system.

Various optical and electron beam alignment schemes will be exam-
ined from an overall system point of view. Particular emphasis will be
Ziven to the role of the models for the generation of alignment signals
from alignment marks and for the effects of the signal collection sys-
tem. The signal to noise ratic and other performance figures of merit
will be evaluated and used in comparison studies. We will attempt to
identify optimum alignment mark features and signal collection system
parameters for the dark field, clear field and grating type alignment
approaches. Similarly, for electron beam systems we will attempt to
optimize the alignment mark shape and collection angles. Special
emphasis will be given to the problem of the degradation of system
response with resist overcoating of the alignment marks.
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cientific Obiective

The objective of znis psrotosal i
nnoto and electron ceamn litnoarapny Aan llmlts of practi-
cal lithoazrapny pe*’a rmnance 23 adviances ire nade in the technology. The
<w0 prodlems selected are charactierlzing tnz 1imits of resist perior-
aance and the oot‘m’r tion of alisnment siznals for /L3I. We are con-
3tructing automatic systems for determininz rtoth develooment and expo-
sure model parameters 2f resist natsrials. The idevendence of resist
caraneters and lithogravohic pverformance on process parameters will be
investizated both for new resist <echnclagies, and Tor modifications in
existing technologies. We will also use resist profile juality studies
as well as tasic resisz parametnr tests to assess *he practical limits
s7T lithcerapnic performance. he optimization oI zlignment signals for
YLSI will te based on a study ¢f tne Tundamental erfects of the scatter-
ing of els=ctrons or <Ziffraction 5r pnotons bty various alignment mark
Teatures. Where possible the aliznment and focus siznals for various
wafer marks will be characterized bv using simple empirical, universal
models ror the components oI the aarxs. Jystem consiceraticns, such as
the signal <o noise ratio, will be examined rrom the voint of view orf
optimizing the wafer mark zeometry and signal detector system.
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State of the Art

Automatic measurement svstems for determining both the exposure and
development parameters of mnositive ype photoresist were first esta-
tlisned a number of years ago at ;rw '1 The exposure measurement
approacn, which is vased on monitoring the unange in transmission during
JV exposure, is currently being widely adopted. A system of this type
has been develoved at U. . Berkeley with aporopriate improvements such
as full ¥=leaching =2xrosure 12]. The IEM system for determining the
develcopment rate varameters is based on an in situ scanning reflectance
measurenent. This system is much more complicated than the exposure
measurement 3ystem but a commercial system which is an option on a "7ilm
Thickness Analyzer" is available for about 3100,00C. The data rate of
this system limits its use to etch rates less than about 300 A/s.
Alternative approaches to produce a less expensive, more accurate, dedi-
cated system are also being made. At J. C. Berkeley in 31tu capacitive
orobes ES] and remaining resist absorption <techniques L2 have been
investigated. The major protlems with these approaches are obtainirng
experimenzal control over develover flow rates and geometrical areas,
and reaucing sources of noise in measured signals. There remains a
pressing need for a more versatile and more universally applicable
automatic system capable of nuantitatively measuring general development
parameters.

The interest in resist exposure and development parameter data has
increased recently due to the public availability of the user oriented
SAMPLE for simulating the projection printer resist line edge profiles

4. The exposure parameters at several wavelengths and development
rate parameters for a few of tne popular resists are available in the
literature [5]. HYowever, the available data is laaging far behind the
resists and developers of interest today. This gap is likely to widen
further with the greater diversity of processing conditions and imaging
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becomes an important problem as it Jerfinitely will affect the prorerty
of the grown rilm. Thermal conversion of =ne conduction “yve {n into o
sr p intd n), prebasly due to redistritution of ctne deep-level
impuritiesﬂa‘zo, nas oceen reported in the litsrature, and in our labora-
tory we have observed a similar effect in O-implantad and Cr-doped GaAs.
We plan to use the analytical instruments <¢f the YBEE syatem o provide
information on the diffusion orf impurities in the films grown by the MBE
process on semi-insulating GaAs. Recently we have obtained from Dr. T.
Ranganath of Hewlett-Packard some hnigh-purity semi-insulating 3ais
4afers. The electrical properties of the films grown on Cr-doped and
hign purity SI JaAs wafers will be compared.

Insofar as microfabrication technolégy and device studies are con-
cerned, our work on MBE will be concentrated on three basic topics. One
area of great interest 1s visible lasers. The work of Tsangz’ nas
clearly demonstrated the importance of a nigh Al cladding layer to
minimize carrier diffusion across the barrier and thus reduce the thres-
hold current. We plan to use x = 0.65 for Al in the cladding layer, and
x between 0.20 and J3.30 for Al in the active layer to determine the
effect of satellite valleys and thus the ultimate 1limit of short
w#avelength lasers. Professor Nishizawa of Tohoku University has
obtained an external efficiency 1-3% in (GaAl)As LEZD's at 6650 R with x
= 0.30. The advantages of using quantum well structures will be exam-
ined. Factors concerning the difference in the effective masses of the
central valley |~ and the satellite valleys X CB electrons as well as
possible means of raising the X valley minima will be investigated.

The second area of our current interest is the metal-semiconductor
contact, a subject of fundamental importance to semiconductor devices,
Although impressive results based on the MBE technology have been
reported over a wide range of subject322, the contact problem has not
been extensively studied. The two-chamber (growth and analytical)
arrangement of most MBE systems limits what one can do in making and
studying metal-semiconductor contacts. As reported irn the Progress and
Publication section, we are in the process of adding a metallization
chamber to our MBE system. This metallization chamber will enable the
deposition of refractory metals and provide the future possibility for
low-energy ion beam epitaxy. ‘'Questions important to the physics and
metallurgy of a metal-semiconductor contact include the posgsible
existence of a separate phase similar to silicide in the case of Si and
the possibility of introducing a diffusion bdarrier for certain metals,
We propose that our work on the metallization chamber be continued as
preparation for a basic study on metal-semiconductor contacts.

We plan to use the analytical instruments of the MBE system to mon-
itor the surface condition of a semiconductor before metal deposition
and to determine the interface structure after metal deposition. We
propose that the interface properties of metal-semiconductor contacts
prepared under controlled deposition conditions be gstudied for wuse
either as ohmic contacts or as Schottky barrier di 8. The AES
analyzer will enable us to detect possible contaminants on the sub-
strate surface prior to MBR grawth as we have already done and to deter-
mine the interface compoaition after MBE growth and subsequent pro-
cessing of the grown films. The atomic strucvure of the interfaces will

e
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be investigated by ion Deam cnannelinz and nigh resolution =2rcss sec-
tional 7EM

The third area of bvroposed resezrch is three-dimensional iavice
architecture. As discussed in the Prozress and Publications section, we
have 3tarted work on deep impurity implantation in Si using MEY ions,

and obtained very encouraging results. #e propose that the work on deep
implantation in Si be continued. 4e also propose <that work on taree-
dimensional JaAs IC be initiated. As a feasibility study, hignh Al,
undoped layers will be grown to see whether or not the layers are suit-
able for use as the isolation between two vertical device structures.
Next, Gais layers will be grown on both sides of the isolation layer and
deep dopant implantation will be made to determine the quality of the
electrical connection made by implanted MEV ions. In terms of the final
device structure, heterojunction Y©bipolar transistors appear to be most
promising among the many devices considered for high speed IC applica-
tions24. The DH structure makes possible the combination of a low base
resistance and a high emitter efficiency.

To complement the Riber MBE system which will be used for III-V
semiconductor studies, we are currently developing a home-made Si MBE
system to fabricate multilayer epitaxial structures. The combined
information obtained from both studies will provide us a more complete
picture of the MBE growth process and a better understanding of super-
lattice electronic properties. Investigations on the following modu-
lated structures have been planned:

(1) Homoepitaxy -- abrupt dopant profiles for Si.
(2) Heteroepitaxy -- (a) Si/Si1_x Ge multilayers

(b) Si/silicide multilayers.

We are currently seeking funding for the ultrahigh vacuum evapora-
tion chamber. A dual source with separate E-gun controls is proposed
for the deposition of binary phases. The dopants will be generated by
Knudsen-type cells or low energy implantation (e.g., the Cullatron
source). Processing Pfd evaluation of some simp%g devices such as the
metal base transistor and emitter-coupled logic™ ~ will be pertformed at
microfabrication facilities of the Electronics Research Laboratory.

Interaction with Other Units

Close interaction is expected with the work in microfabrication
under SSD-84-1, SSD-84-2, with the work on material characterization
under SSM-84-1 and SSM-84-2, and with the work on injection lasers under
QE-84-1.
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Worx on MBE on Si fas also tegun. Co far we aave completed *the
aggembly of 2n ultrgaigzn vacuun demogition chamber which n1as a base
pressure of ® 1 X 10”7 Torr. The ieposition chamber will be separated
from the evaporation champer with 2 zate valve. JDuring svaporation, *the
evaporant fluxes will enter the derposif{ion chamber via an orifice with
the gate valve opened. Zecoupling orf the two chamcers will ensure
better sutatrate cleanliness crior to deposition. In addition, vacuum
in the deposition chamber can %e maintained at much lower pressures dur-
ing the evaporation cycle since poth chambers are differentially pumped.

A Hall-effect measurement system has been completed. The set-up
has anodic stripping capability which will enable us to profile both the
carrier concentration and the mobility of the MBE grown layers.

Recent deronstration of trne permeable base :ransistor1° shows the
feagsibility of hetero-epitaxial growth of device-quality semiconductor
films on metal. This hetero-epitaxy should lead to ppssidble other novel
high speed devices such as “he metal base transistor. ' Such possibili-
ties will be explored for toth GaAs and Si.

To fabricate three dimensional device structures, lateral defini-
tion of the device features becomes a necessity. To complement the MBE
technique, we have done preliminary studies to investigate the feasibil-
ity of using high energy {MeV) ion implantation to modify the electrical
properties of semiconductors. The major advantages of high energy ion
implantation are: (1) the ions can penetrate microns deep into the sem-
iconductor with a relatively low dopant and damage distribution near the
surface; (2) the lateral definition of device features can be done by
conventional masking techniques.

So far, we have performed implantations with the following ion-
target combinations: As -Si, 3 - InP and Si - JaAs. The Si studies
have been completed and the results are encouraging. We have been able
to predict the formation of amorpnous regions using LSS theory and the
effect of substrate temperature during implantation is reasonably well-
understood (see paper 1, publication 1list). Examination by spreading
resistance measurements, Rutherford backscattering spectrometry, SIMS
and cross sectional TEM snows that the top two microns of the Si are
monocrystalline even after a high implantation dose of 2 x 1015/cm2. No
redistribution of the dopant (As) was observed during the post-
implantation annealing steps - 550°C for solid phase epitaxial growth
followed by a 900°C annealing for electrical activation (see paper 2,
publication list). The III-V semiconductor samples are under current
investigation by similar techniques and the experimental results will
soon be available. Plans for the near future include proton and oxygen
implantations into GaAs to fabricate isolation regions.

The masking technology for high energy implantation has also been
explored and we have established a standard procedure to delineate mask-
ing features uaing tungsten as the ion absorber. The W films were sput-
tered down onto the semiconductor substrate and etched by a SFg/0,
plasma using a planar RIE system. Vertical walls of the W films can be
achieved with line features on the order of a couple of aicrons.
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1) 2. 2, Byrne, Y. W. Theunz und T. ¥. Zadana, "Tamage Induced
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Througn Megavolt Arsenic Implantation into 3ilicon,” to bte puc-
lished in Appl. Phys. Let=:.
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) 2. F. Byrne, N. W#. Zheunz and D. X. 3adana, "Megavolt Arsenic
Implantation into Silicon,” to te published in Thin Solid Films.

Proposed Research Program

The availability of an MBE system should greatly enhance our exper-
imental capabilities in the area of microstructure enginreering. We have
clanned the MBE system not merely as a facility for growing thin films,
but also as a research tool for studying materials problems inportant to
electronic and optical devices of nicrcn and submicron dimensions. In
the MBEZ system we have the Zrowtn chamber is separa‘te from the analysis
chamber. This separate arrangement makes the MBE system useful for both
film growth and film analysis. We propose the follcwing two main sub-
jects for research: (1) to study and to develop the ¥BE growth process
as a microfabrication technology, and (2) to investigate and to corre-
late the properties, including ianterface and surface prcperties cf the
film grown under different growitn conditions.

The controllability of the thickness, the composition and the dop-
ing concentrations of the films grown by the MBE process has been Jemon-
strated in a number of experiments, including super-lattices and DH
injecticn lasers. However, there are other important aspects of the MBE
growth process which have not been extensively investigated. We plan to
study the effects of growth conditions on the incorporation of =2lectri-
cally and optically active impurities. Both the substrate temperature
and the vapor pressures of Ga, As and Al are important growtn parame-
ters. The substrate temperature affects the grown film through its
effect on (1) mcbility of deposited surface atoms, (2) escaping proba-
bility of deposited atoms, and (3) diffusion of impurities incorporated
into tne film. By varying the temperature and pressure we hope to be
able to find an optimal growth condition for the (GaAl)As system. As
stated in the Progress and Publications section, we have already started
growing GaAs and (GaAl)As films under different growth conditions by
varying the Ga and Al oven temperature and ithe sutstrate temperature.
We propose that this work be continued and that the mobility, the doping
concentration and the activation of the dopants as electrically active
donors and acceptors be measured as a function of the growth condi%tion,

Besides temperature and pressure, another important variable in the
growth condition is the substrate itself. One distinct advantage of
GaAs over Si is the availability of semi-insulating GaAs substrates upon
which electronic and optical devices can be built. It is well known
that GaAs can be made semi-insulating by compensation either through
deep donors known to be oxygen-related centers or through deep acceptors
known to be Cr-related centers. Since many GaAs devices such as FET's
and lasers require processing of the wafer at high temperatures such as
MBE growth of multilayer structures, the effect of diffusion of impuri-
ties in and out of the wafer, as well as in and out of the grown film,
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AT de ds = LT o 1ITTR(NT) ! z!
Wwnere P is <he parzial cressure, ! i3 the molecuiar weizht, and T is the
vackzround g£as temperazure. Take U as an example which has [ = 25 AMU.

At a typical zrowtn rate r, = ! am/hr., the product é? must bte smaller
than 7 x 10°15 in order <o ensure 7 < 10'4 ca=3, mhis simple calcula-
tion tells us that w#e must be axtremely carerul with contaminants wizh
high sticking coefficients and hisnh vapor pressure. It is important,
therefore, for us to have analytical equipment, such as ZMA and SIMS, %o
perform cnemical analysis of the zrown film and to use electrical meas-
urements, sucn as transient capacitance-voltage spectroscopy, %0 charac-
terize the incorporated impurities.

3oth the MBE and the MO-CVD 2rowtn teécnnicues are capable of pro-
ducing hign-quality fil%sﬁas demonsirated in nultiple quantum-well (MQW)
heterostructure lasers. '’ Recent results on photoluminescence indi-
cate, however, that while Al-Ga disorder alloy clustering seemed to haye
taken place at the MQW heterostructure interraces iﬁathe MO-CVD films,b,
no evidence of clustering showed in the MBE films. The experiment is
an example of the need of employing 2a multitude of experiments in
characterizing and comparing films grcwn by different prccesses and
under different conditions. Zven though lasers of low threshold current
densities have been reported using the LPE, MBE, and MO0-CVD growth
procesgses, defect formation and imvpurity distribution during either epi-
taxial, growth or subsequent processing remain the topics of intensive
study. Defect formation and impurity redistribution not only will
affect initially but also may gradually degrade the device performance.

Recent%* interest in the MBE growth technology has extended to Si.
Iver et al. have proposed a model to explain the dopant incorporation
characteristics of MBE grown Si. The smearing of doping profile is
explained in terms of a time constant required by the dopants to reach a
steady-state concentration. Usine "flash-off" and "build~up" tech-
niques, extremely abrupt doping profiles for layers as thin as 5 200 A
nave been achieved. This extra control on the dopant concentration may
enable us to incorporate heavily dorved or highly resistive layers into
the MBE grown Si.

Hetero-epitaxial structures of Si/CoSi,/Si12 and Si/Ge13 have also
been demonstrated by solid phase epitaxy. ~Since the recyrstallization
takes place during subsgguent annealing cycles, solid state reactions
have created interfaces 1gnd extended regions of misfit dislocations

adjacent to the interface. We believe that such interfacial imperfec-
tions can bYe eliminated or ninimized by the MBE technique with coeva-
poration to form the silicide phase and the Si Ge_ 3golid solution.

Moreover, MBE growth can be achieved at subs‘rate teméeratures substan-
tially lower than the annealing temperatures required for solid phase
epitaxial growth.
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®rogress and Publicasions
Jnder JIEP

The Rivber 420 MBE system nas been in operation for almost one
year. A leak in the cryosnrcud was ound. The cryosnroud was re-welded
and tnhe leak was fixea. A leak in <he Dvpellows for the HEED screen
shutter was alsc detected. The shutter mechanism <°n our system was of
an old design. We coasulted Zr. 2. Zollins of Hewlett-Packard and Dr.
P. Luscher of Varian, and made a new shutter similar to Varian's design.
Had we ordered a replacement shutter rrom Zibter, over six months would
have been wasted (they did not have one in stock). Both leaks had kept
the base pressure in the middle 10=10 range and were difficult to
locate. Now that the MBE system is functioning properly, it is under
operation almost continuously.

We have made numerous runs, first growing GaAs films and now grow-
ing (GaAl)As films on both semi-insuiating and n* Gaas. At Tfirst,
undoped GaAs films were found to bYe n-type of mnoderate resistivity.
Since we changed the As source to one bought from a different vendor,
the grown films unintentionally doped have been consistently of high-
resistivity p-type in agreement with the results reported in the litera-
ture. The Phi scanning Auger spectrometer purchased through JSEP fund-
ing was used to detect the presence of contaminants on GaAs and thus to
eatablish a proper cleaning procedure for GaAs surface. The Bell Lab.
procedure of etching in H550,:H,04:H50 and then oxidizing in de-ionized
Hp0 has resulted in a substantial Teductio® o. the carbon peak to a mag-
nitude more than 10 times smaller than t.e oxygen peak. However, it was
founda that improper cleaning le“: a sulfur peak of a fair strength.

SEM photographs were taken for each run to determine empiricall:
the growth rate. The Ga tcaperat:re was varied between 980°C and 1020°¢C
and the substrate temperature between 590°C and 640°C. Growth rates
between ! um/hr. and 1.7 pm/hr. were obtained. The n-type films were Sn
doped and the p-type films were Re doped. (CaAl)As films with Al con-
tent between 0.14 and 0.19 were grown. The value of x was obtained by
comparing the relative strengths of the Ga and Al AES signals. The
renovation work currently under way at the Electronics Researca Labora-
tory for the new microfabrication facility has caused some interruption
of the operation of the existing equipment and delayed our processing of
the grown films for a systematic evaluation of the electrical properties
of the grown films. All the films showed good HEED patterns and excel-
lent surface morphology (the surface appears spotless and mirror-like).

Besides Hall and resistivity measurements, experiments under
preparation include photoluminescence (PL) and deep-level transient
spectroscopy (DLTS). Once the equipment, ordered through both indus-
trial and JSEP funding, is on hand, which is expected shortly, charac-
terization of the grown films will commence. In the meantime, we have
planned the addition of a metallization chamber to the Riber MBE system.
Xerox has donated to us (through the goodwill of Dr., R. Burnham) a
vacuum chamber taken from their old Phi MBE system. We'll convert the
chamber into a metallization chamber, and have already received from NSF
partial funding toward the purchase of the ancillary equipment, such as
E-gun evaporator and ion pump, for the conversion. Work on the design
of the chamber has been completed, and actual work on the modification
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Recent advances in thin-Iilm srowth tecnnology nave opened exciting
spportunities, not only in <ne development of new device structures, but
also in our quest for a tetter understanding of material properties.
The objectives of this research program are {1) to master the 4BE growth
rechnology for III-VY compcund semiconductors and ror 3i, and to develop
the associated processing tecnnigues, sucn as etcning and masking, suit-
able for the MBE process, and {(2) to analyze, to characterize, and to
correlate the properties of the materials grown under Jjirfferent growth
conditiors. Cur goals are %o seek an optimal approacn and to develop
the neeced technology for fatricaticn of devices of micron and submicron
dimensions wnere interrace and surrace properties are expected to play a
crucial role.

n
2
V]

State of the Art

Over the last several years, signiricant progress has been made in
the thnin-rilm technology based on epitaxy for the fabrication of optical
and microwave semiconductor devices. The thgee basic methods are
liquid-phase epitaxy1 (LPE), vapor-pnase epitaxy< (VPE;, including metal
organic cremical vapor deposition2 (10-CVD, a form of YPE), and molecu-
lar bean epitaxy3 (MBE). imong *he three, LPE is the most extensively
used, especially in the ~rabrication of double-neterostructure (DY)
injection lasers. While the LPE tecnnology has some distinct advantages
over the VPE and MBE technoiogy, 1t has its limitations. One obvious
disadvantage is the lack or control on the film thickness and the impur-
ity profile due to the fast zrcwth rate. Another sericus drawback is
the impossibility of monitoring ilm growth and having the growth pro-
cess temporarily stopped Icr analytical examination of the grown {film.
The MBE technology provides the answer t0 these problems and seems well
suited as a research tool fcr the aprication and study of semiconductor
devices of micron and submicron <dlmensions.

One problem for which we nust find a solution if we are to improve
the aquality or epitaxially grown iims of compound semiconductors is the
incornoration of unwanted impurities during the gZrowth process. For
example, a dominant shallow donort was found in LPE-grown (GaAl)As and
this impurity was thought to be sulphur introduced into the melt with
aluminum. Contaminants® such as :ransition metals were reported to be
present in MBE-grown GaAs. The total contamination incorporated in a
MBE-grown film may be written as

¢ = (§/r) (4%5/dt ds) (1)

where C is the impurity concentration, § is the sticking coefficient, r,
is the growth rate, and d2N/dt ds is the number of contaminant gas
molecules striking the growth surface per em? per sec. From kinetic
theory of gases,
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causes sucn as carrier Jdirffusion acrcss the carri2r can not be ruled
cut, Fossitle laser structures wi=h Tull
we poropose tnat the study De 2xT2nd2xr 0 incliude provoabli2 1indirect
erfects of npot carriers. Also, parti ar attenticsn will e paid <0 +he
special :chemical and growth proper of tne juaternary compound so
that wWhat we learn from laser fabrication can be applied zo sther device
fabrication. Recently, two vertical tonrigurations have teen proposed
for the GaAs FET, cne utilizing an etcned 7 grooveH and the other util-
izing R2e ion implantationzo. We precoose that laser studies alsc te made
on the structure utilizing LPE growth over an etched channel. We choose
this structure because we can learn from it both the etching and growth
properties pertaining to a V groove. TFurther, special attention will be
raid to lattice match in the groove region, as any mismatch will cer-
tainly show in the laser perrormance.
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As mentioned in the section on Prosress and Significant Accomplish-
zents, we have started 4BE growta of 130.47Ino.53As filns on InP sub-
strates. 3Both the HEED pattern and surrface morphology are zood. We
propose that MBE growth be extended o Alg 47Ing 53As. OJur aim is to
study the properties of the heterostructure of (Galn)As and (AlIn)As
lattice-matcred to InP, for modulation dJdoped FET and quantum-well
lasers. As a basic topic for study of interface physics, we also plan
to investigate ways to make ohmic contacts to and Schottky barriers on
the two ternary compounds. Experiments to determine the doping concen-
tration by the C-V measurement and %o Tind the carrier mobility by Hall
measurements are standard procedures in the IC laboratory. Now we have
the new capability of determining the composition and impurity concen-
tration in highly doped samples by the AES analyzer. Once the ion-
etcning package and the DLTS set-up become operational, we will depth-
profile the impurity concentration in the ¥BE grown layer and across the
semiconductor-metal interface to correlate the depth-profile measurement
with the electrical (DLTS ¢-V and Hall) measurements. Also, as men-
tioned earlier in the section on state of the art, in view of the
covalent nature of III-V compounds’5'7°, an interface material is needed
in order to significantly change the barriar height of a Schottky diode.
Suitable metals such as Pt, which forms a silicide on Si, will be tried
on the juaternary compound, and azain the depth-brofile measurement will
te made to determine the interfacial composition and to correlate it
«“ith the electrical properties of the metal-semiconductor contact.

Interaction With Other Work 'nits

Close interaction is expec%ted witn the work units on MBE and on
ion-implanted semiconductors, and frequent consultation is also antici-
pated with other work units, mainly :in the IC and device area, for
electrical measurements.

References

(1) See, for example, M. C. Casey, Jr., and M. B. Panish, Heterostruc-
ture Lasers, Academic Press, (1978); H. Kressell and J. K. Butler,
Semiconductor Lasers and Heterojunction LED's, Academic Press

{1947).
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truly outstandingZ btut unexpected. Altnoush W& delisve uniform carrier
iistritution <& Tte an important factor, _-ther crobable explanaticns are
beiny studied. In the meantime, experiments ire ceing carried out on
lagsers with similar btut slizhtly modified structures to ascertain the
controlling factors for the observed behavicr.

4e have 2150 started M3E growth or }aeiiwlng_53As films on InP sub-
strates. After many adjustments in the growth conditions, recently we
rave been able to obtain good HEED rattern from, and good surfacemor-
phology of, the zrewn film. Because of the scheduled shut-down of the
laboratory in OJctober, we have concentrated our effort in MBE film
growth. The electrical properties of the grown ternary films together
#ith the x-ray determination of the lattice constants will be measured
in the month of laboratory shut-down.

Propvosed Research

As discussed in the section on state of the art, the qgquaternary
{Zay.xIny) (Asy. Py) tompound and the ternary Gag g3Ing, 47As compound
nave outstanding properties, as laser material for the former, and as
vhotodetector and FET material for the latter. These materials, com-
pared to the GaAs/(GaAl)As systems, are still in the infant stage of
investigation, even though rapid progress is being made in material and
device studies. In our laboratory, we have acquired expertise in the
GaAs/{GaAl)As material through our work on the injection laser and have
Zained experimental skills in measurements of electronic properties of
semiconductors through our work on integrated circuits. During the past
year, we have gained enough experience in MBE growth of GaAs and
{GaAl)As films on GaAs substrates and are currently expanding our
activities to growing Gag.471n0.53As films on InP substrates. We plan
to use the LPE facility to grow the quaternary (Gaj.yIny)(Asq_yPy) com-
pound films and the MBE facility to grow the ternary Gag 47Ing 53As and
Alp.47Ing . 53As films on InP substrates.

As mentioned in the sections on Progress and Significant Accom-
plishments, we have already successfully grown LPE layers of quaternary
compounds of excellent quality and achieved lasing action at the fiber
zero-dispersion wavelength (1.3 am) in stripe-geometry lasers. What is
exciting is that we are able to obtain sinzle wavelength operation even
close to the threshold in stripe-geometry lasers. The mode spectrum is
pure without any detectable side wavelengths. This outstanding behavior
is not expected from the laser theory of Jordon based on amplified and
filtered spontaneous emission. Currently, we are investigating the
laser behavior in several basic stripe-zeometry structures with slight
variations. We propose that this study be continued with the aim to
understand the physical mechanism leadine to single wavelength (that is,
pure longitudinal mode) operation of the quaternary laser.

Besides single wavelength operation, another important problem con-
cerning quaternary lasers is temperature sensitivity. We have made a
survey of the literature and analyzed the experimental results reported
by several groups (see M.S. report by Kojima). The probable mechanisms
include Auger recombination, carrier leakage across the barrier, inter-
band absorption, and hot-carrier effect. Although Auger recombination
is believed to be the major cause for sensitivity to temperature, other




cuvszanding vreperti2s and for their relatively unexplored stasus. Jur

rasearch efforts w#ill be :cgncentratszt =t Uirs®t 2n these zspects for
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think, are imporstant and in wnicn we can make siznificant censributions.

Progress and Publications

In the previous progress reports, we mentioned that we nad started
LPY growth of InP films on InP substrates and Jabricated a few stripe-
zeometry lasers. We were able to achieve lasing action in a majority of
the lasers tested. With a 10 pm stripe width, 2 surprisingly small
thresnold current as low as 180 mA has been obtained. Since then, we
nave made a great number of stripe-zeometry lasers and taken x-ray meas-
urenents of the lattice constants of the «zrown layers. The threshold
current depends to a great extent on now well the juaterrnary (Galn)(AsP)
laver is lattice matched to the InP substrate. The waler showing the
lcw threshold current actually has a lattice mismatch almost comparable
to the resolution of the x-ray measurement and smaller percentage-wise
than that of the Ga, , Al. . As film relative to the GaAs substrate.
However, we had prob?éﬁs witn reproducibility. The nonreoroducibility
of %ne results was due to lack of control in the accuracy required in
the weight of CaAs and InP charges relative to the In melt. A microbal-
ance to accurately weigh the GaAs and InP charges was purchased through
industrial funds. ‘low that the melt composition and the growth tempera-
ture are accurately controlled, w“e are able to obtain lattice-matched
(3aIn)AsP films for the 1.3 um laser routinely and consistently. In the
meantime, we have performed experiments on Zn diffusion into InP, and
obtained consistently good results. We have developed, in conjunction
#ith Tn diffusion into GaAs, an ampoule whicn minimizes zinc deposition
onto the sample during cooling. The zinc diffusion process is now under
control.

Publications Under Partial JSEP Sunvort

3. Wang, "Novel Semiconductor Lasers for Integrated Optics,"” paper 31,
voi. 317, ©pp. 93-98, SPIE Conference Proceedings, Conference on
Integrated Cptics and Millimeter and Microwave Integrated Circuits.
(1982},

S. Wang, 4. K. Choi and I. H. A. Fattah, "“Studies of Semiconductor
Lagsers of the Interferometric and Ring Types,” Jour. Quantum Electron.,

vol. 3E-18, pp. 610-617, (1382).

K. Xojima, "Temperature Dependence of the Threshold Current of
(GaIn)(AsP) Lasers,” M.S. Report (1982).

Siznificant Accomplishments

‘lery recently, a great deal of attention nas been given ¢to the
longitudinal mode spectrum of semiconductor lasers and to ways of
achieving single longitudinal mode operation. In our laboratory we have
devised a simple structure for the 1.3 um (CaIn)(AsP) laser and achieved
single longitudinal mode operation. Fven at currents very close to the
threshold, the laser shows a pure, single wavelength. This result is

e e
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phenonenon, called velscity oversacct, nakas ‘ompound semiconiuctors
extremely attractive for ulsra-hisn reaquencv aprlications.

.

Ameng 1I1I-V compounds, the 3245/ J4AllAs system cfas oSeen most
extensively studied ror both laser' and roed applications. For the
laser, a great deal of attentiorn nas been rocused on stabilizing the
mode by incorporating a two-dimensional waveguide in the structure, and
remarkable progress has Gteen nade =n the JaAs/(CaAl)As laser. \Many
lasers exhibiting linear light-versus-current relation, stable
transverse and lateral mode pattern, and single longitudinal mode opera-
tion hnave been develcped at several laboratories. These include the
buried-heterostructure ({EH) laser3vi, the channeled-substrate-planar
(csp) lasersvs, and the laser utilizinz thickness variation in the grown
layer to provide wavzaguiding in the lateral direction7‘12. Among the
lasers referenced here are the IRV laser7. the 2JSF laser' and the nar-
row DCC-CSP laserb being developed and studied in our 1laboratory.
Recently, <he research interest has shited from the GaAs/(ZaAl)As laser
toward the quaternary (Caln)(AsP)/InP laser which covers the spectral
range where optical fibers have exhibited minimum loss (arocund 1.55
micrometers) or zero dispersion (around 1.% micrometers). Because the
development of the quaternary laser is relatively recent, many problems
including mode stability and temrverature sensitivity have not been fully
investigated and are yet to be overcone.

For the field-effect transistor, the emphasis is on low power and
high speed, and a power/speed product around 20 fJ and a propagation
delay around 100 ps have been reported by several laboratories (see
papers appearing in the special issue of ATT, Reference 2).To further
advanc 2 the FET technology, several important problems need to be over-
come and have received prominent attention. One of the steps used in
the Tabrication of the FET is ion implantation. It is found, however,
that considerable degradation oI thne dooning profile takes place during
annealing of Cr and S implants""3. Although anodic oxidation nas been
tried on compound semiconductors'#, the interface-state density is con-
siderably higher than that at Si/Si0» interface. For lack of a suitable
insulator, most FET's are made of Schottiky-barrier gates in the form of
MESFET., However, the barrier neight formed on Si and CaAs is generally
not as high as we hope to nave. Theoretical studies!>+1® have shown
that the degree to which the barrier height at a metal-semiconductor
interface is influenced by the metal work function is strongly dependent
on the ionicity of the semiconductor. Because Si and GaAs are covalent
the barrier height in these two materials is not expected to change much
with the metal, as confirmed by experimental datal®, Therefore, an
interface material, such as silicide for silicon, must be found for com-
pound semiconductors between the metal and the semiconductor.

Recently, the ternary compound In0_570a0.47As has generated consid-
erable interest, not only as a photodetector for the quaternary
(GaIn)(AsP) laser, but also as a FET'7. Theoretical calculations'® of
the low-field mobility and the peak drift velocity in the ternary com-
pound show that g4 = 9700 cmé/v-s and Vm * 2.8 x 107 cm/s are higher than
the corresponding values in CaAs and InP, even with alloy scattering
being taken into account. The quaternary (Caln)(AsP) and the ternary
Ing,53Gap,47A8 compounds offer exciting research opportunities for their
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Scientifiz v-ecktive

We opropcse <o study the properties o7 the guaternary compound
{3aIn){4sP) and the ternary compound 3an 4-In- 53As concerning LPE and
YBE growtn, lasing <characteristics, onmic-contact formation, zand
Schottxy-barrier height. The quaternary conround is important Jor its
3pectral coveraze best suited for riber cptical communications, and will
be studied as laser material. The ternary ccmnound is promising for its
theoretically credicted high mobility ani ceax drift velocity. Jur
objectives are to find the dominant factcrs affecting LPE and M3E
growth, lattice mismatch, impurity concentration, contact resistance and
Schottky-barrier neigzht in these mnmaterials, and to :zcrrelate =he
material properties, such as lattice mnismatch, doping profile and
material-composition profile, with the device verfcrmance, such as las-
ing characteristics, turn-on voltage, and I-Y 2naracteristics, and witn
the electrical measurements, such as carrier concentraticn and mobilizy.

State of the Art

III-V compound semic-nductors possess nmany distinct and uniague
advantages as an elec*roric and optical material. Most of the compounds
of smaller gap ener>y such as InAs and InSt, have very small electron
mass and thus exceedingly high electron mobility. Some of the compounds
of larger gap en=rgy, such as InP and Jais, can be made semi-insulating
by compensatizn either through deep donors or through deep acceptors.
The compounds are almost completely miscitle except in some systems
where a <small miscibility gap exists. The mixed comvpounds can be
lattice-matched <0 a given substrate, for =xanvle {%a,_,In.)(Asy_,P.) to
InP, by properly choosing the relative composition signiried by x and y.
The miscibility and the possibility or lattice-match of these compounds
enable us %o build electronic and optical ievices with materials dif-
ferent f{rom the substrate and thus t> take full advantage of <he
material properties, for example (Galn)is on InP, with the former Jor
its nigh mobility and the latter for its semi-insulating property.

Most o¢f the compounds are Jdirect-zap semiconductors and hence
attractive candidates as materials for lasers and photodetectors. In
compounds where the energy gap is direct, the energy separation between
the central valley (the direct gap) and the satellite valleys (above the
central valley) of the conduction band varies Irom compound %o compound.
This variation offers various possibilities for mixed compounds. For
mixed compounds with relatively small separation, for example 0.36 ev in
CaAs, we expect the material ¢to exhibit the so-called transferred-
electron or Gunn effect. For mixed compounds with relatively large
separation, we expect that tne material should be able to attain a much
higher drift velocity than the value limited by the transferred-electron
effect. The possibility of a high drift velocity makes these materials
attractive candidates for FET. In any case, on a time scale shorter
than the intervalley-scattering time, the electron drift-velocity is
expected to continue ¢to grow with increasing applied field to values
beyond those 1limited Dby the transferre?-electron effect. This
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3. Ycdelinz Channel Hot-zlectron Fnmission

channel not-electron smission is expected to be a principal problem
arfecting *the reliability or short cnannel XCS devices for VLSI.

Aodeling of tnis phenomenon has been hindered by the large number
of variatles involved and the inability to verify the individual build-
ing blocks of the model!2-14, e propose to develop a relatively simple
ballistic transport model, whose central premise is the verified and
accepted "lucky electron model”? orizinally introduced for hot-electron
emission into the substrate. The modifications needed for channel hot-
electron emission are to require that an electron gains sufficient
energy from the field, and that it be redirected by acoustic phonon
scatterin toward the Si/insulator interface before suffering an
energy-robbing, intervalley-pnoncn scattering. Also included are the
scattering in the finite distance between the channel electrons and the
interface and in the image-force potential well in the oxide. The only
device-dependent input to the model is potential distribution in the
channel along its length, which may be obtained from approximate ana-
lytic formulas or from computer models of the device.

This model should be able to predict the dependence of the channel
hot-electron emission rate on V,, V45, channel length, gate-oxide thick-
ness, and the channel doping profile. We have developed a preliminary
version of such a model", but much more needs to be done. The final
model would likely make use of the multi-dimensional device simulation
programs bveing developed elsewnere to calculate the surface potential
distritution between the source and drain.

Zven the preliminary model has suggested several intriguing con-
cepts that we propose to study experimentally in parallel with refine-
ment of the model. The ballistic "lucky electron” model suggests that
if the Zrain-source potential is kept below 2.5 volts, the channel hot-
electron emission is very small -- regardless of how short the channel
may be. If this is borne out by experiments, it could have far-reaching
impact cn the physical limitations of very short channel FET's.

Another concept suggested by the model is <that the not-electron
emission is almost uniquely determined by the maximum field strength in
the channel. If so, it should have a one-to-one correlation with the
substrate current, which has been theoretically correlated to the max-
imum rield, Ep:

Igyp = Ig A e Pe

where A and p are material constants.

The correlation between channel hot-electron emission and Igyy
would allow us to do device characterization and accelerated reliability
tests of the hot-electron instability by simply measuring Ig,p- This
procedure would supplement or possibly replace the long-term stress
tests, which are the only available means of assessing the device insta-
bility associated with hot-electron phenomena.
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attain the energy needed tc surmcunt The 3.2 o7 barrisr at the 3i/Sic
interface and enter *he oxide.

Progress and Putlications

Without JSEP support, we nave already studied Fowler-Nordheim tun-
neling into Si0p grown from poly-3i and observed electron trapping9 (.
Hu, Y. Shum, T. Xlein, F. Lucerno. Apol. Phys. Lett., July 15, 13979).
We have Jjeveloped a method for ietermining the trap cross-secticn and
density distribution!© (¢. Hu, 2. Y. Jjoh, Y. Shum, T. Klein, IZDM, Dec.
1978, »p. 229-232), together wi<r 2 ballistic model of hot channel elec-
tron transport and emission into Si021’ (C. Hu, IEDM, Dec. 1979, pp.
22-25). We have carried out extensive studies on gate currents in
avalanching gated diodes'? (R. Amantea and R. S. Muller, Jav. Jour.
Aopl. Phys., vol. 16; Suppl. '46-!, pp. 205-210, 1977), and have built
special resigtive-gated MOSFET's :o assure uniformity of injection along
the channell? (P. K. Ko and R. S. Muller, IZDM, 1979, pp. 506-507).

A paper, "Correlation Between 3ubstrate and Gate Currents in MOS-
FETs" (S. Tam, P. KXo, C. Hu, R. S. Muller) has been accepted for publi-
cation 1in the November 1982 issue of IEEE Trans. on Electron Devices.
Also accepted for publication in IFEE Electron Devices Letters is a
vaper entitled "Hot-Electron Induced Excess Carriers in MOSFETs" (S.
Tam, F. C. Hsu, C. Hu, R. S. 'uller, P. Ko). Another paver has been
submitted to IEEE Electron Devices Letters, "dv/dt Breakdown of VDMOS-
FET."

Siznificant Accomplishments

We have identified the mechanism of minority carrier generation in
the substrate as photo-carrier zeneration. The photons are generated in
the high field region in the transistor channel by hot electron
bremsstrahlung radiation. These photons have an average decay length of
780 um and can cause DRAM refresh time degradation and even logic cir-
cuit malfunctions thnroughout the chip. Furthermore, present techniques
such as the use of guard ring {psuedo collector) are ineffective in
stogping the photons. The rate of photons emission is found to be 2 x
1072 Igub/a-

We have also derived and proven a power law relationship between
channel hot-electron gate current and the substrate current. This
should significantly simplify the testing for device reliability since
the gate current can now be deduced from the measured substrate current,
which is larger than gate current by 1010,

Progosed Program

Two topical areas will be investigated simultaneously: (A.) trap
density and cross-section distributions in gate insulators, and (B.)
models for hot electron emission from MOSFET channels.
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A. Trap Censitv and Cross-zecticon ~istritutions

{h

"he two tarsmeters linxed mosTt :l0Sely <o 2lectron ctracping and
jevice stability are trap density =zn? cacture cross-section. 3Zelow, we
Jescribe a me<hod that Ietermines <he ‘“rap Ziensity per unit cross-
section as a continuous rfunction or %“ne capture cross-section (T - - a
task nitherto untenable.

From first-order rate processes, the density of Tilled traps No(o)
increases according %o

3%%$1 = ofnm - u()] (3)
The solution o7 [3) is
Ne(o, F) = Moy (1-e=9Fs) (4)

The shift in the C-V or I-V curves, N\ V is related to the filled
trap density by
d Q qd ©
q.(e, Flde (5)
0 :

(>
[}
(’lld'
]

dsv ] th /‘ B de(OnF)
¢

T g &
qd -
- f N(c)e " Fdq (6)

AV

Clearly, ia is the Laplace transform of

™ ‘_u

dy sN(&). The distribution

N(o) can be obtained by taking the inverse Laplace transform of the

measured % if ﬂ

3p can be approximated by an analytic function, the
inverse transtormation is often easy to carry out. Otherwise, numerical

technigues can be employed.

We propose to use this method to investigate the dependence of trap
densities and cross-section distributions on the growth conditioms for
the insulator, the exposure to radiation, of %he MIS system, and the
annealing conditions used in the fabrication process. Even the more
conventional characterization techniques have not been applied to the
most promising insulators in submicron devices. We propose to study the
traps in very thin (< 300 R) Si0p, thermal as well as CVD nitride, SiOj
grown on poly-Si -- both as-deposited and laser-annealed,
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Scientific 7bjective

The objective of <his work ig to characterize and understand hot-
electron injection and trapping at the interface between silicon and
overlying insulator layers, and to investisate means of gZaining control
over these rchenomena. It i3 also our objective to study other related
not-electron phenomena such as minority carrier injection into the sub-
strate and breakdown in the Si/Si0jp system.

State gi the Art

Hot electrons can be injected into silicon dioxide in several ways.
An important example is channel hot-electron injection’, which occurs
with increasing likelihood as MOSFET channels are shortened and which
imposes practical constraints on the operating voltage of short channel
MOSFET's2: 3, Injection can also take place through internal photoemis-
sion4, Fowler Nordheim tunneling at high fieldss, and avalanche break-
down near the Si surface®. Once a conduction electron enters the oxide,
it can be captured by traps in the Si0Op band gap formed by impurities or
defects. The buildup of trapped charge Q is often monitored by measur-
ing the change of the flat band voltage A Vpg - usually through C-V
measurements. If the approximate location of the traps is known, then
we can determine Q from Q = Vpg, where d; is the centroid of the
trapped charge measured from the metal-5i0; interface. It is clear that
the technique senses the internal field at the Si/5102 interface created
by charge Q. This method, however, cannot be reliably applied to study-
ing Si0s grown from poly-crystalline Si. One other technique can sense
the field at the interface - the photocurrent-voltage7 technique. This
method, however, 1is inconvenient to use. We propose to measure the
change in the internal field due to Q by measuring the shift of the I-V
curve. In other words, the Rowler-Nordheim injection is used both as
the mechanism of electron injection, and as a means of measuring Q.

Using a first-order, rate-process model, it can be shown8 (given a
trap density N and capture cross section &) that:

Q=q N(1-e°F) (1)
P = i(qﬂat (2)

where J is the current density and F is the electron fluence. Hence, an
established procedure is to measure Q9 as a function of F and then to
extract N, and o from the data by curve fitting with Eqs. | and 2. As a
result, only discrete values of o have been reported for traps in S0,

grown from single crystal Si without regard to possible spreads of ¢«
over a finite range.

Finally, a quantitative model of channel hot-electron injection is
presently not available. It has only been established that as electrons
move from source to drain, they bdecome sufficiently heated so that some
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n metal-comround semicon-

In parallel with this =277crt, 1 re
-

jucsor contact is discussed uni

3esides Si and JaAs, a great deal of attention has been paid recently <c
she quaternary compound (3ainj(AsP) and the ternary compound 5an 47105 532,
tne former for its spectral coverage as a laser for {iber optical comnmunica-
tion, and the latter for its righ electron mobility and peak drift velocizy.
Jompound semiconductors have nany distinct advantages over silicon. Conm-
pounds of larger gap energy can be made sem:-insulating by ccmpensation and
compounds of smaller gap energy nhave very high electron mobility. The misci-
2ility and the possiblity of lattice-match of these compounds enables us to
build elec*ronic and optical dJevices with materials different from the sub-
strate and thus <0 take <Iull advantage of the material properties. 4
research program on the LPE 3rowth of <the quaternary compounds, the
quaternary-compound laser, and the metal-juaternary compound contact is
presented under 33M-2 entitled "III-V Compound Semicconductors: Material Pro-
perties and Device “tudies.”

In summary, three research programs are proposed in MBE technology, in
interface studies and in the quaternary compound (GaIn)(AsP). The main
objectives are: (1) +to study the characteristics of the MBE process and to
explore potential use of the MBE process for fabricating submicron electronic
ievices; (Z) to determine the electrical and material properties of a metal-~
semiconductor iIniarface and to study the effects of interface properties on
tne device pertormance; and {(3) to develop the processing technology for the
jquaternary compound and to explore the possible use of the compound for
integratizn of electronic and optical dévices.
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principal <ool for analysis. Fventually we nove o d2termnine odtimum

design cricteria Jor such recelivers.
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Two important aspects of naterial research concerning microstructure
ineering are control of grcwin and ioping process, and understanding of
erface problenms. In *he ©Zlectrcnics Research lLaboratory, we have
evelocved extensive exvertise in silicon technology and, to 2 lesser deazree,
% JaAs tecnnology. Processing steps such as lithography, impurity diffu-
sion, plasma etching, ion beam nmilling, ion implantation, and liquid-phase-
epitaxy (LPE) have been widely and rcutinely used. Recent advances in thin-
fiin growth technology, especially chemical vapor-phase devposition (VD) and
molecular beam epitaxy (MBE), have ovened new ootions in the rabrication of
sutmicron electrqnic devices. Through JSEP funding, we recently purchased a
2iser MBE gaystem and a scanning iuger nicroprobe {3AM), and have ordered
equipment for photoluminescence (L) and deep-level <ransient spectroscopy
(DLTS) experiments. These facilities 3greatly enhance osur =xperimental capa-
bilities in thin-film growth and in interface studies. A great deal of our
researcnh effort will be Tfocused o>n develoving the capabilities c¢f the MBE
systen and the 3AM instrument, and applying these capabilities to thin~film
Zrowth and analysis.

!
ot Ry

i
4
1

It is conceivable that fabrication of future suomicron electronic deve
ices will involve a combination of several zrowth and processing steps, such
as MBE, ion implantation, laser annealing, and heat treatment, It is our
plan to develcp the capability =ot only in growing <thin films under con-
trolled conditions, but also in dZetvermining the impurity distritution and
composition profile in the grown films tefore and after the various process-
ing steps. ?Processing and 3rowtn steps, such as ion implantation and MBE,
either introduce liattice defects or involve high doping concentration beyond
the solid-solubility limit, or Y“oth. These problems aust be investigated.
Since the MBE technology has been most developed for Gads/(GaAl)As and since
#we already have extensive experience with LPT growth of GaAs/(GaAl)As films,
our initial effort on the MBE system will deal mainly with GaAs/{GaAl)As
materials. A research program on *the MBE process is presented under SSM-3
entitled "Molecular Beam Epitaxy and i%s Application to Studies of Material
Aspects of Microstructure Engineering.”

As the dimension of electroric devigces is reduced further and further,
the interfaces of a device are expected to play a more and more important
role in affecting the device performance. GEven for silicon devices which
have been most extensively studied, many important interface problems remain
to be understood and overcome. One such problem relates to hot-electron
injection and trapping at the interface between silicon and overlying insula-
tor layers. A major effort will be focused on the development of an under-
standing of interface traps in both their properties and in their effects for
modeling. A research program cn determining trap density and cross section
and on modeling channel hot-electron-emission is presented under SSM-! enti-
tled "Hot-Electron Injection and and Trapping at Si/Insulator Interfaces."
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Jovernmerns 3ciantigt Contact

(a) We have an onzoing prcjecs wish J.S. Army MERADCOM intended %o
apply vrinciples of antenna design %o development of MM-wave imaging
arrays. (t) Attended meeting on "Integrated Optics and MM and Microwave

Integrated Circuits,” November, 1981, which had Army participation.

Siznificant Accomplishments

D. B. Rwutledge completed his Ph.D, with JSEP support in June, 1980,
He is presently an Assistant Professor at California Institute of Tech-
nology. TFrom his work and collaborations there resulted a new type of
detector array and a novel microoclometer for infrared detection. This
detector consists of a thin bismuth bolometer film with dimensions much
smaller than a wavelength. The small size of the detecE?S resu}}a in
reduced NEP and faster response. A video NEP of 1.6 X 10 W/Hz is
obtained at 119 um, remaining within a factor of 10 of this value for
modulation frequencies up to 25 MHz. Nhgqsused as a mixer, the device
is predicted to have an NEP of 3.5 X 10 W/Hz. It is easily fabri-
cated with conventional planar orocessing techniques and can be repli-
cated in arrays. The device is expected to be most useful when the
radiation to be detected is spatially coherent.

In recent work we have studied coplanar waveguide (CPW) as a basis
for integrated circuits operating below 100 GHz 16,17, Preliminary
results indicate that the radiation loss of unenclosed CPW is adequately
low. Tunable resonators and bandpass filters have been designed and

tested at 5 GHz. These results are significant because they open a way
to tunable, integrable local oscillators for monolithic receivers.

Proposed Zesearch

The most promising basic component for millimeter-wave IC's appears
to bpe the dielectric "slab-coupled” or "ridge" waveguide. Although this
type of guide was proposed and studied earlier"z, it appears not to
have found applications until now, and thus has not been extensively
analyzed. Existing theory is hignly approximate, due to the fact that
the guide boundaries 4o not fail on coordinate surfaces. Precise
theoretical analysis is posssible but requires laborious computation.
Our intention is to make use of both approximate and computational tech-
niques, ovut to supplement them with simulation experiments at X-band.
By this means it will be possible to obtain dispersion curves for vari-
ously shared guides of this family and compare them with theory. Elec-
tromagnetic field distributions will also be studied.

When the guides are adequately characterized, we shall go on to
study their potential use as a basis for other components. For example,
it seems logical to create a hybrid coupler by bringing two of these
guides close together, so they couple through the fringing fields of
their common slab. However, ¢this raises significant electromagnetic
questions. We must determine whether the guides can be curved (in order
to bring them together and separate them) without excessive radiation
loss. Radiation losses will depend on the dimensions of the guide and
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+nis Jependence Tust te stuiied. The Jesign o sucn 2 coupler will also
require.i,:alled <nowladee 7 %he Tringing fields. Thus btefore such a
soucler can te eoffectively lesigned, theoretical and 2xrerimental stu-
iies of tae guided {ields musT oe naas,

An interesting alternative to the use of curved =zuides is the pos-
gible introduction of abrupt double bends, such as are used in hollow
metal waveguides. The basic idea here is to obtain the desired deflec-
tion by using a sequence of two bends, the reflection of the second of
which is used %o cancel the reflection of the first. "“Fine-tuning" of
such a structure can be applied by perturbing the shape of the guide.
This approach will be studied as a way of obtaining more compact bands
with possioly reduced radiation loss.

An especially interesting application of the dielectric guides is
+their use in resonators. There is a serious need for new radiation
sources in this region of the svectrum, especially integrable ones, and
these new sources will need integrable resonators. Evident ways of pro-
ducing resonators based on slab-coupled guides includes (a) ecircular
"racetrack" resonators with hybrid couplers; (b) "open-circuited" sec-
tions of zuide with perpendicular cleaved end-faces; or (c¢) guides with
rericdic distributed-feedback structures. All of these, when looked at
more closely, are relatively sovhisticated structures, for which careful
analysis will be required. Related problems we also propose to study
are {a) how can such resonators be tuned? and {(b) how can active ele-
ments be coupled to them to create oscillators? In regard %o (a), we
plan to study perturbation of phase velocity caused by presence of adju-
stable external dielectrics in the fringing fields. With regard to (b),
t4o possitilities are being investigated. One is the use of metallic
couplers such as have been used with mixer diodes in earlier work; the
cther is incorporation of large-area ijevices directly in reduced-height
Zuides, with electromagnetic coupling. It is hoped that enough under-
3tandine of the requisite structures can be gained %o make new mm-wave
sources a practical possibility.

Durineg the last year we have proceeded with our program of charac-
terization of the "rib" waveguide. By means of probe measurements
dispersion characteristics have been determined. More recently we have
worked on optimal design of the V-coupler used to couple diodes to the
guide. We plan to continue this work and to develop design rules for
this unusual and useful component. In particular, ocur objective is to
reduce the coupling loss between diode and guide, by optimal choice of
the coupler and guide dimensions.

When design of the V-coupler has been completed we shall proceed to
the previously-described design studies of hybrid couplers and resona-
tors. The resonator studies, especially, are urgently needed for
development of monolithically-integrated radiation sources. Development
of the semiconductor devices is being carried on concurrently under
other support.

Qur recent success with devices based on CPW encourages us to
proceed with analysis of other system elements, In particular, we need
to study the special filters and tuning elements required for a low-loss
receiver front end. We will continue to use 5-GHz simulation as aa
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Scientific Tolective

This ccroject is basei <n tne emerzence Of a new level of
millimeter-wave technology, based on use of semiconductor integrated
ircuits. The electromagnetic structure to be used in this region of
the spectrum will probably nhave to be quite different from those used in
2x1sting micrcwave technology. Appropriate structures {a) should con-
tain little or no metal, as the latter intreduces resistive losses; (b)
should have dimensions in the ranse {=asible for existing micreofabrica-
tion technology :loosely speaking, .200Z2 - 1.0 cm). (¢) should yield
desired structures without undue Tabricatiosn complexity; and (d) should
lend <hemselves to low-cosSt replication and integration into systems.
The scientific objective of tnis »nroject 1s thus the realization and
analvsis of novel antenna and waveesuide structures for use in this
emerging application.

+ G
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tate of the Art

Conventional millimeter-wave <ecnnology at present makes use of
nollow metal waveguides. The resultine structures work well in most
cases but suffer from problems of cost, size, and fragility; moreover,
they become rvrogressively smaller and more difficult to construct as
wavelength decreases intc the near-millimeter region. The most promis-
ing alternative appears o be the slab-coupled dielectric waveguide’.
No exact theory of these gauides exists. There 1is an approximate
theory2, or, alternatively, numerical methods exist? that can, at some
cost in time and effort, be used in specific cases. Until now these
guides have not been adapted for millimeter-wave use, but similar guides
have been_considered for use in integrated optics4'5. In our own ear-
lier work® we demonstrated the use of these guides in millimeter-wave IC
applicaticons by using them as the basis for tapered dielectric anteanas.
Other possible guiding structures have been prOposed7'12, but these seem
less advantageous due to fabrication difficulty and/or metallic loss.
Open structures are also posssible13 but these are large and lack rigi-
dity. A non-integrated millimeter-wave-‘dielectric antenna was devised
by Shiau'4 using empirical formulas due to Mallach and Kie1y15'

At frequencies below 10C GHz metallic lines appear to be prefer-
able. OQOur work emphasizes coplanar waveguide.

Prozress and Publications

Publications Under JSEP and Other Suvport

C. Yao, S. E. Schwarz and B. J. Blumenstock, "Monolithic integration of
a dielectric millimeter-wave antenna and mixer diode: an embryonic
millimeter-wave IC," to appear in IEEE Trans. on Microwave Theory and
Technigues, August 1383.

T, Wang and S. E. Schwarz, "Design of dielectric ridge waveguides for
millimeter-wave integrated circuits,” to appear in IEEE Trans. Microwave
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K. x. Mei, J. 7. Hunza and 3.¥. "hanz, "R ievelconenss of the uni-
moment metnca, ' International Iviccsium cent levelspments in Clas-
sical Secatteringz, Jclumbus, Tnio, Jurne Jc bpe published as a
chapter in Recent Developments in Ziassi Scatzering, zdited by V. ¥,
Jaradan, Academic ©°ress. <. -. sunka, Scattering of two Todies of
revolution,” to be published in Journal of Slectromagnetics, July-
Q

eptember 1331,

. Mei, "Recent develspments in the ‘'nimcment Method," URSI 20th Gen-
ail Assenblv, Abstracts Sessicns Commissions, p. 390, Washington,
2, Aug. 1981,
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J. F. Hunka and K.K. Mei, "Scattering by two bodies of revolution," IEEE
Antennas and Propagation Symposium and USNC/URSI 1980 Meeting, Quebec
Zity, Canada, June 19€0.

B, ©Publizations under Other Soonsorshio

4, a0 and X. ¥. Mei, "Scatteri

ng by advanced composite bodies of revo-
lution”, USNC/URSI Conference, 3Seat

tle, Wasnington, June 1979,

S. Coen and X.K. Mei, "Inverse scatterineg of lavered media," VSNC/URSI
“onference, 3eattle, Washington, June 1979,

S. . Chéng and K. ¥. Mei, "Jeneralized Sommerfeld integrals and field
expansions in two-medium half-spaces,” IFFR Trans. on Antennas and Pro-
pazation, vol. AP-28, no. 4, pp. 504~512, July 1980.

T, M. Kvan and K. ¥X. Mei, "The internal fields of a layered Radome
excited by a plane wave,"” IFEE A® International Svmposium, Los Angeles,
une 1981, pp. 608-511.

4. Chang and XK. K. ¥ei, "Scattering of IM waves by buried or partly
vuried bodies of revolution,” IEZF International Symposium, Los Angeles,
June 19381, pp. 653-656.

Jovernment Scientist Tontact

Professor Mei is in frequent contact with scientists of the Army
wno are interested in the work of electromagnetic scattering.

Significant Accomplishments

We have positively demonstrated that the Unimoment Method is a
powerful computational technigue to solve scattering problems involving
inhomogeneous material targetss, and that an iterative technique follow-
ing the Unimoment Method is an economical approach to solve two-body
scattering problems’. In an effort to solve two-body scatterings near
an air-ground interface, we have investigzated a new addition theorem
involving Sommerfeld integrals. This investigation has been successful,
using the theory of analytic continuation. We are now in a position to
implement the new addition theorem to find scattering by two bodies,
where one may be above and the other under the ground.
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2reogosed Zesearcn 2rogzran

Jur ~esearch has already shown tnat Sh2 Two metal body scatte
can be computed accuratelv =znd economicalily. Jur new objective i
extend tne study to multi-body scattering involving lossy ground. W
shall also study scattering and radiation properties of wire structures
which are partially buried in a lossy ground, or the multi-medium
scattering, and two-body scatterinz where one body is above and other
under the ground. Recently we have also included the work c¢f time
iomain approach to electromagnetic scattering. We have formulated a
numerical algorithm, so that the time domain finite difference technigue
may be conforming to <he curved boundaries of the scatterer. We have
alrzady Ziemonstrated the feasibilitv of the conformal TDFD method and
intend to further 2=xploit the successes. Zxperimental verification of
the computation of scattering by ouried objects is planned and will be
included in this research effort. :

W ey
ot
® O M

‘nteraction with Other dork Units

The techniques developed in this researcn will be applied to other
w#ork units in the proposal, such as EM-84-2,

Aeferences

1y J. F. Hunka, "Tlectromagnetic scattering by two todies of revolu-
tion,"” Ph.D. Dissertation, DNepartment of Blectrical Engineering and
Computer Sciences, University of California, Berkeley, 197G.

(2) K. K. Mei, J. F. Hunka and S. K. Chang, "Recent developments of the
unimoment method,” International Symposium on Recent Developments
in Classical Scattering, Columbus, Ohio, June 1379. To be pub-
lished as a chapter in Recent Develooments in (lassical Scattering,
edited by V. K. Varadan, Academic Press.

¢3) D. J. Angelakos and Y. Kumagai, "High-Crequency scattering by nuli-
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rapid measurement of bistatic radar cross-sections, IEEE Trans. on
Ant. and Prop., vol. AP-25, no. 2, March 1977, pp. 243-248.

{5) “. ¥organ, “Numerical computation of electromagnetic scattering by
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Department of Electrical Engineering and Computer Sciences, Univer-
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University of Califormia, Berkeley Blectronics Rlesearch Laporatory
Joint Services Electronics Program Septcember 30, 1482
Work Unit Neo.: EM-83-1 Last Year's No.(s): mM-82-]

Title: <Conrormal Time Domain Finite Difrerence
Method 0f Solving Scattering Problems

Senior Principal Investigator(s): D, J. Angelskos (415) 642-7200
K. K, Mei 642-4106




F__w .

Twogr=t - o,
Seigntidiy Jbiactive

The obisctive of this researcs 13 o comoplate the zsudy of the mul-
tipie scattering near lcssy srount asing the Unimoment Method and to
develop the time domain solutions 57 scattering prooleos.
Stata oY “he Art

Multiple scattering near lcssy zround is a problem now solvable by
the ‘Jnimoment Method and it is co"mleted1 The <ine -omain sclution
Of thne scattering problem nas nitnerto been 30lved using a rectangular
srace 2rid, which does not conform well %o <he geometry orf the target.

Jur new approach using 2 contrcrnzl 2rid ané a2 new radiation boundary
condition will literally open up s new area Ior research.
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Progress and Publications Since last Major Promnosal

.

1. Exverimental Svstem

ts gave been obtained on high-
eres/, These were primarily back
ic measurenents involved considerable
inement of the equipment was under-

lonsiderable experimental resu
frequency scattering by multircle s
scatter measurements because bista
difficulties; consequently, a re
taken.
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a
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A semi-automated radar cross-section measurement system has been
developed wnere it 1s possible *to obtain scattering data to be used as
verificaticn of the numerical resulits. The system consists of an indoor
inage ground vlane with a CW nicrowave system operating in the x-band.
It utilizes the well-known null calance rtechnique or extracting the
scattered rield. A process comoputer is linked to the system via a net-
work analyzer which is used as 2 <oherent detector. The measurement
system employs a reciprocal measurement technique (RMT) which enables
one to obtain bistatic scatterinz iata*. The process computer stores
and removes inherent errors in the svstem and trocesses the data in a
variety of formats.

The measurement system has troven successful in verifying previocus
numerical analysis endeavors!. The accuracy of the system has been
shown to be reliable for cross-sections on the order of the wavelength
squared.

2. Computation

The program of scattering »y *two bodies body o¢f revolution near
lossy ground is near completion.

A. Publications under JSEP

J. PF. Hunka, "Electromagnetic scattering by two bodies of revolution,"
Ph.D. Dissertation, University of California, Berkeley, 1979.
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Yei, «. 4., "‘nizoment metnod > s30ivinzZ antenna and scattering problems,

IS78 Tranz, Sn Antennas and Propaxasicn, vnl. AP-22, no. 5, YNov. 1374, po.

"o0d-T"0.

3tovall, 2. andi “.¥. Mei, "ipplicaticn of a urimoment method %o a oiconical

antenna witn innomcgeneous dieleciric loading,” IZEE Trans. on Antennas and

Sropazation, vol. AP-23, no. 3, May 1375, op. 335,342,

Charz, 3. X. and ¥. 4. Mei, “ipplication 5f the unimoment technijque to elec-
. . Y 3 -~ s ~ " -

tromagnetic scattering by dielectiric cvlinders,” IZFE Trans. on Antennas and

vol. AP-24, no. 1, Jan. 1i970c.

Morgan, M., "Yumerical computation of =2lectromagnetic scattering by inhomo-

geneous iielectric bodies of revolution,” Ph.D. Dissertation, University of

lalifcrnia, Perkeley, 1976.

Hunka, J. 7. and X. K. lei, "lumerical computation of alact“onagnetlc

scattering by two bodies or reveolution,” USNC/URSI Meeting, November 137€,

Boulder, Colorado.

Hunka, J. F., "Scatterinz by :wo todies of revolusion," Ph.D. Dissertation,
University of California, Rerxelev, 1979,

Mei, K. K.y, J. 7. Wunka and 7, X. Thang, "Recent developments of the unimo-
ment method," presented at the Tnternational Symposium on Recent Developments

in Classical bcatter’wg, Jolumbus, dhio, June 1979. Also to be published in
Recent Developments in fClassical Scattering, edited by V. K. Varaden,

Academic Press.

Thang, 3. K. and K. K. Mei, "“ultipole expansion technique for electromag-
nezic scattering by bturied objects,” Electromagnetics, vol. 1, no. 1, pp.
73-839, Jan.-Mar. 1381.

Thang 3. 2. and £. . Mei, "Scattering of EM waves by buried or partly buried
body of revolution," IEER Antennas and Provazation International Symposium.
Los Angeles, tp. 053-656, June 1981,

Yee, . 2., "Numerical solution of initial boundary value problems involving
a Maxwell's equation in isotropic media,” IZEE Trans. on Antennas and Propa-
zation, vol. AP-'l1, pp. 302-307, May 1966.

Tarlove T, and M. . 3rodwin, "Yumerical solution of steady state electromag-
netic scattering problems using time-dependent Maxwell's equations, IEER
Trans. Microwave Theory and Tech., vol, MTT-23, pp. 623-630, August 1975.

Merewether, D. EZ., "Transient currents induced on a metallic body of revolu-
tion by an electromagnetic nulse,” IWER Trans. Slectromagnetic Compatibility,
vol. EMC-13, pp. 41-44, May 1971.
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I. Rasic Research in Electromagner:ics Coordinator: “rofessor ¥. ¥. Mei

Basic research in electromagnetics at ZRL presently consists of two parts.
Jne 1s the development and application of computational techniques to electromazg-
netics, and the other is the basic research in theory and experimentation of elec-
tramagnetics at submillimeter wavelengths. These two reseach acitivites are
descrited in the following.

Computations in klectromagnetics

Regearca in electromagnetic theorv was traditionally done within the reginme
of applied mathematics. Since the advent of hign speed digital computers, we have
seen more and nore emphasis on the computational research being done in applied
electromagnetics. In the early 1960's the main thrust of electromagnetic related
computation was in integral equation approaches’. The integral equation was 2
natural cheice in radiation problems because the radiation conditions at infinity
could easily be satisfied by using prover Green's functions. Although the
integral equation method is not too well adapted to problems involving fat bodies
and dielectric bodies, early investigators were still quite happy with it, because
even wWith its limitations it was possible to solve many problems which were hith-
2rtdo unsolvatle. As more and more problems were solved, researchars began to look
for alternatives to the integral equation approach, which might be better than the
integral equation method in solving fat, dielectric or even inhomogeneous bodies.
This effort is represented by the unimoment method which was developed by K.K. Mei
and his associates at ERLZ, and the several publications that follow’*% indeed
show that the differential equation approach can be very efficient in regions
where the integral equation method is clumsy and impractical. This method is
currently being used to investigate the scattering by buried dielectric obstacles,
a project now supported outside the JSEP.

The unimoment method is not only good in solving scattering by dielectric
bodies, it is also an excellent technique for solving scattering by perfectly con-
ducting bodies. A simple illustration shows how it works. Consider the scatter-
ing by a conducting spheroid. Outside a circumscribing sphere, the solution is
expressed in classical spherical harmonics with undetermined coefficients, and
inside the sphere the solutions are generated by solving the finite element equa-
tions. The expansion coefficients on both sides of the sphere are determined by
enforcing the continuity conditions on the sphere. It is interesting to see that
the finite element mesh area becomes larger if the spheroid becomes thinner, and
it becomes smaller if the spheroid becomes fat. That means the unimoment method
is efficient (more precise) for a fat scattering that a skinny scatterer. The
integral equation methods works just the opposite way, i.e., the surface area of
the scatter increases as the scatter becomes fatter and hence requires more compu-
tation.
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2y :nelectric bodigs-, and 1T 1z 4orarsunt Inat Lt osSn :1‘ 2r 4nan
apc.i2a To 2 single Tat metal =scatesrsr. we rnave alsec xcmaplated two-body scater-
ing involving <two mezal scattarers®r 7,

with the support or ARCT the snimoment nethod has teen successfui apriled
o scattering by submerged tar?,ts and %o part:ially ©ouriesd targets' Jtner
applizaticns of our compucation : consideratle, Sut our intentlon is 0
develop new basic tecnnigues ! solve proovlems. 2ur new direction is
to approacn Yaxwell's equations 1in time domain.

[y

e 3iirect time domain solutisns of Maxwell's eauations were first attempted
vee''. 1In recent vears, =2ven thoush Yee's method has deen extensively appiied
~ca:ter1ng problems involvinz *amn-et-anaoed targpts1"’3, the basic approach
nas not teen improved. Basicallv, Yee's method is a finite difference time domain
. ¥PTD) technique, which applisd Tinite diffarence boin in space and time. The
iisadvantage of this method is that the space mesh must be right rectangular, thus
a circle must be composed of small rectangles. This is both theoretically and
practically unsatisfying.

<t 0y
O «

Zur approach to the time domain problem is to use complete quadratics in
space mesh, so that the mesh can conform with the contour of the scatterer. 1In
addition, we have also tried a new "radiaticn condition” on the technique which
shows great promise in terminating the nesh close to the scatterer. We have
exca2lient success in trying our new :zptrroach to simple scattering problems in two
iimensions. We are very hoperul that this new development will open a new door in
electromagnetics.

Electromagnetics at Submillineter Wavelenaths

Radio, microwave, submillimeter wave and light are all electromagnetic waves.
The only difference between them is the frequency. However, both in theory and
application they are dealt with gquite dirfferently. For example, the guided
transmission of radio is mostly by coaxial 1lines, of microwave by metal
Javezuiies, and of light by beams or dielectric waveguides. There are borderlin
rrequencies where different transmissior methods can be used. That indeed is the
case at submillimeter waves %o low infrared waves.

‘jnder the previous sponsorshic of J3EZP we investizated both metal and dielec-
tric structures such as antennas and wave z2uides at low infrared frequencies. It
nas turned out that the metal guide, while lossy, is an excellent device to con-
centrate electromagnetic vower %o a very small rezion, much less than a
wavelength. The bulk of any submillimeter device has to consist of dielectric
material as antennas and guides. Hence, our affort for the next period will
emphasize the application or dielectric guiding structures and couplers at mm
waves.

References

(+) Mei, K. K., "On the integral equations of thin wire antennas," IEEE Trans. on
Antennas and Propagation, vol. AP-1%, no. 3, May 1965, pp. 374- 378.
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1. INTRODUCTION

During the period 1 May 1982 through 30 April 1983, the Electronics
Research Laboratory (ERL), University of California,. Berkeley, is

receiving support for its basic program from the Joint Services Electronics
Program (JSEP), sponsored by the Departments of the Air Force (Air Force
Office of Scientific Research), Army (Army Research Office), and Nawv
(0ffice of Naval Research), under contract F49620-79-C-0178.

This annual report is an updating report; hence it covers the period 1
September 1981 througn 31 August 1982. Significant Accomplishments, where
applicable, appear in the project reports (section A). In particular, the
three most significant accomplishments, as determined by the Director, are
summarized as:

i. Project SSM-83-1 - Hot-Electron Injection and Trapping at
Si/Insulator Interfaces

We have identified the mechanism of minority carrier gemeration in
the substrate as photo-carrier generation. The photons are generatad
in the high field region in the transistor channel by hot electron
bremsstrahlung radiation. These photons have an average decay length
of 780 um and can cause DRAM refresh time degradatiom and even “ogic
circuit malfunctions throughout the chip. Furthermore, present tech-
niques such as the use of guard ring (pseudo collector) are inef-
fective in stopping the photons. The rate of photons emission is
found to be 2 x 1073 Isub/q'

We have also derived and proven a power law relationship between
channel hot-electron gate current and the substrate current. This
should significantly simplify the testing for device reliability
since the gate current can now be deduced from the measured sub-
strate current, which is larger than gate current by 1010,

ii. Project SS0-83-3 - New Techniques for Wide-Dynamic-Range Signal
Processing using Monolithic Integrated Circuit Technology

(a) During the past vear we have made considerable progress in
research on new methods for the design and implementation of high-
frequency switched-capacitor filters for communications. We have
designed and fabricated a sixth order bandpass switched capacitor
filter with center frequency of 250kHz, bandwidth of 10kHz, and
clock rate of 4MHz. The unique circuit approach incorporates
fully differential signal paths, identical resomators, and cascode
differential CMOS operational amplifiers.

(b) We have devised new topologies for switched capacitor filters
in NMOS technology, which utilize positive feedback to overcome

the limited gain achievable in NMOS single-stage amplifiers. A
sixth order elliptic filter with center frequency at 250kHz was
fabricated and tested. The effects of intermodulation at high
signal levels in amplifiers of this type are now being investigated.
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iii.

(¢) Our research in high-frequency bipolar monolithic circuits
has resulted in the realization of a new monolithic amplifier
topology. A number of circuits have been fabricated incorporating
unique dual-gate FET structures and giving bandwidths of 50MHz,
gain of 66 d3 and slew rates of 125v/usec.

Project QE~83-1 -~ Functicnal Analysis of Novel Semiconductor
Lasers for an Integrated-Optical-Network Viewpoint

We have acheived longitudinal mode stability over an extended
temperature range and in the tandem-cavity laser, the amount of
internal refelction required to overcome gain variation is only

of the order 10~3. The smallness of the reflection means that

the internal-reflection scheme should be applicable to most index-
guided lasers. Recently, we have extended the concept to lasers
involving coupled lateral modes. Not only was single longitudinal-
mode operation achieved, but also a temperature range as large as
30°C was observed in which the laser wavelength was locked to one
longitudinal mode.

The report contains:

A.

B.

1982-1983 JSEP Projects: as of 31 August 1982

Consolidated List of JSEP Published Papers and Memorandums through
31 August 1982

During this time period 1 September 1981 - 31 August 1982, there are
currently an additional 23 Journal papers being processed: im press,
in review, submitted and being prepared. Further, there have been 11
Conference papers presented (or to be presented).
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maximum possible dynamic rarge in bipoiar and M0S analog amplifiers and
signal-processing circuits. Jur work In this area has focussed ini-
tially on methods of achieving maximum dynamic ranee in switched-
capacitor filters. In such devices, the fundamental limit on dynamic
range results from <thermal noise in the 4CS switch transistors used in
the filter structure, bdut monoclithic switched-capacitor filters produced
to date have not approached this limit because 2f the dominant effects
of flicker noise in the MOS <ransistors making up the operational
amplifier32'5. Jur research has resulted in a new differential
chopper-stabilized technique which removes this 1/f noise, resulting in
experimental fifth-order filter prototypes with dynamic range in excess
of 105 dB. This is more than 15 4B higher than previously reported per-
formance obtained from such filters®. We expect to continue this work
with the objective of exploring the maximum theoretical dynamic ranges
achievable, and formulating detailed theories of the noise performance
of such filters.

Significant Accomplishments

(1) A new high-frequency bipolar monolithic process has been devised
and extensively characterized for both low-frequency and high-
frequency parameters. This research has led to new circuit confi-
gurations for high-frequency monolithic filters, switches and
amplifiers which are currently being fabricated.

(2) A new chopper stabilized differential filtering technique was
developed, and a monolithic prototype Tabricated. This prototype
has been extensively characterized, demonstrating dynamic range and
power supply rejection performance well beyond any previously pub-
lished levels. An extensive theoretical analysis of the sources of
noigse in switched capacitor filters has been carried out, resulting
in a better understanding of the fundamental limitations on dynamic
range as a function of energy storage element values. These
results have been subsequently applied to the bandpass case, with
important conclusions regarding the dynamic range of high-Q
bandpass filter structures.

(3) During the past year we have made considerable progress in research
on new methods for the design and implementation of high-frequency
switched-capacitor filters for communications. We have designed
and fabricated a sixth order bandpass switched capacitor filter
with center frequency of 250kHz, bandwidth of 10kHz, and clock rate
of 4MHz. The unique circuit approach incorporates fully differen-
tial signal paths, identical resonators, and cascode differential
CMOS operational amplifiers.

(4) We have devised new topologies for switched capacitor filters in
NMOS technology, which utilize positive feedback to overcome the
limited gain achievable in NMOS single-stage amplifiers. A sixth
order elliptic filter with center frequency at 250kHz was fabri-
cated and tested. The effects of intermodulation at high signal
levels in amplifiers of this type are now being investigated.
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(S) Our researchn in high-requency bipolar monolithic circuists has
resulted in-tne realization or a3 new acnolithic amplirier topology.
A numper oY zircuits nave Tteen fabricated incorporating uniaue
dual-zate FET structures and 2iving ocandwidths of 50MHz, gain cf 29
33 and slew ractes o7r 12%v/usec,.

A. Publicaticns under JSEP

D. J. Allstot, R. W. Srodersen and ®. R. Gray, "MOS switched capacitor
ladder filters,” IFEF J. Solid-3tate Clircuits, vol. 3C-13, no. 3, Jec.
1978, pp. 306-314. Received the 198C IFEZE W. R. 5. Baker Prize DPaper
Award,

S. K. Lui and R. 7. Meyer, "Yigh-freguency bipolar-JFET-I2L process,"
Digest of Technical Papers, 1350 International Electron Device Confer-

ence, washington, December 198G,

. . - "wops . 2 s
. K. Lui and R. 3. Meyer, "High-Irejuency bipolar-JFET-IL process,”
EEE Trans. on %lectron Cevices, accepted for publication.

— U2

X. C. Hsieh and P. R. Cray, "A low-noise chopper stabilized differential
switched capacitor filtering technigue,” Digest of Technical Papers,
1981 International Solid State Circuits Conference, New York, NY, Febru-
ary 1981.

P. R. Gray, R. W. Brodersen, D. A. Hodges, 7. Choi, R. Kaneshiroc and K.
C. HYsien, "Some practical aspects of switched capacitor filter design,"
Digest of Tecnnical Papers, 1981 International Symposium on Circuits and
Systems, Chicago, April 1981.

K. C. Hsieh, P. R. Gray, D. Senderowicz and D. 5. Messerschmitt, "A
low-noise switched capacitor filtering technique,” IFREE J. Solid-State
Circuits, December 1981,

J. Guinea and D. Senderowicz, "High. Crequency NMOS switched capacitor
filters using positive feedback.” IZEE J. Solid-State Circuits, vol.
SC~15, no. 5, December 1982 (partial JSEP support).

S. K. Lui and R. G. Meyer, "High frequency-JFET-I2L process,” IEEE
Trans. on Zlectron Devices, vol. ED-29, no. 8, August 1982.

Publications under Qther Sponsorshio

S. K. Lui, R. G. Meyer and N. Kwan, "An ion-implanted sub-surface monol-
ithic Zener diode,” IEEE J. Solid-State (Circuits, vol. SC-14, no. 4,
August 1979, pp. 782-784.

D. J. Allstot, R. W. Brodersen and P. R. Gray, "An electrically-
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State Jircuits Conference, ‘lew Tori, February 1383

o

rcvosed A23earch Prozram

The researcn described above on nignh-Irequency monolithic struc-
tures has shcwn the benefits of cembining research in advanced fabrica-
tion techniques and new system concepts in a coordinated approach. We
precpose to continue this research by concentrating on new methods of
high-frequency signal processing using high-frequency ncnolithic struc-
tures. <cur present work on high-frequency filters will be extended t¢o
examine the possibility of filters operating beyond 100 MHz and the pro-
cess requirements to achieve this end. The initial vehicle will be
high-frequency silicon technology, but the results obtained should have
implications beyond this to other technologies such as Gals.

Specific problems to be addressed include choice of optimum circuit
configurations and identification of process parameters w«with maximum
impact on ultimate circuit performance. For example, fast 3ettling
amplifiers are required and the form of circuit used is closely related
to device parameters such as fg, gy and parasitic capacitance!. These
parameters are all process-dependent and it is not yet apparent which of
these is the most important. Thus both process research and circuit
research are essential parts of the overall program.

During the first year of this program, our understanding of noise
mechanisms in switched capacitor filters has greatly improved. We now
are able to predict a priori the noise behavior of switched capacitor
filters once the device noise parameters are xnown. We are now exirapo-
lating these results to attempt to draw general conclusions regarding
noise limitations in high-Q bandpass switched capacitor filter applica-
tions. These filters will become guite important in high frequency com-
munications applications. We are currently fabricating a number of pro-
totypes of such filters which will allow us to compare our theoretical
results with experimental observations.

Switched capacitor filters have found wide application in communi-
cation systems. However, internally-generated distortion in these cir-
cuits is a major limitation on the dynamic range achievable and prevents
their implementation in a number of-.critical applications. At present,
no published theory of distortion in switched-capacitor filters exists.
The development of such a theory is a first step towards the ultimate
realization of switched-capacitor filters with distortion and noise lev-
els below -90 dB at operating signal levels.

We have begun research on this topic and have identified four
potential sources of distortion in such filters. Work is proceeding via
analytical and computational methods to investigate and characterize the
distortion sources and their interaction in the sampled-data environ-
ment. A new analytical approach has given some excellent preliminary
results in predicting distortion due to capacitive nonlinearities.
Since exiating CAD tools are inadequate for the simulation of low levels
of distortion in sampled-data systems, research is also proceeding in
this area. A new computational technique has been devised and imple-
mented which enables the simulation of nonlinear phenomena not previ-
ously reported. This has enabled us to investigate the influence of
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active-circuit parameters >n <he Iilter distortion rerformance. Future
“ork will be directed towaris consolidating and extending these resultss,
followed Dy an investigaswion of optimum fiiter <opologies For minimum
iiszortion performance.

Ancther aspect oI <his researcn will <Jccus on <the opreblem of
dymamic range in’ nigh-9 switched cavacitor filters. We nave determined
that from a fundamental standpoint, high-0 switched capaci‘cr filters
must suffer in dynamic range relative to lowpass filters of the same
bandwidth by a factor equal tc *the square root of the ratio of the
center frequency tc the bandwidth. Tor filters with Q on the order of
100, this is a severe limitation, giving typical dynamic range on the
arder of 70 33 as opposed to 30 d3 for lowpass filters, e propose to
study alternate filter architectures which achieve better dynamic range
performance. The use of Jdecimation tnrough a cascade of lower Q filters
appears to be a promising avenue for achievinz better dynamic range.
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Scientific Objectives

We propose to invesctigate the zachnology for, and the chemical and
physical behavior of electronic systems that are composed of polymer=filam
materials and integrated=-circuit devices. The objectives are to define the
materials and iaterface properties and to evaluate the technologies that may
ultimmtely find application in ne~ and improved transducer devices.

Ma jor Task:

Investigate the coatrol of piezoelectric properties ia polyvinylidene
fluoride and poly-acrylonitrile that can be achieved with plasma-hased
techniques. The purpose of this effort ~ill be to develop novel methods for
the production of piezoelectric polymer thia films directly from monomer
sources, thereby eliminating many of the constraints inherent in
incorporating such films into solid state devices. This study is based upon
current work in our laboratory which demonstrates the feasibility of
preparing £ilas of vinyl polymers {rom monomer sources.

State of the Art

The above task }szproposed in order to apply newly ceveloped polymer
formation technology “’“ to poly=-vinylidene fluoride, a pglymer material that
has very interesting and useful piezoel.e&tric properties™* ", and to poly-
acrylonitrile. Plasm polymerization "*° techniques have been demonstratad
for certain vinyl monomers in bulk condensed phases, but has not been
attempted for thin film formation. Our experience with piezoelectric films,
particularly with Zn0, has given us a background in exploitation of this
property in novel transducers. We expect to show that the plasma
polymerization processes can permit tailoring of the piezcelectric activity
of the film in order to optimize certain transducer behavior.

Progress ro Date

Three ilmportant experimentdl systems have been assembled to
characterize pi{ezoelectric polymer {ilms. The first system is a laser
interferometer. This interferometer is similar to a Michelson
lnterferometer, but uses optical heterodyning to provide a linear, sensitive
output signal capable of detecting J.1 Angstrom mechanical displacements.
Data taken from this system will be used to determine piezoelectric activicy
of polymer films.

The second experi?en:al system is a multistate Thermally Stimulated
Discharge spectrometer”. This spectrometer experimentally determines the
activation energy of each charge trapping mechanism in addition to giving
the amount and type of polarizacion.

Finally, an apparatus for measuring the pyroelectric properties of
polymer films has jeen developed. A polymer sample is placed in an
environmental chamber and the temperature is ramped up or down with respect
to time at a fixed rate. The reversible current produced as the temperature
is changed is used to calculate one of the pyroelectric coefficients of the
sample. It has been shown that pyroelectric activity i{s often related to
plezoelectric activity of the polymer sample”.
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Progress is being mde on aa improved model that describes the
mcroscopic behavior of piezoelectric films. The main points of this model
are that it i{s theraodynamically consistant and that the fundamental
miterial properties are defined in sutficiencly fundamencal quantities that
the behavior of the film on a macroscopic level can be related to the
microscopic properties of 3 film which are determined by molecular
spectroscopy. To date the model recovers linear piezoelectric theory and
clearly points out the assumptions inherent in linear theory.

Significant Accomplishments

Our laboratory now has the analytical tools to measure the
plezoelectric, pyroelectric, and charge trapping mechanisms in polymer
films.

Update of Current Period

Films of polyvinylidene—~fluoride have been plasma deposited directly on
silicon wafers previously coated with aluminum electrodes. These films are
being analyzed for plezoelectric activity, pyroelectric activity, and charge
trapping and polarization using the techniques previously described.

Proposed Research

The overall goal of this research is the investigation of process
techniques suftable for the production of piezoelectric polymer transducers
with high plezoelectric activity and long-term stability. Plasm
polymerization techniques appear to offer a novel fabrication method for
forming such films. Ulcimately, we intend to develop a predictive model
that will be useful in optimizing polymer properties for specific transducer
applications.

Molecular dipole orientation is considered a primary factor affecting
piezoelectric activity. Physical properties such as polymer length,
molecular weight distribution, and the amount of polymer chain crosslinking
my all influence dipole orientation. These physical properties can also
affect polymer chain relaxation, which may be important in miataining
stable piezoelectric activity.

Plasm polymerization techniques offer the ability to vary a number of
processing parameters, e.g., plasm power and duration, monomer
concentration, and substrate temperature. It has been found that certain
combinations of these processing variables can produce extremely high
molecular weight 11Teir polymers with a relatively monodisperse molecular
weight distribution™'®, Preliminary studies will determine how changes in
processing variables affect the physical properties of the polymer films.
Once these dependencies are established, polymer films can be produced
covering a wide range of physical properties. The polymers will then be
further characterized as functions of their piezoelectric activity. Ia
addition to producing polymers with unique physical properties, plasma
polymerization techniques offer the distinct advantage of allowing monomer
films to polymerize in the presence of an electrical field. This feature
will be exploited in an attempt to align molecular dipoles in the monomer
films as polymerizacion proceeds. Such procedures may eliminate the curreat
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requirements of strecching and poling operations needed to impart
plezoelectric activity to polymer filas.

Plezoelectric activity will be determined using the interferometer
previously described. This will be done by electrically driving the
plezoelectric film with a known voltage and measuring the resulting
mechanical movement using the interferometer. In addition to measuring the
magnitude of piezoelectric constants, the phase difference between the
driving voltage and the resulting mechanical displacement can be used to
calculate piezoelectric relaxation as a function of frequency.

Additional analytical techniques will be used to characterize the
various polymer films. Molecular and crystalline structure and composition
will be investigated using infrared and x-ray spectroscopy. Charge storage
mechanisms will be studied using the previously described thermally
stimulated discharge system.

Some investigators have concluded that surface polarization and charge
carrier injection from the eleccr9des is important in determining
piezoelectricity in polymer films'. This hypothesis will be tested by
depositing polymer films on silicon substrates and metallizing the opposite
side of the polymer film. The capacitance and/or the curreat in the
resulting semiconductor—polymer-metal coumposite will be measured as a
function of applied voltage. Such studies will be used to determine charge
conduction mechanisms and interface properties of the piezoelectric
polymers.

The model we have developed is based on general continuum mechanics
that forms a foundation gor describing nonlinear and dissipative materials
in thermoelastic systems . We have modified this work to include electrical
effects, and plan to continue this work to model nonlinear piezoelectric
mterials. This work will ultimately be used to help design polymer films
optimized to specific transducer applications.
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General

We propose td perform researcn in quantum electronics in the fol-
lowing areas: (!) novel and complex semiconductor laser radiation
sources, and {(2) analysis, comparison, and evaluation of  novel
infrared/millimeter-wave radiation jetector systems.

At present, semiconductor lasers, though well-advanced, are still
unable to pertform efficiently as components in coherent, single-mode
optical communication systems. Single-node operation and tunability are
difficult to obtain. In part ! of this proposal we discuss new methods
for solving these problems through the use of structures more advanced
than the 7Fabry-Perot resonators used at present. We expect that the
oroposed structures will also <facilitate combination of several
interacting lasers into networks. If successful these ideas may bring
about significant increases in tne usefulness of semiconductor lasers
for a large number of scientific purvoses.

Radiation detection in the infrared/millimeter-wave region of the
spectrum is important for scientific, astronomical, defense, and commun-
ications uses. At present our ability to utilize this portion of the
spectrum is rather poor =--- at both lower frequencies (microwave) and
higher frequencies (optical) technology is much more advanced. One rea-
son for this is that neither conventional microwave nor optical devices
lend themselves well to this wavelength region. However, several
interesting new devices show considerable promise: these include cryo-
genic Josephson and SIS Jjunctions, metal-barrier-metal (MBM) junctions,
and planar ("surface-oriented”) Schottky dicdes. Part 2 of this propo-
sal is concernad with comparative development and assessment of these
novel devices, as components for detection systems. One expects that
some Jevices will be better-suited to some applications while other dev-
ices are better suited to others, but the concept of “"well-suited" is
not a simple one. It involves tradeoffs between possibly competing
advantages such as noise-equivalent power or noise temperature, conver-
sion efficiency, bandwidth, response time, frequency of operation, dura-
bility, cost, and compatibility with other components. We propose to
continue our comparative study of the principles and potentialities of
these new devices. Because in some cases the devices themselves are not
well understood or seem susceptible to improvement, the systems research
will be supported as necessary by basic physical device studies and
efforts at fundamental device improvements. It is hoped that the
results will allow us to designate the most promising approaches. We
then plan to fabricate and test prototypes of the nost promising detec-
tion systems, in order to verify our conclusions and bdbring them to the
attention of other scientists who can use them.
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Scientific Cojectives

Ae tronose to axplore and pAv stuady novel and comvlex
semicenductor-laser structurses Sor tuinability 2nd travelingz-wave orvera-
tion. Theoretical analvsis based oOn scattering-matrix Tormulation will
be carriad out to zZain insignt on psssible mcdes of oscillation in com-
plex laser structures and to guide us in the searcn Jor new laser struc-
tures, Experimental techniques using LPE and MBE will be develioped to
fabricate the various structures. Jur objectives are (1) to advance the
semiconductor-laser technology beyond its present state as an individual
coherent optical source, (2) to explore new modes of operaticn for a
semiconductor laser other than the simple Fabry-Perot mode, and (3) to
study laser performance when interacting with other lasers or an
integrated-optical network.

State of the Art

In recent years important advences in semiconductor lasers have
tceen reported in the attainment oI linear light-output versus input-
current relation, stable transverse and lateral mode pattern, and single
longitudinal mode operation. fqually impressive are achievements in
guided-wave optical circuit elements such as directional couplers,
filters, switches, isolators and modulators. There is beginning to be
some important work in combining the lasers with the waveguide elements,
such as the array1 and coupled multiple stripe2 work, and the combina-
tion of lasers and transistors3, but most of the work to date has been
restricted to the consideraticn of the individual devices. Much more
needs to te done in combining the waveguide networks with the lasers to
achieve tuning, mcde control and increased pcwer output. A combination
of wave and network analysis is required to optimize these interactions.

One major advance in semiconductor-laser technology is the incor-
poration of two-dimensional waveguiding in the transverse plane of the
laser structure. During the past few ‘vears, many lasers exhibiting
stable transverse and lateral mode pattern and single longitudinal mode
operation have been developed at several laboratories. These include
the buried-peterostructure (BH) laser+»>, the channeled-substrate-planar
(CSP) laser '7, and the laser utilizing thickness variation in the grown
layer to provide waveguiding in the lateral directionS-11, Among the
lagers referenced here are the IRW lasers, the CJSF laser® and the nar-
row DCC-CSP laser’ developed and studied in our laboratory. All the
lagsers mentioned above oscillate in . well defined cavity modes in all
three directions, transverse, lateral, and longitudinal. This fact
facilitates the application of waveguide-network theory to semiconductor
lasers and makes possible an analysis of laser structures more complex
than the simple Fabry-Perot structure which has .been almost exclusively
employed in the semiconductor lasers thus far.

In the meantime, remarkable progress has also been made in the
fabrication and control of modes in optical waveguides. Low-loss,
single-mode waveguides have been reported in CaAs!? and LiNb03’3, and
active waveguide devices using coupled guides and Y junctions either
alone or in the Mach-Zehnder interferometer configuration have been
developed. These advances further support our view that single-mode
guided-wave technology is ready for the exploration of new and complex
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Althougn single longitudinal node bteravior has been achieved in
most index-2guided lasers, <his tenavior is maintained only for a limited
range of tempverature. Pecause %the »ain-veak wavelansth ,  and the reso-
nance wavelengtn ) Tor the longitudinal mode change at ¢ Iifferent rate
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as the temperature changes, the laser wavelength hops {rom one longitu-
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ture interval auout O N In the rtransiticn region, a laser oscillates
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amount Sf noise 15 aeneral;y doserved. This excess noise presents a
serious provliem in many applications such as audio-disk laser ple-up

The scattering matrix used extensively for nmicrowave networks’i
provides a natural way for studyine the interconnection of integrated-
optics devices, since these (like microwave networks) are distributed
electronaznetic systems with iientifiable modes, interacting with input
and cutput ports. Most emphasis in the literature has been on passive
,junctions1 , but as shown in *tne papers of the Publication List, we have
founéd it a powerful formulation Tor studying the combination of lasers
and various possible components, iacludinz curved zuides for which radi-
atior and transmission losses nust te minimized‘7. The kncwn theoreti-
cal limitations on scatterinz-matrix parameters tell nuch about what can
or cannot be done with tne interconnections.

Progress to Date

Jur work on control of mode Yvehavior in semiconductor lasers has
come to a successful conclusion. This has resulted in a series of
papers which were reported in the last proposal. Yow that we have
acquired an understanding of how to achieve lateral-mode stability and
singie longitudinal-mode operation and have Jeveloped the capability of
fabricating index-guided lasers wnich oscillate in a well-defined cavity
mode, we can continue the new, and perhaps more exciting phase of our
rescarch on combining semiconductor-laser technology and waveguide-
retwork techniques (develcped for microwaves) for exploration of this
relatively unexplored area.

As stated in the last progress report, we have embarked on a new
program of study on the use cf scattering matrix formulation to analyze
the proper modes of several complex laser structures and to explore pos-
sible advantages of these lasers. The laser structures investigated
include (1) a laser with coupled cavities in tandem, (2) an interferome-
ter laser with a curved branch waveguide attached to a straight Fabry-
Perot cavity, and (3) a ring laser with a straight waveguide attached to
a circular cavity. The results of the analyses can be found in papers !
and 2 of the publication list. In the meantime, we have carried out the
experiments on the two lasers (1) and (2) mentioned above. The experi-
ments have indeed confirmed our theoretical prediction. The experimen-
tal results as well as the theoretical background can be found in papers
3 to 6 of the publication list. A brief summary of the highlights is
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zZiven below.

As mentioned in %ne State of the Art section, one serious problem
with the Fabry-Perot laser is mode nopping. This proolem arises btecause
of lack of mode selectivity of the Fabry-Pe2rot cavity. If a laser is
made of two cavities, interference osetween zhe fields in the two cavi-
ties provides a paysicr. mechanism in mode selection., For both the
tandem-cavity laser and the interlerometric laser, the longitudinal
aodes of the composite cavity can be classified into two groups: (1) the
coincidence resonance nodes {CRM) <or which the longitudinal modes of
the individual cavities are at resonance sinultaneously, and (2) the
nonresonant modes (NRM) for which the longitudinal modes of the indivi-
dual cavities are off their respective cavity resonance. For the CRM's,
the thresncld gain neeaed for lasing action i1s a minimum, and one of the
CRM's closest to the gain peak is expected %o lase., The CRM's are few in
number and thus far apart in wavelength. In between two CRM's lie many
NRM's. The coincidence-resonance condition for the tandem-cavity and
the interferometric laser vprovides a built-in selection mechanism for
the longitudinal modes.

Insofar as longitudinal mode stability is concerned, the important
quantity is the spacing £$CRM between the coincidence resonance modes.
Because AACRM is much larger than the spacing /\\ ¢ between the longitudi-
nal modes in a simple Fabry-Perot laser, longitudinal mode stability can
be maintained in the tandem-cavity laser and the interferometric laser
over a much larger temperature interval than the simple Fabry-Perot
laser. Experimentally, a range 2¢ AT = 797 has been achieved as com-
pared to AT = 1 to 1.59C in Fabry-Perot lasers. During this temperature
range, the lasing wavelength changes with temperature at a rate of 0.7
/9% which is the rate for the resonance condition of CRM governed by
d(nL)dT where n is the refractive index and L is the overall length. We
believe that the temperature range can be further extended by a proper
choice of the relative length of the two cavities.

The coupling of lasers by waveguide networks has been studied in
two ways. In the first, there is a coupling connection between laser
stripes on a single GaAs chip, similar to that used by Scifres et al.?,
The laser currently being fabricated has three stripes. The roles of
different coupling means, different mechanisms of transverse mode con-
trol for the laser, and various spacings are being studied. The second
method utilizes external coupling, with the individual stripes coupled
to fibers by standard techniques, and those coupled to a mutual fiber
through the evanescent fields outside the core. The fibers are posi-
tioned by v-grooves, selectively etched in silicon, and the cladding
etched away until the desired degree of coupling is obtained. Analysis
shows that positioning is fairly critical, bu. not impossible. The
positioning of the etched single-mode fibers is very difficult because
of their fragility, but the related work of Digonnet and Shaw on fiber
couplers1 shows that fabrication can be controlled.

Dispersion in integrated optics circuits has been studied in view
of the short pulses19 now being produced by semiconductor lasers. The
short distances result in negligible dispersions even for picosecond
pulses in most practical circumstances, but there are special cir-
cumstances in which this is not the case. The geometrical dispersion of




mizrostric and 2otlanar wav2agullzs introducs2s distertisn of ricosecond
puises in a3 r2w millimeters--, an: naterial dispersion Tor semiconduc-
tors waveguides cperating near tnz cangd =2dJZes nay also be an issue.

Putlications Uzder Tombined Sponscrsailn

1. 3. Wanz, "Novel semiconductor lasers for integrated optics,” paper
31, vol. 317, SPII Conterence Zroceedings, Conference on Integrated
Optics and Millimeter and ficrowave :Integrated ~ircuits, Hunts-
ville, Alatama, lovember 14-13 {1431).

Wdang, H. X. Choi, and I. H. A. Fattah, "Studies of semiconductor

ser of the interferometric and ring types,” Jour. QJuantum Zlec-
on., vol. QE-18, ». 610 {1382).

z, I. H. A. Fattah and 3. wane, "3emiconductor interferometric laser,’
aper W34, Tecnnical Tiges:, Cptical Meeting on Integrated and
P&r 12 ¥
Guided~wave Optics, Pacific ircve, CA. January 6-8 (1982).

4. Y., ¥. Choi and S. ¥Wang, "Semiconductor internal-reflection-
interrerence laser," paper PD0P6, Technical Digest, Topical Meeting
on Integrated and Guided-wave Optics, Pacific Grove, CA., January
6-8 1382).

H. K. Choi and S. Wanz, "Semiconductor internal-reflection-
interference iaser,” Appl. Phvs. Lett., vol. 40, p. 571 (1982),

6. I. H. A. Fattan and S. Wang, "Semiconductor interferometric laser,"
Appl. Phvs., Lett., vol. 41, z. 112 (1382).

Significant Accomplishments

As reported in papers *-c in the putlication list and summarized in
the Progress-to-Cate section, we nhave achieved iongitudinal mode stabil-
ity over an extended temperature range. In the tandem-cavity laser, the
amount of internal reflection required to cvercome gain variation 1is
only of the order 10"3, The smallness of the reflection means that the
internal-reflection scheme should be applicatle to most index-guided
lasers. Recently, we nave extended the ccncept to lasers involving cou-
pled lateral modes. Not only was single longitudinal-mode operation
achieved, but also a temperature ranze as large as 30°C was observed in
which the laser wavelength was lccked to one longitudinal mode.

Proposed Research Prozram

As discussed in the State oI the Art review, in order to explore
new applications for semiconductor lasers and to extend microwave tech-
niques to guided-wave optics, it becomes necessary that we study lasers
with complex structures for performing functions other than merely pro-
viding coherent radiation. Furthermore, since a laser is only a part of
an optical system in practical applications, analytical methods must be
developed so that the laser performance can be analyzed in the frame of
an optical network.
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In spite of the rrogress made in imgroving the zarformance of sem-
iconductor lasers, tu i S tne laser wavelength has not been
achieved. We opropose ¢that <the zandem-cavity laser and the inter-
ferometric laser be ssudied for wavelenztn tunadility and controlled
wavelengtn switcning. 4An estinate dased on the elecirooptic coefficient
in JaAs indicates that 2 tunable range rfor the laser wavelength in the
neignborhood of 38 should be rossitle. TFor wavelength switching, the
range snoull be much larger, probadly cn the arder of 30 to 1CCA.

o
|9

3esides tunable lasers, another subject of considerable interest
and practical importance involves lasers with built-in mode coupling to
crovide wavelength stability. Our work on the tandem-cavity laser and
the interferometric laser has shown that *the interference vetween the
longitudinal modes of two couplad cavities can be used %o advantage in
wavelength stabilization. A coupled-cavity laser automatically selects
a wavelength at which the fields in the coupled cavities interfere con-
structively. We propose that the work on the tandem-cavity laser be
continued to establish a desizn criterion for the laser. At the same
time, we plan to apply the concept of coupled modes to lateral modes.
Preliminary results are very encouraging. 4s reported earlier, a
stable-wavelength temperature range as large as 30°¢ nas been observed.
¥e propose that work on coupled-lateral-mode iasers be continued.
Theoretical studies on the benavior of the laser are in progress for
comparison with the experiment.

Another subject wnich we are currently investigating concerns the
cossibility of operating a semiccnductor laser in a traveling-wave mode
ingtead of a standicng-wave mod: 23 in the conventional TFabry-Peros
laser. As mentioned in the Progress to Date report, we have analyzed
various possible combinations of the circular and straight guides, and
found one particular combination very promising. One obvious, and
potentially important, advantage 1s <the possibility to ainimize the
effect of optical feedback on the dominant circulating mode. Such feed-
back has been the cause for induced pulsation in semiconductor lasers
#hen coupled to an optical fiber. We propose that our present work on
the *raveling-wave laser be continued. ‘e select the curved inverted-
ridge (IR) waveguide for the experimental rirg laser structure for %wo
reasons. It can be fabricated by zrowth over an e+ched channel, with
#hich we are familiar in fabricating straight IR waveguides. Second it
is possible to incorporate reversed biased p-n Jjunction in the laser
structure for double current confinement as we did in the DCC-CSP laser.
However, for a circular cavity, the index difference must be large
enough in order to keep the radiation loss small. This is an important
design consideration which needs further work for its implementation.

The work on coupled semiconductor lasers for phase control, powver
combining and tuning will be continued with coupling introduced both on
the laser chip, and externally., For the former method, evanescent cou-
pling between laser stripes will be compared with direct connections
between the stripes by various methods. The optimum coupling for phase
locking without introducing undesirable relaxation oscillations will be
investigated21. The work on external coupling will presently concen-
trate on the continuation of fiber couplings described under "Progress
to Date,"” but will also consider coupling through a series of Y
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junctions in lithium-nicdate 3Juiaes. since the jesign of these is well
worked out.

The work on dispersion wiil =2xtend the current work >n the micres-
trip configurationaJ ty <=ne <orlanar -zonfiguration also“’, ‘Worx so far
nas been on <the geometric dispersion resulting from couvling %o subD-
strate modes, but loss Jisversion, and the effect of material aispersion
for guides operating near the band edge will be investigated.

Interaction with J+ther Work 'nit

Frequent consultation is anticipated with the work unit on =2lec-
tromagnetics concerning wave propagation in dielectric waveguides.
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In this project we proress = 3ludy 3 radiat:on detection systems
involving direct detection an! sucerneterodyne alxing %echnijues using
various nonlinear devices >r nixers ana detectors. The wavelenath
range of 1interest 1is the =ntire zand ¢f freguencies from nmillimeter

17

through far infrared, that is, ! =m tec 10 microns wavelength. It is of
particular interest to understand which techniques are favored - - in
the framework °f realistic receiver svstems - - for application in vari-

n
eiv
cus parts of the frequency ranze. The investigation will involve cou-
rling of radiation to devices with impedance matching, selection of the
best devices and obtaining their characteristic parameters, and a study
of optimal coupling to intermediate-rrequency amplifiers. OJbjectives
include low-noise receiver perf:rmance, plus other advantages such as
wideband response and, for some devices, room-temperature operation.
The novel devices in question !teing developed vartially under other
sponsorship) include planar Schottxy diodes, super-3chottky diodes,
cryogenic SIS and Josevhson junctions, metal-barrier-metal diodes, and
novel configurations of other, more convenient detectors. Attention

a

will be given to principles of coutrling to multiple-device arrays.

State or the Art

The noise temperatures of mixer-IF amplifier combinations have been
survevec for the frequency ranze ! 3Hz (wavelengths of 20 cm to 0.3 cn)
{1}, Room temperature mixers are usually Schottky diodes in this range
and their best noise properties are typified by a measurement by Kerr
L2} at 100 GHz; assuming an IF amplifier with a 159 K noise temperature,
the single-band noise temperature for the mixer-IF amplifier combination
is about 550° K., ©Equivalently, +his is 2 minimum detectable power of
J.76 x 10=20 ¥/Hz, That value was then further reduced by nearly a fac-
tor of two by cooling the diode (essentially the same results are
achieved at T = 130 K or T = 770 ¥},

To achieve large reductions 5 noise temperature for frequencies in
the several-millimeter wavelength range, superconductive devices must be
used, There are two general catezories. In one, the Josephson effects
are employed, and in the other, the nonlinearity that comes with
single~particle 'tunneling in superconductors. The best results obtained
with Josephson devices have mixer noise temperatures in the range of
20-50 times the liquid-helium bath temperature with conversion efficien-
cies in the range of 0.5-1.4. Mixer noise temperature of 54° K with
conversion efficiency of 1.4 at 35 JHz [3], and 140° X with conversion
gain of 2.4 at 140 GHz [4] nave been achieved. Opinion now is that the
Josephson devices have too much noise down-converted into the IF range
by beating of the RF noise with the many harmonics of the LO signal and
the Josephson oscillations. Still, Taur estimates from detailed com-
puter calculations that a receiver noise temperature of 70° ¥ should be
achisvable for a SSB receiver at '30 GHz, assuming an IF amplifier with
a 20° K noise temperature [5].

Considerable emphasis is now being placed on the "quasiparticle"
(single particle) tunneling devices, also known as NIS and SIS junc-~
tions. This has grown out 0f the realization that very strong non-
linearities of the I-V characteristic are available for classical




r23isTive nixins Tnrouzn tne us3e ~I devices <that Tunction a2t milliwvolcx
levels wWaere a sSnarc cnang2 < 3.:te results rom the existence ¢f <he
superconiuctinz enersy =sac. The <xperimental work has_ been further
nspired bty “he juantum-nechanical anaiysis of Tucxer 15) showing <*ha-s
an SIS mixer can oe e2xgected to £ive Tuantu u-;;ﬁl ed detection sensi-
T+
It

tivities at high fresuencies (5 7C IHzj. nasgs also shown that conver-
sion z2ain can bYe extected <rom <these devices. The earliest of the
Jquasiparticle devices was the super-3chottxy i3iode, wnhich is a Schottxy
diode with the metal =2l2ctrode replaced Ty a superconduq}or. These
showed the best diode noise temperature ever seen at 10 GHz 18]. In the
usual conrfiguration, the series resistance leads to a parasitic conver-
sion loss which increases strongly with frequency so that usefulness ¢
the device 13 limited <0 wavelengins longer than several millimeters.
In the normal metal-insula.or-superconductor NIS tunneling device, the
Schottky tarrier is replaced bty that of the insulator, and the series
resistance is largei:y eliminated. The same applies in the case of the
superconductor-insulator-superconductor SIS junction; in this device,
tne nonlinearity i3 stronger but it also nas Josepnson current which can
add noise. Results to date on the SIS and NIS junctions have teen
excellent {9). Fxperiments with ZIS junctions at 36 GHz have demon-
strated the predicted conversion erfficiency. The single-sideband value
of 0.7 {or 1.4 in TSB) is =zreater than can be expected from classical
nixing theory. The mixer noise temverature of 3° K (SSB) is very close
to the photon noise limit hy /ey = .70 ¥, Thege experiments were done
with lead-alloy oxiie-carrier-junc:ions. It would be advantageous <to
e a more rugged system such as nicbium on thin silicon membranes.

o4
4]

The highest frequency a* which the :uas‘particle mixers have been
regorted 1is 115 JHz where a conversion efficiency of 0.2 and a mixer
noise temperature of less than about S0° ¥ were deduced from a receiver
noise temperature of 4700 X, One part of our work is aimed at making an
antenna-coupled mixer at one millimeter wavelesngth; the first measure-
ments will be at 70 GHz. Carrying the advantages of these devices %9
the submillimeter wavelenZth range is a large and important task.

:N

At waveiengihs near 'D nicrons, extrinsic and intrinsic rchotocon-
iuctive and photovoitaic detectors can be used as mixers. Minimum
letectavle power near the quantunm _-imit {about 10-20 watt for 1 Hz
pandwidth)} has been demonstrated !G,10). Although results have bYeen
impressive, it is difficult to obtain IF bandwidths much larger than !
3Hz with such Duxers. Moreover, they all require refrigeration, at
least %0 77° K. As one goes toward longer wavelengths, mixers are more
difficult to make. A detectable power of 2 x_l()"l W at 119 um using an
extrinsic Si mixer at 29 X has been reported L11]; in another experlmen‘
with an extrinsic GaAs mixer at 19K, a detectable power of 107 14 yats
was reported at 337 um [12].

In principle, one should be able to do much better than this at
w#avelengths around 0.1 mm, using resistive diode mixers at room tempera-
ture. Minimum detectaole powers on the order of kTB, or 4 x 10=¢!
watt/Hz, are theoretically possitle. But results achieved to date fall
short of theoretical limits: with uchottxg diodes, for example, room-
temperature detectable powers of 19'-, 10-1 and 5 x 10=15 W/Hz at 118,
170 and 337 microns, respectively L13,14]. One experiment has also been
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Quasiparticle SI3 aixers Tor the millimeter range are alsc teing
develoved. Here our anproacn has centered on unifying the SIS junction
with an antenna structure, the latter to provide efficient coupling. A
typical design consists of a sanawich-type vee antenna with four SIS
junctions in series at its terminals. Performance approaching theoreti-
cal guantum limits is expected near 70 GSHz. At higher rrequencies the
capacitance of the junctions becomes a problem, and a novel method has
been developed to *une reactance out (see oroposal). With this scheme
i* should be possible to use %ine antenna-ccupled SIS at frequencies up
to 300 GHz. This work is continuing.

In order to test receivers near this higher frequency, a 230 3JHz
isotopic methyl fluoride laser has been constructed. The CO, pump laser
is now working well and the FIR laser itself is being perfected.

T™is JSEP grant nas supported some exploratory research with planar
Schottky diodes. The design of these diodes has been developed and
analyzed. Considered as video detectors, these diodes are expected to
have NEP hizher than that of non-pi: .ar dicdes by a factor of about ten.
This drawtack is compensated by the sreater ruggedness and integradbility
of the pvlanar diodes. Practical development is now being carried on
further under non-JSEP support.

We nave shown that efficient coupling of radiation at 36 GHz into
thin film metal-barrier-metal junctions can occur. Sensitivities within
a factor of about three to five of Schottky barrier junctions can be
ootained Zor direct detection at 36 GHz. The noise was 1/f limited up
to a rew tens of megahertz when a bias was applied. The characteristics
o2f this ncise spectrum are attributable to impurity noise and can possi-
bly be alleviated by better fabrication of the barrier material. In the
absence o the 1/f spectrum (hizh frequency or zeroc bias), the noise was
Johnson or shot in nature.

Heterodyne detection at 36 3SiH{z and harmonic mixing using a 72 GHz
signal were alsc performed. Conversion losses were respectively about
ten to twWwenty db greater than that reported for commercially available
detectors. However, an optimum design for the harmonic mixing experi-
ment was not used.

These experiments, the results of which are described in detail
elsewhere {15], provide strong evidence that the metal-barrier-metal
structure would be superior to Schottky barriers at higher frequencies:
frequencies above which the spreading resistance results in inferior
performance for the Schottky devices. We have thus initiated a study of
the fundamental characteristics of metal-barrier-metal junction struc-
tures at shorter wavelengths.

An initial experiment [16] has demonstrated the coupling of 118 um
radiation to an edge metal-barrier-metal structure situated at the
center of an eleven wavelength antenna, Although the sensitivity of
detection was not hizh, the couvpling principles first suggested by Hwang




unction 15: had an area 91 Zme wnioen i3 cimrarasls o
L cntact Junction. Thus =<ne 27 ::me 1onstant orresgoaded c oa
wavelenzgta much shorter than ! T ig ini:ial ietection experiment
established that coupling to plarar jun icns is possible and that fun-
iamental investigations of a varisty of mixing and detectic
at shorter wavelengths are possible, Recently a more sopal
nling structure has been incorvorated. This involves the chemical etch-
ing of a silicon substrate at an angle to form a prismatic coupling ele-
ment along the edge of the substrate. The linear antenna structure of
+<he tunneling junctions are then Fabricated on the substrate such that
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"Monolitaic Integration of a Dielectric Millimeter-Wave Antenna and
Mixer Diode: An  Embryonic Millimeter-Wave I7," IRET Trans.
Microwave Theory and Techniades, .August 1382).

“Antennas and Waveguides ror Far-Infrared Intesgrated Zircuits,”
IZE2 5. Juantum Electronics, QJE-16, 508-516 {May 1380).

The sllowing doctoral theses were completed by students receiving

support from JSEP:

"Tharacteristics of Metal-Oxide-Metal Tevices," Mordehai Heiblum. The
abstract i3 as follows:

In the past ten years, metal-oxide-metal {(MOM; devices, in their
point-contact configuration, nave been used for harmonic-, sum- and
e

ifference-generation at frequencies up to the near infrared, as
well as for detection of visible radiation.

Because of the lack of mechanical stability of point-contact confi-
guration, planar MOM devices are desirable. Rarlier efforts, how-
ever, have resulted in devices with undesirably large area. In
this work I report a new integrated device with area comparable to
shat of the point-contact coufiguration (~ 10='9cm?), which we name
"Edge MOM." TFabrication methods and detection characteristics at
oC and at 10.6, 3.39, and 0.6328 um are descrived. A detailed
description of <%he Edge MOM Jjunction and its ©oenavior under the
influence of impinging radiation is given.

An extension of the MOM to an MOMCM is suggested in part two of the
work. The suggested MOMOM has the theoretical capability of ampli-
fying optical siznals.

In order to find the limitations of the MOMOM, hot-electron devices
such as: MOM-vacuum-metal, MOM-semiconductor, and MOMOM are
theoretically investigated. As a result a provosed structure with
effective interaction area (10"0-1O‘°)cm2 and oxide thickness on

the order of 10 A is proposed, which might have a transfer ratioc of
0.3 - 2.5.

Different coupling mechanisms such as: wave-guiding, antenna, and

surrace~plasmon coupling are looked into and frequency limitations
are estimated.

"Metal-Barrier-Metal Junctions for Millimeter Wave Mixing and Detec-
¢ion,” Charles William Slayman. This thesis has the following abstract:

Metal-barrier-metal (MBM) junctions were used to mix and detect
millimeter wave radiation., The MBM junctions used in this work
were of the stable *thin film type with areas of roughly | um x ! um
and fabricated using conventional photolithographic techniques.
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The iavices tested were vredominantlv 3I the Ni-Ni0-4i variety.

A brief review of 1, <he theory c¢f <he nonlinear surrent vs. vol-
tage (I-7) characteristic of the M3M, Z) the ejuivalent circuit of
the device, and 3) the processing steps used to fabricate the Ni-
Ni0-Ni Jjunctions is presented. Devices of Jdifferent imcedances
w#were produced by varying the processing procedure. The I~V charac-
teristic, dynamic resistance Rdynv and nonlinearity I"/I' were
measured ror the different devices., It was found that the non-
linearity was not dependent on the processing parameters. The low
temperature (77° X) characteristics of an A1-41503-¥i and a Ni-
NiO-Ni juncticn were measured. Setween 4.2° ¥ and 77° X, the I-V
characteristic of the Ni-NiQ-Ui1 junction did not change.

A brief introduction to the possible noise mechanisms in MBM Zunc-
tions is presented. Any *two terminal device (both of whose elec-
trodes obey Fermi-Dirac statistics) that displays shot noise under
bias will display shot noise at zero bias equivalent to the thermal
noise of a resistor. This ract was experimentally observed in a
940Q Ni-NiC-Ui junction. Under bias, however, the device displayed
a 1/f'+! noise spectrum up to 100 kHz and the RMS noise current was
found to be proportional to the bias current and not the square
root of the bias current.

Detection experiments were performed at 36 GHz with Ni-NiO=Mi junc-
tions ranging from 180 2 to 12.3 @, The detected signal saturated
at power levels above 10 uW. The millimeter wave response was stu-
died under short pulse (30 ns) and long pulse (6 ps) conditions for
a normal and a burned Ni-Ni0-Ni device. The sensitivity of <zhe
Junction was found to increase threerfold at 77° K. A comparison of
the performance c¢I the various Ni-Ni0-Ni junctions to point contacs:
MBMs and commercial Schottky Jdetectors is made.

Fundamental mixing btetween two 36 GHz klystrons and harmonic mixing
between a 36 GHz xlystron and a 73 GHz klystron was performed using
various Ni-Ni0=-Ni junctions. Mixer conversion loss and noise tem-
perature were studied as a function of bias and local oscillator
{L0) drive. Though the Ni-NiO-¥i diodes are not as sensitive as
Schottky mixers and detectors, different MBM systems might ulti-
mately prove to be more nonlinear,

“High-Speed Photodetectors with Interdigital Mesa Structures on Si Sur-
faces," Dennis Cheng-wei Chen. This thesis has the following abstract:

Silicon photodetectors were fabricated to convert incident optical
radiation into electrical signals. The symmetrical lateral photo-
detectors devised and studied in this work were made over interdi-
gital mesa structures with areas of 0.5 mm x 0.5 mm using the
anisotropic-etching technique.

A brief review of the fundamentals of junction photodetectors is
first presented. Concept of the lateral pnp photodetector is then
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introduced. Detectors W#ith iiffe2rent Jimensicns wWere fabricated,
T™e -7 curves were =xamin2d andé 2xhitited shotctransistor charac-
reristics. Puised-liznt resvonses wers measured wita various laser
gources. Rise ¢ime and FWYHM ‘Sull width at nalf maximum) of the
impulse response were observei to 2%e *'00 ps and 13C ps, respec-
tively. The noise characteristics are also studied.

finally, the avalanche oreaxdown mechanism was included to realize
an avalanche phototransistor. JCharacteristics of this novel device
were measured and are discussed.

Compatibility with the existing monolithic planar processing makes
these detectors interesting for optoelectronic applications.

"Submillimeter Intezrated-Circuit Antennas and Tetectors,” David 3.
Rutledze. This thesis has the followinz abstract:

Integrated-circuit technijues promise to make possible reliable
submillimeter devices and arravs. This thesis digcusses three dif-
ferent integrated-circuit antennas. The first is an evaporated V-
antenna in a sandwich of crystal-quartz substrates. This was the
first evaporated submillimeter antenna to have a predictable pat-
tern, and it has been successfully tested in a plasma interferome-
ter at 119 um. The second is a dielectric-waveguide antenna, made
oy anisotropic etching orf silicon. This antenna has been
integrated with a Schottky diode, The final antenna is a multi-
mode, tunable array of 400 microbolometers. This approach gives
efficient coupling between source and the detectors. The array
achieves a D of 2x108cmHz1?2W'1 at '.4 mm with a modulation fre-
quency of 1 ¥Hz.

Significant Accomplishments

We have gained an improved understanding of the processes involved
in tne fabrication, by the twc-step etcning procedure, of silicon mem-
brane Josephson devices. Succesasrul ievices have been made and tested.

A technique wa. developed for formation of silicon walls 1.0 um
nigh and < 3.1 am thick by preferenzial etching. These are being made
fcr super-3chottky diodes and Josephson junctions.

The e2thylenediamine-pyrocatechol-water etchant is used %o form thin
nenpranes of silicon having controlled thickness. We have carefully
measured etch rate vs. boron doping as an aid to thickness control.

A new approach to tunable quasiparticle mixers has been devised.
The novel features of <*his design are (a) use of an integral planar
antenna to improeve coupling, and (o) use of an electrically-tunable
variable reactance to cancel device capacitance. The SIS junctions have
now been fabricated and testing is ready to begin.

The usefulness of metal-barrier-metal junctions as millimeter-wave
mixers nhas been demonstrated experimentally. Results indicate that
their mixer noise temperatures are comparable to those of Schottky
diodes, although conversion efficieancy is less.
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Working tunnelinz junc<isns nave T2

en 7atricated sn 3i substrates
#ith prismatic coupline struccurss incorcorated, 4 co-planar strip line
nas also been fabricated <o ccutle nmicrowave 1.8, 12T 3Hz) from the
tunneling Jjunction 10 semi-rizii co-axial cable ané into 2 microwave
spectrum analyzer. The co=-planar structure matches the microwave 1i.f.

system to tne tunneling juncticn.

Research efforts relating <o the ievelopment of such tunneling
junctions in a planar configurazisn nave also contributed significantly
to the development of planar cornisurations of conventional photodetec-
tors, and alsoc the incorporation 57 <unneling junctions into such detec-
tors to limit the dark current. This effort has acknowledged partial
JSEP support.

A study of dielectric wavegiiies as comronents for millimeter-wave
systems has been completed and sucmitted for publication.

Proposed Research Program

Research on the use of the ctpnenomena of superconductivity in <+he
rroposed work for detection and nmixing will take three paths. Microfa-
brication of the silicon-coupled structures will continue in order to
improve the control of their elec:rical characteristics. A new coupling
concept in the form of a micrcsirip-type of electrode arrangement to
ninimize the effect of the vacitance of the substrate will be
evaluated. Devices will be tes<zi as mixers at 3% GHz and 90 GHz to
prove the assertion of reduced rarasitics. This will give a guide to
the frequency limitations of this type of structure so we can evaluate
whether it can be used in the submillimeter-wavelength range. The
choices of metals will be such 2s to realize both Josephson and super-
Schottiky behavior. The supercorniuctor used will, at first, continue to
be the lead-indium allcy. One =7 the virtues of the silicon membrane
barriers is that high-T, materials should make satisfactory electrodes,
thus maxing it possible to fabricate rugged mixers that can operate in
the temperature range wnere sma.. simple refrigerators are available.
Thus the use of such other materials will be studied toc see if there are
unexpected phenomena.

na
-z
-

Super-Schottky and Josepnsor devices made using a thin vertical
membrane as the coupling agent te<ween two sections of a superconducting
strip will also be tested as a dezector and mixer at A0 ZHz.

A theoretical model of the semiconductor barrier Josephson junction
will be developed., We have already partialiy evsluated one proposed
model snd find that important astects of the electrical properties are
not described. The new work will make use of the phase-slip model that
has had success in describing other simpler types of Josephson junc-
tions. The extra complications iz the semiconductor barrier structure
are that it is physically inhomczeneous, having Schottky barriers at
each of the interfaces of the semiconductor with the superconductors and
a degenerate region between them.

We also plan to continue with studies of quasiparticle mixers for
the 70-300 GHz range. The design we are pursuing, developed conceptu-
ally during the last reporting period, will now be described. A planar
vee antenna is deposited on a gquartz substrace [17]. At its terminals
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we consiruct four lead-indium SI0 junctions in 2erizs. o Four are used
to increase inpedance, so 1t aprreximately natganes tne antenna source
impedance.! A parallel-ccniucsor sransmission n .nearly lossless

T Line

tecause it is made oI superconductor! is constructed in parallel with
the set of junctions. At the other end of this line is a larger SIS
junction dc biased with an adjustadle current less than the critical
current. This junction acts as an inductor, whose reactances can be
varied by varying the current. This reactance is cransformed by the
transmission line, and the transformed reactance 2ppears in parallel
with the mixer diodes. By adjusting the dc bias current and choosing
the size of the tuning junction and length of the transmission line, we
expect *that the capacitance of the nixer Jjunctions can be canceled.
This will allow us to use the SIS nixer at frequencies higher than has
been rossible until now., If the new design approach is successful it
should find important uses, especially in astronomy. Observations of
new phenomena should alsoc be rvossible. In particular, the predicted
juantum effects of Tucker [d: should cnly become ocbservable at frequen-
zies above 120 GHz; our technijue for canceling caracitance should allcw
such observations to be made.

A cconsiderable amount of information has teen ¢btained by investi-
zation of the detection characteristics of metal-barrier-metal junction
structures. This includes the recent work involving 36 GHz detection
115) using waveguide coupling as well as !!2 um detection utilizing
guasi-optical courling [161. The 36 GHz work demonstrated virtually
120% coupling of the incident radiation, It also provided verification
of detection based upon rectification by the current-voltage charac-
terigtic ¢7 the Junction. The 118 um detection demonstrated that
antenna theory can be applied to the quasi-optical coupling and that
siowing of %he guided mode along tne antenna occurs and must be con-
sidered, as pointed out by Hwang =23 al. L17].

The detection and mixing characteristics of metal-barrier-metal
structures are expected to be superior to other devices at shorter
wavelengths. In addition, fundamental characteristics of such nicros-
tructures should be investigated at high frequencies to avoid thermally
induced signals or other low frequency signals which could mask the tun-~
neling signal. Yontheless, thermal effects should be minimized since
both the tunneling characteristics and antenna coupliing characteristics
can change, the latter through subs<trate loss primarily. Thus proper
choice of the substrate is important as well as electrode shapes which
maximize conduction of heat away from the junction.

To observe the high frequency characteristics a convenient choice
is an investigation of harmonic mixing utilizing the 28 um output of a
water vapor laser and the 9.3 um band output of a COp laser. The IF
frequency is in the 20 GHz frequency range and can be detected directly
with a high frequency spectrum analyzer. All of the experimental
apparatus to do this experiment is in hand. In addition, such a har-
monic mixing experiment has been accomplished with point contact metal-
barrier-metal structures [19]. It can be argued that this was a direct
demonstration that currents flowed across the Jjunction at a frequency
corresponding to 9.3 um and consequently established the fundamental
requirement for " lumped components at near infrared wavelengths. No
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similar mixing nas bHeen accompiisnel with ©vlarar Fabricated metal-
barrier-ret ;
thermal asp

‘uncticn structures, corimarily Tecause ofF tnhne couvliinz anid

We wisn toc inizially use the Aquasi-ovptical prismatic coupli
scheme which we have developed and described In previcus section
Detailed coupling characteristics and signals expected are to be calcu-
lated. An approximate estimate orf the signal expected has already been

na

made and indicates “hat the experiment i35 Teasible.

Thus far we have been pursuing the microfabrication of e=dge M-B-M's
on a siiicon suopstrate as detailed in the previous two sections. We
plan in the near term to demonstrate direct detection at 28 um and 3.3
pam atilizing sucn junction structures. EZlectron lithograpny will be
considered for <che fabrication of edge junctions with a smaller area
{(and therefore a smaller RC time constant) for the detection at 9.3 um.
Subsequent to the direct detection experiments, the harmonic nmixin
experiment will bve attempted. Of oprimary interest is the bdehavior of
the IF siznal detected as a function of both the bias across the junc-
tion structure and the angles at which the radiation at 22 and 9.3 uum
are incident,

The results of the mixing experiment will provide a measurement of
the coupling characteristics and fundamental knowledge concerning the
tasic rtrenomena resgponsible for the hnigh frequency voltage-current
characteristics of tne tunneling mixing devices. It is possible that
improved nonlinearity could allow gJuantum effects to bLe observed
116,19,2C!. We plan to investigate a variety of junctions expected to
have improved nonlinear characteristics for both direct detection and
heterodyne mixing. We are alsc interested in other antenna configura-
tions which have the potential to improve coupling. The geometry of the
junctions also lend themselves to possidle enhancement of the radiation
field in the region of the Jjunction structure by the ~fabrication of
various types of resonant structures a* both 9.3 and 28 microns.

The motivation to improve the tunneling and coupling characteris-
tics and *o ennance <he fields in the region of the junctioca are
expected to result in new microstructure approaches <to radiative
interactions with solids. The efforts have also stimulated a consider-
able effort in related areas such as picosecond detectors in various
microfaoricated devices.

Triode-like M-B-M-B-M structures have been considered in some of
our earlier work as potential amplifiers or oscillators at millimeter
frequencies or higher. Such devices still appear ¢o have promise, and
althou they will not occupy a major portion of our attention under
this contract, we plan to continue exploratory studies insofar as they
are related to the work proposed above.
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About tWwenty ye& 's ago, tne unity o the basic concepts and techniques underpin-
ainz the Jundamental study of <¢.rcults, 2ontrol systems and communication systens
became atparent and became <nown as system ctheory. W#ith rapidly increasing power ané
decreasing cost oI computing, these concepts and tecnniques were applied to larger and
larger systems, This commonaltiy of basic theoretical <ools and approaches still exiscts
today and as the size c¢f the system under stuay increases, the nature of the problem
cnanges.

These features are particularly apparent in the first pair of topics which cover
respectively larze circuits and large control systems. In each of these topics we see
a Tundamental interweaving of Jdecompositicn technigues -- such as diakoptic analysis,
grapnic decomposition by strongly connected components and minimum essential sets, and
decentralized control by creation of a hierarchy --, modeling technigues -- piecewise
linear and spline approxim..tions -- and analytical tezanijues.

The third topic is a tolld project aimed at stepping out of %the by-now-traditional
use o7 simulation for computer-aided electronic circuit design and reaching for a more
sopnisticated level where the simulation is ccupled with up-to-date optimization algo-
rithas to direct the design toward a minimum of a previcusly chosen objective function
or towards the display of a trade-off curve {or surfaze), so that the engineer, using
aiditional data not present in the matnematical formulation, can chcose what he deens
%0 te optimum. A significant feature of the cptimizasion algorithm is that inequali=v
constraints may easily be imposed, a fact which we :2onsider crucial in engineering
iesign.

To anyone who studies these three oroposals it is 2lear that in the course of :he
#ork there will be ample oprortunities ror interac:iszn and cross-fertiliza<ion, both
through normal informal contacts and throuzn regular seminars.
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Scientirfic Objective

Sur objective is to continue our researcn erfforts on larke scale
and nonlinear circuits wnich were initiated several years ago. The many
tools and results that we have dJeveloped so far continue to serve as a
foundation for our future research and will be used to attack several
interrelated fundamental provlems in this relatively unexplored but
important area.

State gi the Art

Network theory played a major role from the early 40's to the 60's
in the development of the present day communication systems. The main
thrust of network theory then was directed at the analysis and synthesis
of linear c¢ircuits which can be characterized by a relatively small
number of differential equations. Although in recent years many authors
have published papers on ronlinear circuits and large-scale networks,
the extent of the development of large-scale nonlinear circuits, both in
theory and applications, is nowhere near the kind of maturity in claasi-
cal network theory. The advances during the past decade in elecronic
devices and integrated circuits, coupled with the immense impact of com=-
puters on circuit analysis and design, have drastically changed the
nature of the problems faced by circuit theorists. While asnlysis of
circuits is still the key problem, it is mare difficult in view of the
size and complexity orf the circuit and the inherent nonlinearity which
exists in mosat electronic devices. Furthermore, the 3cope and signifi-
cance of "circuit analysis” has been much broadened. Theory and tech-
niques developed from large-scale networks and nonlinear circuit
analysis can of‘en be used in other types of large-scale network and
system problems; for example, computer networka, power networks and com-
nlex control systems.

It should be noted that because of the size and complexity of LSI
and VLSI, the objectives and approaches in analysis are considerabdly
different from those of the clagsical network theory. First, computa-
tion becomes a key element in the study of any large circuit or system.
The development of efficient algorithms is crucial. ‘While theoretical
results are essential, often one must also depend on heuristics.
Second, the study of the structure of a large circuit and the property
of interconnection is important. Frequently, large problems need to be
divided into smaller sub-problems in order to facilitate analysis, data
storage and computation. Third, design is usually accomplished by
experience as a first step and improved on by repeated analysis.
Fourth, such problems as reliability study, tolerance analysis, diag-
nosis and testing are important and should be kept in mind in the
overall design’ process. The last item conatitutes a new area of
research which was not a part of classical network theory. All these
indicate that there exist 3 large variety of problems of a circuit-
theoretic nature which need to be studied.
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Srogress and Cublizatisns Jipce alt it Tronci3al

"he follcowing =3 2 summany ! reseur:n LriLress in the area o7 non-
linear and large-scale networks «hi2n wer2 rublished since the la
major proposal.

1. Research Proaress on Piecewise-Linear
Analysis and Piacewise-lLinear Alzesra

Piecewise-linear tecnnigles nhave been used extensively in circuits
and systems theory to moael dc nonlinear znaracteristics of electronic
devices, and to study a large class of nonlinear resistive networks. In
1977, Chua and Kanz introduced new anaslytical representations for one-
dimensional piecewis=-linear functions'. This piecewise~linear
representation was subsequently ,eneralized to the nulti-dimensional
case: 1t is applicable for any m-dimensicnal piecewise-linear function
#hich is affine over convex polynedral regions btounded by linear parti-
tions2. This generalization results in a tremendous amount of data
compression, thereby allowing large-scale piecewlse-linear equations to
be stored in significantly less computer memory space. Application cf
this result to the modeling and analysis of large-scale networks i3
presently under investigation.

A new algorithm has recently been developed for solving piece-ise-
linear equations c¢f nonlinear electronic <circuits.® Unlike other
methods, this algor:ithm zuarantees tnat all solutions will be found in a
finite number of steps. The method depends crucially on the above cited
ievelopment which allows a multi-dinmensional piecewise-linear function
to be represented in a closed canonical form. This highly compact
representation requires only a ainimum amount of computer storage and is
responsible for the efficiency ot the slgorithm

Although motivacted originallvy by analysis problems, the piecewise-
linear representation in reference 2 led naturally to important applica-
tions in nonlinear circuit svninesis. In particular, svstematic methods
for synthesizing nonlinear networks havinz a prescribed scalar or nul-
tidimensional piecewise-linear function have bteen developed3. In the
scalar case, precision active-circuit building hlocks using operational
amplifiers, transistors, diodes, and resistors have been derived for
realizing piecewise-linear drivinZ point and transfer characteristic
plots. In the multidimensional case, methods have also been obtained
for realizing a multiterminal nonlinear retwork having a multidimen-
sional piecewise-linear transfer function. Moreover, these methods have
been generalized by synthesizing nonlinear n-ports having a prescribed
multidimensional piecewise-linear driving-point function. Although most
of the basic bduilding blocks are grounded active networks, converter
networks nave been developed {or transforminz such grounded networks
into floating networks having the same proverties. By slight nodifica-
tions of these converter networks, other useful conversion properties
nave also been developed.

#7,. 0. Chua and Robin L-P. Yine,"Finding all solutions of piecewise=-
linear equations,” EZRL "emo 'UCR/FRL YE1/81, 2% July 1981,
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dore recently, this nultidimensional piecawise-iinear representa-
tion has led %o the partial resolution O 3 neretorore unsolved

ture rirst posed in 15784, In a recant paper’,* we nave roroved that
every recivrocal n-port resistor represented bty our n-diimensional
piecewise-linear functicn is realizable by a nonliner circuit czontaining
only 2-t2rminal piecewise-linear 1 resistors and a reciprocal linear
element, suca a4s a (p*n)-port transtormer. 7This result thereby resolves
one of the many fundamental questions raised in reference 6. In partic-
ular, we nave proved the following:

4 eongec-

PR - DY

Theorem !. n-oort Reciprocity cCriter:

A piecewise-linear n-port described by

m
1
By =ap # byt F Byp¥y 2 Tl vt T Ve T Bk 1
k=1
My
i = G, Vy * ... *ta v - B |
g =ay #bpvy ¥ oo DV ¥ k;l Ink! ak, ‘1 ak, ‘n 7 Pk
is reciprocal if and only if
a) bji =b1-J-
b) mj = my
C) ujk] = Qik] ] k = 1020'--;mj
= VN
ajkn aikn . k=1,2, 3

Sjk = Bik ) k = ]\21'--|mj

*The second author (David J. ZJurtin) was suocorted by the JSEP Con-

tract F44620-71-0087.
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A pilecewige-linear n-vor® sati inz the atove rec
can be synthesized usinz only passive piracewlse-line
tors and a (p*q)-port transiormer if ana only if ¢

concitions given in reference 5 is satisried.
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Both theorems | and 2 could not be proved witnout using our mul-
vidinensionel piecewise-linear representation whose explicit analytical
representation was crucial in constructiang the piecewise-linear alge-
braic proof.

Recently, wWwe have developed two approaches ror realizing a (p'q)-
zort transformer using oceraticnal anmplifiers.* Unlike iron-core
transformers, our realizaticn is viziid fronm QC to 8 relatively high fre-
quency, limited only bty the op amp's Irequency response.

2. Research Progress on Qualitative Jonlinear Network Analysis

Among the many important unsolved problems posed in the last major
proposal concerning the foundation of nonlinear circui: theory, the fol-
lowing are some of the recent results published on tnis subject.

a. Implications of Cavacitor-only Cutsets and -
Inductor-onlv Loops 1n Jionlinear letwcrksl

Let ¥ be an autonomous ivnamic nonlinear network. Let Ngg be the
associated resistive subnetwork obtained by open circuiting all capaci-

tors and short circuiting all inductors. We have proved the following
results in reference 7.

(1) Suppose that Npg ras only isolatei operatinz points. Then N has
only isolated equilibria, 1f and onlv if, there are no capacitor-
only cutsets and inductor-only ioops.

—~
ny
N

If the above condition is viclated, then there are a continuum of
equilibria even if the operatinz points are 1solated.

—~
(V]
~

Tet M1 be the set of equilibria. Then each <rajectory is con-
strained to lie on an arfine sgbmanifold M, which depends on the
initial state, such that M M pag only isolated points. Hence,
each trgjectory behaves as i it has only isolated equilibria. The
space M, because of its nature, can be considered as the minimal
dynamic space of the network.

“he above results are of special relevance to the computer sipula-
tion of nonlinear electronic circuitsS. The presence of inductor-only
loops and capacitor-only cutsets could lead to serious numerical prob-
lens during integration. These issues have been the subject of several
neated devatesd»'0 almost 20 years ago., The results presented in pro-

vide a definitive and rigorous resolution of the fundamental issues
raised in references § and 10.

®*L. 0. Chua, G. N. Lin and J. J. Lum, "The (p*q)-port transformer,"
ERL Memo UCB/ERL MB1/41, 11 June 1981,
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b. D2vrnapics o7 Jcsepnsen-~ unciiin Jircuitall

Although 3eeningly =2soteric, the elz2circmaznetic properties of
Josephson junctions have Dbeen used ia applications ranainz from the
measurement of minute computers with pico second switching times.

Although much has been publishee ccncerning Josephson-junction cir-
cuits, these articles are either quantum-mechanical analyses of the
Josephson effect or sundry reports of experiments which reveal some very
remarkable phenomena associated witn circuits containing Josephson junc-
tions. Those who have ventured t2 solve the differential equations of
Josephson-junction circuits have necessarily restricted themselves to

approximate methods, or the use cf approximate analog models. The

srtuation remains somewhat unsatisfactory from the circuit theorist's
point of view, as only a very limited insizht is available intoc the gen-
eral circuit behavior of the devices.

Qur research on Josepnson-junction circuits was conerned nainly
with developing a unified gualitative theory sf the ohenomena associatad
with Josepnson-junction circuits. Some recent progress has been
reported'!. In particular, the features of the d.c. I-V characteristic
of a Josepnson Jjunction have been explained rigorously in terms of the
flows on a cylindrical phase space. The junction phase difference #
attains an equilibrium point in the supercurrent regime, and acts like a
current-controlied oscillator in the rinite voltage regime. The hys-
teresis in these characteristics is due %0 the coexistence of an equili~
brium point and a periodic solution.

For the a.c. excited Josepnson Jjunction, the dynsmics are described
for a simpler circuit model as trajectories on the surface of a torus.
Jsing the concept of a turning point to define the various possibilities
of periodic flows on the torus,, the character of harmonic and subhar-
monic oscillatory waveform has been derived. FPFurthermore, the existence
of almost periodic waveforms has been established. The presence or
constant-voltage steps is related to the structural stability of the
turning rtoint, which roughly means that the character of a periocdic
oscillation is not arfected by small enough perturbations in the excita-
tion. An algorithm is given in reference 1! to numerically determine
the heights of these constant voltage steps.

A precise interpretation is also Ziven in reference |! showing how
an a.c. excited junction is subject to synchronization phenomena, and
that the step height is merely the entrainment range, or locking range,
af each synchronization event. It is also shown how synchronization, in
genersl, can be geometrically interpreted as closed trajectories on an
integral manifold which can be smoothly transformed into an n-
dimensional “torus.”

¢. Theorv of Symmetry in Nonlinear Circuits 12,13

Simple group-theoretic concepts have been used successfully in
references !2 and 13 to develop a rigorous and comprehensive theory of
symmetry for nonlinear elements and circuits. This theory does not rely
on geometrical arguments or other ad hoc techniques normally invoked in
such studies. This theory also unifies all forms of symmetry, including
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rotation, reflection and complementary symmetry into a single {ramework.
It also includes all known nonlinear symmetry principles as special
cases. Moreover, a general metacd Ior identifying all symmetry charac-
teristics possessed by a ncnlinear multiterminal element or circuit has
been obtained. Some of the results that. have been obtained concerning
symmetry in a nonlinear element are:

{4) Several algorithms for synthesizing a nonlinear multiport or
aultiterminal element having any prescribed form of symmetry have been
derived. In particular, various examples have been used to illustrate
how these algorithms can be used to derive well-known symmetrical non-
linear circuit modules such as push-pull amplifiers, complementary-
symmetric amplifiers, rectifiers, modulators, etc.

(2) A reduction algorithm has been developed which allows a com-

plicated aymmetric element to be analyzed by a much simpler reduced ele-
ment.

(3) A general principle has been derived for applying symmetry to
achieve frequency separaticn in nonlinear communication circuits where
the even harmonic components are separated from the odd harmonic com-
ponents.

d. Passivity in Dynamic Nonlinear n-ports

In this research*® we have succeeded in stating rigorously the
energy-based concepts which are fundamental to nonlinear network theory,
passivity and 1losslessness, and clarifying the way they enter the
input-output and the state-space versions of the subject. We examined
the conflicting definitions of passivity which exist in the literature
and demonstrated the contradictions between them with several examples.
We proposed a particular definition of passivity which avoids these con-
tradictions by eliminating the dependency on a state of “zero stored
energy,” and we showed that it has the appropriate properties of
representation independence and closure. We applied it to several
specific classes of n-ports and derived equivalent passivity criteria.
The exact conditions are given under which this defini%ion is equivalent
to one based on a internal energy function, and we used the concept of
an internal energy function to provide a canonical network realization
for a class of passive systems.

e. Geometric Properties of Dynamic Nonlinear Networks

In this research,™ we have derived several basic results on

*J. Vyatt, Jr., L.0. Chua, J. W. Gannett, I. C. Goknar and D. N.
Green, "Energy concepts in the state-space theory of nonlinear n-ports:
Part I - Passivity," IEEE Trans. Circuits and Systems, Vol. CAS-28, Jan.
1981, pp. 48-61.

**T, Matsumoto, L. O. Chua, H. Kawakami and S. Ichiraku, “Geometric
properties of dynamic nonlinear networks: transversality, local solva-
bility and eventual passivity,” IEEE Trans. Circuits and Systems, Vol.
CAS-28, Maay 1981, pp. 406-428.
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iynamic nonlinear networxks {rom a gZeometric point orf view, One of the
main advantages of & geometric approach 1s that it is coordinate-free,
i.e., results obtained by a geometric method io not depend on the par-
ticular choices of a tree, a loop matrix, state variables, etc. There-

fore, the method i3 suitable rfor studying intrinsic properties of net-
works.

We have shown that transversality of resistor constitutive rela-
tions and Kirchhoff 3pace is a surficient condition for the configura-
tion space to be a submanifold. Cur main result states that a network
is locally solvable, i.e., the dynamics of a network is well defined in
the sense of Definition 3, if and only if, zapacitor charges and induc-
tor fluxes serve as a local coordinate system for the confizuraton
‘space. 1In other words, if all the variables in a network are determined
as functions of capacitor charges and'inductor fluxes, at least locally,
then the dynamics is well defined. Conversely, if the dynamicg is well
defined, then all the variables in a network are determined as functions
of capacitor charges and inductor fluxes. Because of its coordinate-
free property, our main result also says that if the dynamics is well
defined in terms of some coordinate system, then it must be well defined
in terms of capacitor charges and inductor fluxes. Conversely, if the
dynamics i3 not well derfined in terms of capacitor charges and inductor
fluxes, then there is no choice of variables in terms of which the
dynamics is well defined in the sense of Definition 3. This shows that
capacitor charges and inductor fluxes are the fundamental quantities in
describing the dynamics of networks. Perturbation results are given
which guarantee transversality and local solvability. Finally, several
other perturbation results are given which guarantee eventual strict
passivity of dynamic nonlinear networks. They explain why the voltage
and current waveforms of almost every network of practical importance
are eventually uniformly bounded.

3. Research Progress on Circuit Layout and Routing

During the past year a major effort has been made on the routing

aspect of circuit layout. The work includes three distinct problems,
namely:13

(i) Global wiring and the Steiner problem,
{ii) CGCeneralized channel routing, and

(iii) A new approach to 2-layer routing.

(i) The problem of global wiring is of theoretical interest and
has significant practical value. It represents an important step in
automatic layout of master-slice and building-block chips. We have
developed a heuristic algorithm to solve the minimum Steiner tree prob-
lem with rectilinear distance. This will be a key part of the general
program wnich we are developing on global wiring.

(11) We have extended our early work on channel routing to include
channels which have cyclic constraints'©. A new progria is being
developed based on a totally different approach on 2-layer rcuting. The
prelininary result is encouraging. In special cases the resulting
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channel wiatn could be smalier than the trad.<ional lower "cund of aax-
saum density. ;

(iii) Ia the traditional aprroacn tc autcmatic routing of Z-layer
printed circuit board, a unidirectional metncd is used. This depends on
the 3trategy of using one layer ror ncrizcntal connection and the other
for vertical connection. The Liaterccnnecticn between layers is made
through via holes. In a new approach, we nave demonstrated that it is
possible to save about half of the vias required in the traditional
approaca'4. On the other hand, it is difficult to control the conges-
tion between pins and vias. However, by using a different via assizn-
ment procedure, we can offer more {lexibility 1in routing‘s.

Publications

(1) L. O. Chua and S. M. Kang, "Section-wise piecewise-linear func-
tions: canonical representa‘tion, properties, and applications,”
Proc. IEEE, (Special Issue on Multidimensional Systems), vol. 65,
pPp. 315-3929, June 1377.

{2) S. M. Kang and L. 0. Chua, "A giobal representation of multidimen-
sional piecewise-linear functions with linear partitions,” IEEE
Trans. on Circuits and Systems, vol. 25, pp. 938-940, Nov. 1978,

{3) L. 0. Chua and S. Wong, “"Synthesis of piecewise-linear networks,"
Electronic Circuits and Systems, vo. 2, pp. 102-108, July 1978.

(4) L. 0. Chua, “"Nonlinear circuit theory," Proc. 1978 European Confer-
ence on Circuit Theory and Desizn, vol. II, Guest Lectures, pp.
65-172, Lausanne, 3Switzerland, Sept. 1-8, 1978,

(5) L. O. Chua and D. J. Curtin, "Synthesis of reciprocal piecewise-
linear n-port resistors,” IESF Trans. on Circuits and Systems, vol.
27, pp. 367-380C, May 1930,

—~
[o4)
~

J. L. Wyatt, Jr., L. O. Chua, and 3. 7. Oster, “Nonlinear n-port
decomposition via the Laplace operator,” IEEE Trans. on Circuits
and Systems, vol. 25, pp. 741-754, 3Sept. 1978,

(7) T. Matsumoto, L. O. Chua and A. Maxino, "On the implications of
capacitor-only cutsets and inductor-only loops in nonlinear net-

works,"” IEEE Trans. on Circuits and Systems, vol. 26, pp. 828-845,
Oct. 197G,

(8) L. 0. Chua and P. M. Lin, Computer-iided Analysis of Electronmic

Circuits: Algorithms and Computational Technigues, Prentice-Hall,
Znglewood Cliffs,N.J.

{3) A. Bers, "The degrees of freedom in ALC networks," IRE Trans. Cir-
cuit Theory, vol. {T-6, pp. 31-95, March 1959.

(10) P. R. Bryant and A. Bers, "The degrees of freedom in RLC networks,"
IRE Trans. Circuit Theorv, vol. CT-7, pp. 173-174, June 1960.

(11) A. A. Abidi and L. 0. Chua, "Jn the dynamics of Josephson-junction
circuits,” IEEE J. on Electronic Circuits and Systems, vol. 3, pp.
186-200, July 1979. -




(14)

(15)

(17)

{(18)

(20)

(21)

(22)

1Ss-83~1 - p. 10

L. 3. Chua and Jj. Yaraewalle, "A unified theory of symmetry for
nonlinear nmultiport and mnmultiterminal resistors,” International
Journal on Circuit Theory and Aoplizations, wol. 7, pp. 337-37t1,
1379,

J. Vandewalle and L. 0. Chua, "A Unified theory >f symmetry for
nonlinear resistive networks,” J. of the Franklin Institute, wvol.

308, pp. 533-577, Dec. 1979.

Publications Under Combined and Other Sponsorsnhip

L. 3. Chua and 2. J. Curtin, "Synthesis of reciprocal piecewise-
linear n-port resistors, IEEE Trans. on Circuits and Systems, vol.
27, pp. 367-380, May 1980.

L. 0. Chua and S. Wong, “Synthesis of piecewise-linear networks,"
Bleczronic Circuits and Systens, vol. 2, pp. 102-108, July 1978.

A. A. Abidi and L. O. Chua, "On the dynamics of Josephson-junction
circuits, IEE J. on Electronic Circuits and Systems, vol. 3, pp.
186-200, July 1979,

T. Matsumoto, L. O. Chua and A. Makino, "On the implications of
capacitor-only cutsets and inductor-only loops in nonlinear net-
works, IEEE Trans. on Circuits and Systems, vol. 26, pp. 828-845,

Oct. 1979.

J. Vandewalle and L. C. Chua, "A unified theory of symmetry for
nonlinear resitive networks,” J. of the Franklin Institute, vol.
208, pp. 533-577, Dec. 1979.

L. 0. Chua and J. Vandewalle, "A unified theory of symmetry for
nonlinear multiport and multiterminal resistors,” International
Journal on Circuit Theorv and Apolications, vol. 7, pp. 337=-371,
1979.

L. 0. Chua and C. Y. Ng, "Frequency-domain analysis of nonlinear
systems: general theory,” IEE J. on Electronic Zircuits and Sys-
tems, vol. 3, pp. 165-18%, July 1979.

L. 0. Chua and C. Y. Ng, "Frequency-domain analysis of nonlinear
systems: formulation of transfer functions,"” 18T J. on Electronic

Circuits and Systems, vol. 3, pp. 257-269, Nov. - 1979.

L. 0. Chua, T. Matsumoto and S. Ichiraku, "Ceometric properties of
resistive nonlinear n-ports: transversality, structural stability,
reciprocity, and anti-reciprocity,” IEEE Trans. on Circuits and

Systems, vol. 27, pp. 577-603, July 1980.

Significant Accomplishments

The major results have been summarized under Sections 1, 2d and 2

Proposed Research Program

Although much progress nas been cbtained since our last major JSEP
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proposal entitled “large-scale sina acniinear 2ircuits study,” many of
the problems proposed in that propesal 2ave not yet been pursued. Jth-
ers are still uncer ccntinuing researcn . We proposed therefore to con-
tinue our research along the lines described in our last major proposal.
The following 13 a summary of the prorosed rTesearch program:

1. Piecewise-linear analysis of zeneral nonlinear networks. While
piecé;ise-linear analysis has been proven to te a powerful method for
analyzing large, nonlinear resistive networks, its application to cir-
cults with capacitors and inductors.has not been found useful. Prelim-
inary studies have indicated that 3 source of difficulty lies in the
noncommutative property of matrix multiplication. However, we believe
that techniques can be developed to deal with special claases of non-
linear dynamic systems. In part:izular, the concept of decomposing =

general RLC nonlinear circuit into “hree sutnetworks should be explored.
Also, the problem of matching boundary conditions at discrete time needs
to be Inveatigated.

2. Spline approximation. While the piecewise-linear approximation
has the distinct advantage oI reducing a nonlinear problem into a linear
one over a given region, thus greatiy simplifying the computation, it
does not yield the desired accuracy for certain problems. To improve
accuracy, spline approximation can te used. On the other hand, with
spline functions, one needs to solve nonlinear equations over each
region. T™e technique develored 1in Xatzenelsen's algorithm which
involves the crossing of simple btoundaries cannot be used directly. We
propose to 3tudy the use of spline functions in solving nonlinear resis-
tive network prooblems. It is rossible that a combined piecewise-linear
and spline function method can be devised.

3. Simplicial interpolation. In our most recent work on
piecewise-linear analysis, we introduced the method of simplicial inter-
polation for approximating an n-valued functicn. A key first step is to
select an n-dimensional rectarzle in a bounded set in which the solu-
tions lie. The method of simplicial subdivision provides a systematic
way to tesselate an n-dimensional rectangle into simplices. With this,
the necessary computation in piecewise-linear analysis which deals with
boundary crossing becomes greatly simplified. However, further work is
needed, both in deteramining the bounded set and in choosing a suitable
initial grid. The present algorithm uses simplices of the same size
until an approximate solution is found. More work is needed in increas-
ing the efficiency of computation.

The method of simplicial approximation has alsoc been found useful
in tolerance analysis of large scale circuits!»<. The method proposed
by Director and Hachtel locates and approximates the boundary of the
feasible region of a design space with a simplex of boundary hyper-
planes. It gives solution to the tolerance assignment problem, and thus

*That proposal was written from & long-rangke planning point of view
and included many more basic research problems than we were prepared to
pursue. This was done in order to provide a better perspective on the
relationship between the various proposed topics of research.
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. The computation 38ters required

13 carpable of evaluating a given 1esizn
of the donte Tarlo method.

-4
2
are sudstantially less than those of =

It i3 clear that simpliczial 2pproximation is a zoweriul ctcol Jor
studying many types of large-scale circuit and system problems. The
unique feature of the method lies 1n its computational elegance and sim-
plicity. Yet, for each type or application, different tecnniques must
be develoved. We propose to generalize its applications and study many
of its salient features.

4. Diakovtic analysis of dynamic nonlinear networks. Jur recent
work on large-scale networxks nas snown that there exists a one-to-one
correspondence which equates any form of diakoptic or codiakoptic
analysis to a special case of generalized hybrid analysis. This result
unifies btoth diakoptic and codiskoptic analysis into a simple circuit-
theoretic concept independent of any linearity assumption. In other
words, this concept should be applicable alsc for nonlinear and dynamic
networks. To obtain this generalization, we propose to develop algo-
rithms for decomposing a large system of nonlinear ordinary differential
equations -- such as those associated with nonlinear LSI circuits --
into several subsystems coupled to each other in a form analogous to the
decomposition of a generalized hybrid matrix into a bordered block-
diagonal, or a bordered block triangular form. This decomposition step
is not only convenient, but is in fact essential when a very large sys-
tem of atate equations has to be solved. Indeed, even using <the nost
advanced sparse matrix technique, the computer cannot handle large sys-
tems of nonlinear differential equations effectively.

Various decomposition methods will be exploited and the relative
computational efficiencies compared against each other. Since each
nethod decomposes the solution process into several stages, each involv-
ing a relatively small system of equations, it can be implemented via
the so-called "small-computer approach;" namely, one can either apply
the overlay techniques to "stack” the decomposed solution states, or
apply onarallel computation techniques to speed up the solution process.

We also propose to develop methods for investigating the qualita-
tive behaviors of large-scale nonlinear dynamic networks by analyzing
the beahviors of the decomposed subnetworks. For example, if each sub-
network is asymptotically stable, or completely stable, can we conclude
that the same property holds in the original network? Our preliminary
study on this important question shows that the qualitative properties
of the decomposed dynamic subnetworks are not generally preserved in the
original network. However, we were able to prove that many properties
are preserved if additional assumptions of . topological nature are
imposed’. We propose, therefore, to apply the recent techniques

developed4' to derive corresponding results for large-scale dynamic
nonlinear networks.

5. Qualitative analysis of ronlinear communication circuits. With
the exception of amplifiers and active filters where nonlinearities are
undesirable, most communication circuits such as oscillators, mixers,
and frequency converters are inherently nonlinear in the sense that
their operation depends crucially upon the presence of at least one




IS§-83-1 - p. 13

nonlinear clement®. In fac<t, =2ven some "linear”

b inzut-output 3ystems
3uch as <wne parametric ampifier must

{ ce desizned around a nonlinear ele-
ment. Although rnonlinear zircuita can now be analyzed with the nelp eof
computer simulation programs:, tne resulting information is often inade-
quate from the designer's point of view. Indeed, there are many jques=-

tions of a non-numerical nature which are more vital to the croper
operation of the system. :

For example, depending >n the initial condition, it is well-xrnown
that nonlinear circuits can 2xhibit several distinct mcdes of operation.
In fact, one perennial problem that confronts desizners of parametric
amplifiers and frequeancy converters 1is the sudden burst of unwanted
subharmonic oscillations. Unforsunately, unless the designer knows what
initial conditions would give rise to such ancmalous operstions, the
existence of spurious operating modes may not be detected by computer
sinulation. Such information could he obtained, however,by carrying out

a qualitative anlysis of the associated system of nonlinear differential
equationss.

There are many other important questions of a qualitative nature
which the circuit designer must angwer in order to arrive at a good
design. Some of these questions are: Will the circuit be stable or will
it oscillate (except in the case of an oscillator)? If the circuit is
stable, what are the different modes of dynamic operation? Will there
be a unique steady state response? If so, how fast does the transient
decay to the steady state? What are the effects of noise and parasitic
elements on the operation of the circuit? In the case of amplifiers,
what are the dominant distortion terms and how can they be calczulated
efficiently? In the case of frequency converters, how are the frequency
and power related to each other? Is it possible to derive a generalized
form of frequency-ppwer relationships analogous ¢to either the Manley-

Rowe or Page-Pantell type for ncnlinear devices modeled by more than one

type of circuit elements? How can conversion efficiency te improved?

How do we design an optimally matched nonlinear circuit?

While answers to some of <these gquestions have been given for
apecific circuits containing dicdes and transistors?,10, they are gen-
erally rather ad hoc in nature and depend heavily upon
topology and the devices being used. Since future communication cir-
cuits are certain to contain such modern microwave devices as Gunn
diodes, IMPATT's, GaAs FET's, etc.!!, it is essential that more unified
methods be developed. We propose therefore to continue our research in

this area with the ultimate objective of developing such a unified
theory.

the network

6. Piecewise-linear algebra. Research on piecewise-linear
analysis over the past decade has been concerned ao0stly with the
develovment of efficient computer alzorithms and the investigation of
the eristence and uniqueness of solutions. Very little attention has
yet been given to the algebraic operations on equations involving
piecewise-linear functions because such functions have 30 far been
represented as a collection of systems of linear equations, each holding
over a prescribed region in space. Our recent discovery of an explicit
analytical formula for representing piecewise-linear functions of one
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variasle!l gnows that the class o7 all networks containing niecewise-
linear two-terminal 2lements can ce i2scritea usine 2nly two %asis non-
linear ®uilding blocks; namely, *hez "acsclute-value runction” 7y = xi,
and +*ne "sign function” y = san x. Us.ng this representation, the
equiiibrium equations of networks containing two-terminal rplecewise-

linear elements can now be written in analytic form. This is analogous
to writing equilidrium equations Ior linear networks ia matrix {orm.
The analysis of lilnear networks is an easy *ask, mainly because of the
availability of "matrix algebra” as a tool of analysis. Unfortunately,
no corresponding tools are available for analyzing nonlinear networks
because of the infinite variety of nonlinearities that must bYe con-
sidered. However, by restricting the class of nonlinearities to include
only the "absolute value functicn” and the "sign function,” it is quite
nopeful that such an algeobra would autamatically allow any piecewise-
linear function of one variable and we would have in fact developed an
algebra for analyzing networks containing piecewise-linear elements.

The development of a "piecewise-linear algebra” would make it ros-
sible to carry out a symbolic analysis of networks
plecewige-linear elements. in particular, various
functions of practical interest -- 3uch as the driving-point and
transfer characteristics -- can be derived in symbolic form. Another
application ¢f the piecewise-linear algebra would be to derive design
equaticns where the important design parameters are preserved in sym-

bolic form. This in turn would allow a sensitivity analysis to be made
via algebraic operations alone.

containing
nonlinear network

To summarize, we propose to apply our newly discovered analytical
representation to develop a piecewise-linear algebra for analyzing and
designing circuits containing piecewise-linear elements.

7. Computer-aided circuit analysis, desizn and layout. Recent
advances in microelectronics have created an rgent need of new
approaches ta circuit analysis, design and layout. This research pro-
jeet is concerned with two problem areas, namely: (a) piecewise-linear
circuit analysis and simulation, and (b) theoretical studies of layout
for integrated circuits and printed circuit boards.

(a) Piecewise-linear circuit snalysis and simulation

The idea of piecewise-linear analysis first introduced by Katzenel-
son in 1965 has been fully developed by us, and a complete theory of
piecewise-linear analysis is now available. The theory has broad appli-
cations in nonlinear circuits and systems. The methed has advantages
over conventional methods, for example, in calculating driving-point or
transfer characteristics of circuits with negative slopes. Yet circuit
simulation based on the piecewise-linear method has not been widely
used. There are two main reasons, namely: the problem of corner cross-
ing, and the lack of study of convergence.

"4e have good reason to believe that the same technique could be gen-
eralized to allow piecewise-linear functions of many variables.
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a
-

4
remain two croblems <2 be investi-
nrcolem and tne :r2olem of choosgin
. Roth wil.l arffact <he convergence of

The second approach is <o use ideal diodes and linear resistors
only in modeling. This nas <the advantage that <“ransition between
regions can be handled by linear programming. Fursnermcre, the ideal
diode model <fits naturally to timing, logic and function simulation.
Much more work needs to De 3ione With this approach. For example, the
proclem of sensitivity and tolerance has never been attacked. Also, the
problem of fault diagnosis in :jeal diode cicuits is worth studying
because it is simpler than Jault diagnosis of analog circuits and could
possibly take advantage of the <echngiues well-xnown in digital cir-
cuits.

(b) Layout study

With the advent of VL3I, the croblem of layout ras reached a new
dimension. We btelieve it 13 nizhly important to develop theoretical
concepts on what could pe done. ©Becent li‘erature iz ty and large res-
tricted to program development and aimost void c¢f analytical results.
Many problems need to be invesatigated.

The problem of placement 13 perhaps the most impertant and diffi-
cult. Zxisting work deals with either placement of uniform modules or
small analog circuits. YNowadays, in custom LSI, modules of
shaves and sizes with thousands of interconnections need to be con-
sidered. Thus, net list alone, Wwnhizh gives information on connection,
i3 not enough for optizum placement. It i3 necessary to consider toth
the gecmetries and the topolozical specifications. ‘We bYelieve that
graph theoretical concepts are essential in algorithm development.

various

A related problem is to cpredict the size of a chip from the
Zeometric and topological information. As chips tecome more dense, the
percentage of apace needed for routing will further incease. The task
of chip planning is fundamental to I design. Of course efficient rout-
ing is implied in chip planning. Although methods of channel routing
and global routing are available, no optimum results exist. In thias
connection, we have recently developed hignly efficient channel routing
algorithms hased on graph theoretical considerations. More such studies

4il]l be carried out, for example, in channel routing with more than two
layers.

Finally there is a need t> develop circuit simulation programs

directly from layout information. This involves the modeling of devices
as Well as parasitic elements.
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Scientific Otteczive
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. u

ceing investizatea is e laws,

the unknown system 13 any couniat.e 33jate Marxov chain whose unknown

transition probavilictiss rized. Also t0 te studied is =h
.

practically important case where real” system does not belong ¢
tne class of 2 priori selscted models., In conjunction with this worx,
deterministic system design methods and evaluations are also investi-
zated.

State of the Ars

Over the past twenty-five years engineers have invented a variety
of procedures For designing contrcl strategies. The sophistication of
tnhese strategies has g3grown with the increase in the use of computers
wnich enables the implementation o7 complicated strategies in real time
{feedback control). 3Sut all these procedures rest on the assumption
that the information available about the zystem and the calculation of
the choice of control which is based on this inTormation is centralized,
that is it takes place in a single system.

AS engineers tegan to consider the ceontrel of large systems* te.2.,
power systems, communication networks) in a scientific manner, it became
clear that "classical” procedures of design are inapplicable to the
problem of Combinatorial Complexity. As the number of variables
describing the system increases, the amount of computation necessary %o
apply classical control strategies grows even faster, soon exhausting
the capability of existing and fareseeable computing capability. It was
soon recognized that a way of dealing with this complexity is to insist
on decentralized control strategies"4. After this recognition,
research has proceeded in three directions. First, there has been the
attempt to derive design principles applicable to a fairly general class
of decentralized controllers®:®, 3yt this attempt was soon frustrated
by a new difficulty, Informational Comnlexitv**. As soon as information
and control is decentralized, the informaticn available and the effec-
tiveness of the decision taken by each controller depend upon the deci-
sions taken earlier by other controllers. This “"simultaneity” repro-
duces the Combinatorial Complexity at another level and renders inappli-
cable existing techniques of controller Jesign. The difficulties
created by Informational Complexity are not wel! understood. On the one

’Systematic attention to the control of large systems began less than
ten years ago. An indication of this is given by the fact that the IEEE
Control Systems Society established its Technical Committee on Large
Scale Systems in 1969, its first editorial on large systems appeared in
1974, and its first Special Issue on Large Systems in April 1978.

**Je are indebted to Professor Y. C. Ho (personal communication) for
his conceptualization of these two kinds of complexity.
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nand we nave several countsrexamrles I iecentralized control grodlems
wnich agpear juite innocent, Out 4n0Se Opiimal siratezies are extremely
complex:+3+'%, On the other nand, w2 now know a ismall) class of decen-
tralized information strucctures or which optimal control strategies dc
nave a simple structures.

The second direction or researcn has led to the search of optimum
decentralized controllers for what nave been called quasi-static control
problemsB. Tor these provlems optimum-controllers can have a sgimpler
structure since only "steady state"” behavior is of interest. Some very
interestin% solutions have already teen proposed for the coantrol of net-
work flows'C and for routing messazes in a communication network'!!,

Whereas the second direction described above seeks to reduce com-
rlexity by simplifying the control “ask {attention to steady state and
ignoring transient behavior), the third direction reduces complexity by
restricting a priori the structure orf the class of decentralized con-
trollers. In-aesigning fixed structure controllers which guarantee ade-
juate response against random disturbances, the attempts to date have
been ad hoc 12-15, 1t seems clear that considerable advance can be made
if fixed structure decentralized controllers are investigated more sys-
tematically. This prediction 1is bolstered by the results recently
obtained in the study of decentralized linear feedback controllers which
guarantee adequate response azZainst "deterministic dut unknown” distur-
bances.

With the goal of designing robust controllers for large scale sys-
tems, the following approaches are relevant. TFirst there is a very con-
siderable literature on the stability of interconnected systems based on
the Lyapunov method. In terms of generality of the results and of
technical sophistication, *he paper of Rasmussen and Michel dJdeserves
special aention!7. Second, the problem can bve approached from the
input-output point of view: given the input-output properties of the
subsystem and the topology of the interconnection, describe the I/0 pro-
perties of the overall system. 'Inder the joint sponsorshiv of NSF and
JSEP we conducted a thorough investigation of this problem 8, We refer
the reader to its 46 item reference list. Recently we produced an
improved formulation of the problem which led us to necessary and suffi-
cient conditions for stability, even for %the nonlinear case. The goal
of this research is to study the input-output properties of the overall
system. The advantage of the approach, namely graphical decomposition,
is that it applies equally to nonlinear time-varying just as well as
linear time-invariant systems, either lumped or distributed. The graph-
ical decomposition technique operates as follows: the digraph of the
interconnected subsystem is decomposed into an acyclic interconnection
of strongly connected components and then a minimal essential set is

extracted to further simplify the analysis of the strongly connected
components.

On the decentralized control of large systema, especially as it
relates to tracking and disturbance rejection, the work of Davison!9,20
deserves special mention. We used it as well as graphical decomposition
techniques to investigate the eigenvalue assignment and stabilization




crooLen >f Linesr timeeinvariant  laterconrnacted syscas zaln
resu.: s TRat we can acpieva nvaiue assiznment trcvided we operate
3t the 2clumn suosysten le2ve:, wWhniTeas 1T we restrict osurselves <o sum-
mation ncde lavel, 2xamples 3hcw chat 2igenvalue assiznnent cannot te
achizaved in zeneral, wnereas we rrove that we can acnieve stapiliza-
ziondl,

dn Ihe fore specific topic oI trackine and disturbance rejection,
~he considerable literature ana :several aprrcaches used are reviswed in
reference 22. Furthermore, <%ne ctrincioal results are ziven a stream-
lined self-contained derivaticsn n reference 23. Unfortunately, all
this li<srature considers onlv linear, usually lumped systems and
discusses robdbustness or the servocompersaters only within that classZ4.
The erffect of nonlirear plant perturbation on optimal control design has
recently been examined in refarencas 25,25; in the broader aspect of I/0
atability in references 27-29.

th

Only one recent report treats the tracking problem for nonlinear
systemssv.

Adaptive control strategies are increasingly being suggested as an
appropriate sclution to the situation where the system to be controlled
is not known and is sutject tc ranicm disturtances. Adaptive control is
a compromise between <wo extreme alternatives. The first: assume the
unknown system is equal to a "rnominal” system, nay gZive a performance
which is unacceptably degraded; <he second: formulate the problem as a
2ayesian Jdeclision problem and sclve it by Tynamic Programming, while
formaily optimal, it cannot be "solved" except in the most <*rivial
instances.

In adaptive control, one identifies the unknown system using previ-
ous data; and then uses the control assuming the current estimate of the
unkncwn system to be the true sys:em. As time progresses, and more data
is collected, the uncertainty regarding the system declines and the per-
Tformance improves. The crucial juestion is how fast this improvement in
the kncwiedge and performance of <he system occurs. Previous research
has been vrimarily focused on linear systems.

e
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We nave completed =ne Iirst pnase o tne research. OQur work (and
o others in the Tieli:s i3 summarized in _3a_. This research dealt wit!
the conirol of Markov cnains wnen %the transitisn probavilities are not
xnown a priori. Then the function of Control action is to simultane-
ously learn the systenm parameters and %o guide the system in a desired
fasnion. The strategy adopted %0 40 this is adaptive control, Here at
each time instant the past observations are used for parameter estima-
tion and the next ccntrcl action assumes that the estimate is true.

Two ideas for estimation have appeared. The orizinal one is to use
the maximum likelihood estimate (¥LE). Xumar nas modified this by mul-
tiplying the likelihood function by a term <that corresponds to the
reward. The resulting estimates have some igsirable properties not
enjoyed by the MLE.

Convergzence of estimates i1s guaranteed w#wnen the rarameter set is
finite but not when it is inrinite. Nevertheless, Kumar's modified MLE

produces a control which is optimal. The prodlem of finding conditions
to ensure parameter convergence seems rather difficult.

2. Design of Deterministic Control Systems

Fundamental studies in nonlinear feedback systems have been com-
pleted: a general theory of multi-input Euﬁti-output nonlinear feedback
aystems has been completed and published hj, 1t gives a complete gen-
eralization of the theory that H. S. Flack vresented for the linear
time-invariant single-input single-output feedback system. In addition,
it gives a completely general demonstration that the linearized inverse
return difference is the gquantity that controls the degree of desensiti-
zation to plant and/or output disturbances. I% is also shown to play a
xey role in linearizing the I/0 map of the closed-loop system.

The streamlining o7 the theory of the generalized Nyquist critef;jn
and its generalizaticn to the Jdistributed case has been publishedlll),
We near that the method has been programmed and is being used at TRW in
Los Angeles, and at Aerospace lorporation, El 3egundo, CA. The features
of our generalized Nygquist :>riterion are that [a) it applies to the dis-
tributed case, and (b) it does not require anv reference to Riemann sur-
faces, branch cuts, etc. that previous derivations required.

An interesting approach to the study of linear feedback systems due
to Zames has been adapted to the problem of degsigning multivariable
feedback systems with stable plants. This design method is revolution-
ary in that (a) it is based on the global parameterization of the four
transfer functions pertaining to the problem, and (b) the stability of
the design is easily checked without having recourse to such things as
Nyquist diagrams etc. The design algorithm allows complete freedom -~
modulo, of course, the C, - zeros of the plant - in the choice of I/0
map: therefore we can diagonalize the 1/0 map, assign zeros indepen~
dently to each channel, assign poles independently to each channel and
achieve tracking requirements (eT.

As a result of these studies, we developed a straightforward algo-
rithm for the design of singie-input single-output systems [1].
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The algetraic methcds nave oeen =2xt2niad td square or rectangular
li3crete-time 2r continuous-time iumpea  o>r Jistrituted =nlants.
F *

ime,
report oI this WOrk i1s iIn prervaraticn and 1s sutmitted for the American
3 N rization metnod has GTeen

3 e e

Jontrol Jonference 33T m:. -paranete
extended to simpie unstable rlants. This will ce vpresented at the CIo
1982 in;,

a much more gZenerai prool of result surmised by Doyle and Stein [cj.
Then we developed a complstely gzeneral study of robustness where there
are no constraints on the xind of perturbation the piant may experience
- “
LPJ.

We studied carerfully the proolem 37 rctust staoirlity: Tirst we gave
a
K4

C. Siznificant Accomplishments

The spread of computer-assisted control nas increased the possibil=-
ity of implementing adaptive controllers wnich "tune"” the control inputs
to automatically detected changes in cperating conditions. Considerably
more work needs to be done, and thls will take several years, before
adaptive controllers can be implemented on a routine basis.

Work on statistical identification has shown us that it is possibple
to design experiments to identifly an unknown system, and engineers have
developed many metnods for controlling a xnown system. The aim of adap-
tive control is %o carry out both tasks - identification and control =~
concurrently. Our investigations, andé the work of others, have proved
that, in principle and under precisely stated conditions, this is indeed
possible. Others have shown that adaptive controllers will operate
satisfactorily for linear systems of the form:
Zajye g T2bug ot 2ew
Where yy, uy, Wg are the output, input and white noise and the aj, b,
C; are unknown parameters., Jur work has resulted in conditions for the
satisfactory control of systems of the form:

= flx, w 9)

X, .. u,
t+i 5, T, t,
#here x, is a discrete state, and 9 is the unknown parameter.

We have studied the case when x; Dbelongs to a countable state
space, O ranges over a compact set and, at each t, O is estimated by the
maximum likelihood estimator o;. It is shown that if 04 converges to
0%, then o* correctly identifies the clogsed-loop system, but not neces-
sarily the open-loop dynamics. Moreover, 0, need not converge at all.
However, if an arbitrarily small random component is added to the con-
trol, then the true parameter is identified with probability 1. These
results are presented in [q].
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2zgearch Program

The zZeneral outline of *he researcn program in large scale systems
i3 a4 1lonz term program in the course of carrying it through: there are
certain innovations that have <3 e pursued tecause it is intuitively
clear that +*hey will nave impcrtant -- though unknown at present --
erfects on the Large Scale Systems research progranm

Cver tne coming period we vian to develop our work in adaptive con-
<rol along the following directions:

The research done so far us2s a so-called "passive"” learning in
gh the fact that the system varameters are unknown does not arffect
ontrol used. Such a2 strategy nay perform poorly for short horizon
e

Recently some fundamental brea<throughs have been achieved for the
1cal rzulti-armed Yandi: croblem (see Lb.c,d] and the references
). The dynamic structure in bandit problems is simpler than the
al Markov structures we nave investigated; however, bandit problems
consider discounted cost <functicns, i.e., they include “transient"
vehavior, while our problems only considered "steady state” behavior.

Tor determinate systems the vproposed research will attemp®t <o
extend the resulis on tne bandit prodblems to more comvlex dynamics. The
nost promising extension seems 0 be to consider a set of Dbandits
overating in a common Markovien 2nvironment.

——

1) We will vigorously pursue *he extension of the new design algo-
rithm: we believe that we should be able to give a completely
algeoraic theory of design which would be applicable to square or
rectangular, discrete-time or continuous-time, lumped or distri-
buted plants.

{2) We will critically reexamine Youla's vparameterization to see
w#hether some dramatic simplification as occurred in the stable
plant case cannot be caused to occur for the unstable plant case.
If not, we propose to investigate the best stabilization method.

(3) We will devélop extensions of the technique .o large scale systems.

Interaction with Other Units

We shall continue to interact with the research project of L. O.
Chua and E. S. Kuh on nonlinear circuits and with E. Polak on computer
optimization of electronic circuits.
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This project is a continuation of Project IZS5-83-3, Computer Tptim-
tzasicn 20 Electronic Circuits. Jur cnief objective remains the
develotment OF an interactive, >piimization-Dased, computer-zided design
methcdology for the design of 2lsctronic circuits. To tnis end, we pro-

a

i i
pose to continue developing specialized, iovetailing, single and aulti-
objective oOptimization algorithms, <circuit simulation technigues and
device mocdels. In addition, since <he development of progressively more
complex systems maxes sense only 17 these systems can De maintained, we
tropose to perrorm research on system diagnosability and fauit analysis.

The optimization algorithms ¢to tce developed must te capable of
solving complex, nondifferentiable, semi-infinite optimization and
trade-o{f problems which arise in =2lectronic circuit design when toler-
ances, *rimming, and distribtuted constraints are taken into account.
Qur simulation procedures must be cavable of producing not only circuit
responses, out also the derivatives of these responses with respect to
design varameters. In addition, they must have special variable preci-
sion Features which result in a reduction of computing time at low pre-
cision, so that an optimization algorithm can call such a procedure with
low precisiocn when far from a sclution and increase precision adap-
tively, as a solution is approached. The effect of such variable preci-
sion computation is to considerably reduce computing times. Since pro-
duc%isn tolerances can be inposed on only a very small number of device
parameters, and since the optimization algorithms become extremely inef-
ficient wnen tolerances on a large numver of parameters are specified,
device models must be developed in termns of production parameters by
making use ¢I the fact that the variation c¢f many circuit parameters can
be expressed in terms of variations orf production parameters.

Tinally, our theoretical work will be implemented and experimen-~
tally evaluated in an interactive-computer aided design facility which
w#e are developing.

tate of <he Art

Jptimization-based computer~aided design 1is certainly not a new
phencmenon, see for example [89,811,313,815,820,01.K1,K2,P7,H16]. How~
ever, until quite recently, its use was severely limited by the fact
that %*he available optimization algorithms were not able to solve design
provlems with tolerances, trimming and distributed constraints, such as
those imposed on frequency or transient responses LBZO]. The reason for
this is that such a design problem frequently assumes the form

min{f(x)}g"(x) <0, i =1,2,..,I; max h%(x,w) <O, j =1,2,..,J;
weW

max max min max zk(x,e,s,t) <0} (1)

e€A s€8 €T k&

where gi(.) represents simple constraints on the nominal design vector
x, hd(.,.) represents nominal frequency (or time ) dependent constraints
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on impedances or zains, e%c., anl z recresents the requirement that per-
formance rCe maintained in the gresence of creduction errcrs e wnich can
be counteracted by adjusting the trimminz parameters t., The variable 3
may represent time or [requency or temrerature, etc. The above problem
is easily recognized as a non-iirZerenviable, semi-inrini<ze ortimization
precoiem, i.e., about as 4iflizsult an cprtimization proolem as one cares

to think of.

Although there is a fairly large iiterature on algorithms for vari-
ous classes of semi-infinite and nondirferentiable optimization prob-
lens, see e.g., [325,326,327,38,39,06,37,38,H12,M1O,P14,P16,P17a,H1,T1J,
we find that many of these algorithms are either conceptual (i.e.,
involve operations that.one is not able to perform) or address them-
gelves t0 very restrictive classes c¢f problems, such as those with one-
dimensionally convex constraint sets LB?,B11,B13,315]. As far as gen-
eral purpose, impiementadble algorithms are concerned, there appear to be
oniy three [P14,G6,T1J which sclve the simpler case of (L) when there
are no tolerance and trimming constraints cresent, two LG6,P41 which
alloew for tolerances and only one [ PS! which solves (1) in its complete
generality. All of these three algorithms were co-authored by E. Polak.

In addition to the 4ifficulties menticned above, the use of optimi-
zation techniques in electronic circuit design was, and still is,
severely handicapped by the fact that axisting simulation codes, e.g.
the ones described in {K1,J6,22J, which must be called for function and
derivative evaluation, have inadequate provisions for derivative calcu-
lations. For example, il we consider a sample of the best known com-
puter aided analysis programs, such as ASTAP [ae], crzcus [D7], ZCAP
e2], weT 2 [M7], SCEPTRE [B61], SUPERSCEPTRE [S12), SPICE 2 [N3] and
BELAC [6123, we find, quite typically, that ASTAP computes no sensitivi-
ties, SPICE 2 computes only small-signal sensitivities, and none of them
compute temperature sensitivity. We are now beginning to develop an
efrort to extend these programs 30 that required derivatives will also
be computed. In addition to the simulation programs mentioned above,
programs based on tearing algorithms [B28,C9,HS,H6,K8,M14,R1,S%-
38,510,511,W5], and on model approximation and decoupling [C6,F1] are
alsc being considered for extension since they are more efficient in
large-systen applications.

As specialized optimization algorithms began to be developed “Jor
electronic circuit design, such as L?A,PS], it became obvious ti
existing device models were completely incompatible witn the need of
keeping the total number of toleranced variables small. Quite recently
R. G. Meyer was able to show that more suitable models can be developed,
because many of the important variables are correlated, and that their
behavior can be expressed in terms of a reasonably small number of vari-
ables the tolerances on which can be controlled in the production pro-
cess, such as sheet thickness, resistivity, device scaling factors, epi-
taxial doping, etc.

As far as fault diagnosis is concerned, we find theoretical results
for the diagnosability of linear ¢circuits and systems
[81,B3,B4.E3,L1,N1,R2,R3,St,82,s11,T1,T4-T6]. Some preliminary results
for the diagnosability of memoryless nonlinear circuits and systems were
co-authored by A. Sangiovanni Vincentelli (312}. However, there appear
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~c Se no Jdiagnosability results fsr iynamic nonlinear circuits and sys-
sens.

Prcgress and Publications Zince lLast Major Prcoosal.

A. UYnder JSEP

1. ©PExisting semi-infinite coptimization algorithms used in engineering
design are very reliable. However, since they are only first order
methods, they are rather slow. Now, engineering design via optimization
involves a great deal of time-consuming simulation and hence, in con-
junction with first order methods, can Ye guite expensive in coamputer
tize. Obviously, there is a great need for faster methods. Professor
2. Polak, in collaboration with Professor D. Q. Mayne of Imperial Col-
lege, London, and Andre Tits, a graduate student, have made a consider-
able amount of progress in devising superlinearly converging algorithms
for solving nonlinear semi-infinite ovptimization problems encountered in
engineering design. Their work is reported in the following papers.

D. Q. Mayne and E. Polak, "A gquadratically convergent algorithm for
solving infinite dimensional inequalities,” University of Californisa,
Serxeley, Zlectronics Research Laboratory Memo No. UCB/ERL M80/11, 1980.
To appear in J. of Appl. Math., and Optimization.

-

2. Polak and A. Tits, "A recursive quadratic programming algorithm for
semi-infinite optimization problems,"” International Symposium on Semi-
infinite Programming, Jniversity of Texas, Austin, September 8-10, 1981,
also to appear in J. of Apvl. Math. and Optimization.

2. Polak and A. Tits, "Cn Globally stabilized juasi-newton methods for
inequality constrained optimization problems”, 10th IFIP Conference on
System Modeling and Optimization, New York August 31-September 4, 1981,

L.4. Mayne and E. Polak, "A superlinearly convergent algorithm for con-
strained optimization problems”, Mathematical Programming Study 16, On
Constrained Optimization, pp. 45-61, 1982.

2. e have made a great deal of progress in constructing an interactive
computing system for optimization-based computer-aided-design. Our
present package, DELIGHT, offers an extremely high level language for
very rapid and easy optimization program writing; extreme modularity,
which permits very simple assembly of algorithms and problems from
blocks; easy interface to simulation and system definition packages such
as SPICE; various interrupt and restart features; powerful graphics;
etc. OQur progress to date on this system is desciibed in:

W. Nye, E. Polak, A. Sangiovanni-Vincentelli and A. Tits, "DELIGHT: an
optimization-based computer-aided-design system,"” University of Califor-
nia, Berkeley, Electronics Research Laboratory Memo UCB/ERL M81/19,
1981; Proc. IEEE Iat. Symp. on Circuits and Systems, Chicago, Ill, April
24-27, 1981,

3. In our earlier work on design centering, tolerancing and tuning
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problems, we discoverea that these vroblems are innerently nondifferen-
tiable. An exaemination of the li‘erature snowed that trnere was very
little available by wavy 2f nondifferentiatle optimization alzorithms.
It was therefore clear that the art orf consiructing nondifferentiadle
optimization algorithms would have ‘o be considerably extended if these
algorithms are to become a realistic o0l in engineering design. Pro-
fessor E. Polak, in collaboration with Profzssor D. Q. Mayne of Imperial
College, London, and Y. Wardi, a graduate student, have studied the pos-
aibility of obtaining necndiffsrentiable optimization algorithms by
extension of differentiable optimization algorithms. Their results are
most encouraging and are reported in:

E. Polak, D. Q. Mayne and Y. Wardi, "On the extension of constrained
optimization algori*ams from differentiacle <o nondifferentiable prob-
lems,"” University of California, Zerkeley, Zlectronics Research Labora-
tory Memo No. UCBERL M81/78, 1981, also to appear in SIAM J. on Cont.
and Opt.

B, Polax and D.Q. Mayne, "Algorithm Models for Nondifferentialble QOptim-
ization", iUniversity of Califorrnia, ZRL ¥emo !JCB/ERL No. M82/34, May
1982,

E. Polak, "Semi-infinite Optimizaztion in Enginering Design", Interna-
tional Symposium on Semi-infinite Programming, JIniv. of Texas, Austin,
Texas, 3ept. 8-10, 1981.

4, Professor Polak has shown <hat nondifferentiable, design centering,
tolerancing and tuning problems can bve decomposed into a sequence of
differentiable optimization problems via outer approximations. As a
result, the arsenal of computatisnal tools available for their solution
is much enlarged.

E. Polak, "An Implementable Algoritam fsr the Design Centering,
Tolerancing and Tuning Problem”, . on Opt. Th. and App., Vol. 35, N. 3,
Yov. 1981.

5. Professor Polak in collaboration with Y. Wardi, a graduate student
has presented a theory that enables one to make some sense in a number
of optimization problems defined on function spaces, where either the
problems themselves have no soluzions or algorithms construct sequences
in solving them that have no accumulation points in the spaces in which
they are defined. The tools used to achieve this result are minimizing
sequences.

E. Polak and Y. Wardi, " A Study of MInimizinz Sequences”, University of
California, Berkeley, ERL Memo M82/22, March 1982.

6. Professor A. Sangiovanni-Vincentelli has co-authored three survey
papers dealing with various design aids for VLSI. These papers are as
follows:

R. Newton, D. 0. Pederson, A. Sangiovanni-Vincentelli and (. Sequin,
"Design aids for VLSI: The BRBerkeley perspective,” IFEE Trans. on
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Circuits and Svstems, JuLy 198%1.

G. Hachtel and A. Sangiovanni-Vincenzelli, "\ survev of tnird zeneratiosn
simulaticn techniques,” IZEE Proc., Yovemter 1981,

R. 3Srayten, 5. Hachtel 2and A. 3angiovanni-Vincentelli, "A survey of
optimization techniques for integrated circuit design,” IEEE Proc.,
November 1981.

7. Professor A. Sangiovanni-Vincentelli and V. Visvanathan, a graduate
student, partly in collaboration with Professor of R. Saeks of MTexas
Technological University, have made a considerable amount of progress in
the area of diagnosability of nonlinear circuits and systems. Their
work is repcrted in the following papers:

V. Visvanathan and A. Sangiovanni-Vincentelli, "Diagnosability of non-
linear circuits and systems, Part I: The DC case,” Special joint issue
of IEEE Trans. on Computer and IEEE Trans. on Circuits and Systems on

Design for Testability, November 1381.

R. Saeks, A. Sangiovanni Vincentelli and V. Visvanathan, "Diagnosability
of nonlinear circuits and systems-Part II: Dynamical systems,” Special
joint issue of IEEE Trans. on Conputers and IZEE Trans. om Circuits and
Systems, on Design for Testability, November 1981.

V. Visvanathan, "Applications of Differential Sensitivity to Large-
Perturbation Problems: Diagnosability and Model Simplification”, PhD
Thesis, University of California, Berkeley, 1982.

8. Professor A. Sangiovanni-Vincentelli and E. Lelarasmee, a graduate
student, partly in collaboration with Dr. A. Ruehli of IBM T.J. Watson
Research Center, have developed a new family of relaxation based methods
for large scale circuit simulation. It has been possible to character-
ize the convergence properties of these methods and to show that for a
large class of circuits, i.e, MOS digital circuits, the method will
always converge to the solution of the circuit equations. An experimen-
tal computer program called RELAX, has been written. Its performances
are impressive: using the same models, RELAX has computed with the same
accuracy transient responses of MOS digzital circuits about 70 times fas-
ter than SPICE2. This research has been awarded a best paper award at
the 1982 Design Automation Conference and the D.J. Sakrison Memorial
Award given to E.Lelarasmee for outstanding research done by a graduate
student in the Department of EECS, University of California, Berkeley.
The papers where these results have been reported are:

E. Lelarasmee, A. Ruehli and A. Sangiovanni-Vincentelli, “The Waveform
Relaxation method for time domain analysis of large scale integrated
circuits”, IEEE Trans. on Comp. Aided Des. of Int. Circ. and Syst., vol
CAD-1,No. 3, pp.131-145, July 1982.

E. Lelarasmee, A. Sangiovanni-Vincentelli and A. Ruehli, "A New Relaxa-
tion Technique for Simulating MOS Digital Integrated Circuits" Proc.
1982 Int. Symp. on Circ. and Syst., pp. 1202-1205, Rome, May 1982.

USSR N
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. Llelarasmee and A. 3Sangicvanni-Vincentelli, "RELAX: A Yew “ircuis
Jimula<or <for Large-3cale ¥0S Integrated  ircuits" Prcc. 19th Desizn
Autcnaticn ZTonfererce, pp. £32-239C, las Vegas, June 1332,

2, Lelarasmee, "“The Waveform Relaxation Method fcr +the +time domain
analysis of large scale integrated circuits: Theory and Applications”,
®hD Thesis, University of ZJalifcrria, Berkeley, 1982.
Siznificant Accomplishments

1. We have made important rcrogress in devising superlinearly con-
vergent algorithms for the sclution of semi-infinite optimal design
problems.

2. 'We have developed a comprehensive theory of diagnosability for
dynamical nonlinear circuits and systenms.

3. We have made a considerable amount of progress in developing

DELIGHT, a highly sophisticated interactive computing system for

ptimization-based computer aided design of engineering systems and, in
particular, of electronic circuits.

4, We have developed a new Tamily of relaxation-based methods for
the simulation of lerge scale circuits that may open an entire new vista
on circuit simulation.

Proposed Research Progran

Introduction

The research which we propose to carry out is in four parts, three
of which must be kept highly co-ordinated, while the fourth one is
rather independent of the others. The three coordinated parts of our
research are: (i) the development of optimization algorithms for single
and nulti-objective optimization problems corresvonding to electronic
circuit design problems with simple inequality constraints, semi-
infinite inequality constraints, and max min max ... type of constraints
which results from specifications on nominal parameter values, frequency
responses, tolerancing and trimming, etc.; (ii) the developement of
efficient simulation codes which compute not only responses but also
various sensitivities and whose precision can be modulated as a means of
controlling computing time; and (iii) the development of device and cir-
cuit models which allow to express system behavior in terms of a very
small number of fundamental variables which can be controlled in the
production process. The stand-alone part of our research is devoted to
developing a comprehensive theory of fault diagnosis for nonlinear cir-
cuits and systems.

Our research results will be tested, evaluated and fine-tuned in
our interactive computing facility which is currently being used to
develop a multidisciplinary, optimization-based computer-aided design
methodology. The power of the DEC 11/780 computer and the availability
of sophisticated, interactive graphics features makes this facility an
ideal medium for this type of experimental work.

Optimization Algorithms for Interactive Electronic Circuit Design.
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a) Single-Objective Jpvimization
7o accomodate most, if n
onic circuit desizn, <he op
least as complex as the fo
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min Slx)ig (x}, t = 1,2,..,I; max nlx,) <0, 0= 1,2,00,5
=
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max max min max z{x,e,s,t) < D

e€E s<8 €T k&K -
where f,gi,hj and zX are all cortinuously differentiable and W, S, © J§,
and TGP are compact sets. At the present time, there are only twc
approaches possible to such a problem, one based on outer approximations
of the constraint set and the other one on inner approximations of the
sonstraint set |G6,F5,D0156,313].

(i) Outer approximations can be used to decompose (1) either into a
sequence of nondifferentiable problems, as was done in [P6], or into a
sequence of differentiable problems, as was done in [PS]. While, in
general, it is preferable to decompose a difficult problem like (i) into
an infinite sequence of differentiable problems, the price paid in [PS]
for obtaining & sequence of dirfferentiable problems was that thege prob-
lems may have a very large and possibly ill conditioned set of con-
straints. Since our ability to nandle nondifferentiable problems has
considerably improved since (éS,P6] were wWritten, we propose to examine
the advantages of decomposing (1) into a sequence of nondifferentiable,
but hopefully quite well conditioned problems. In particular, since the
resulting nondifferentiable optimization problems have a very special
3tructure, we hope to devise efficient algoriinms for their solution.

(ii) Introduced for circuit design ty Director and Hachtel [D16], inner
approximations algorithms have made a very favorable initial impression
on CAD users. Their main advantages are that they result in particu-
larly simple subproblems and that whenever computation is suspended, the
designer has at least a feasible design at his disposal, At present,
their main disadvantages are that they only make sense for convex con-
straints and that there are no reasonable constraint dropping schemes to
limit the growth of complexity of the resulting subproblems, which
severely limits the precision with which they can solve a problem. Con-
sequently, there remain a number of important uranswered questions. In
particular, it is important to determine whether they can be extended to
nonconvex problems and whether one can develop constraint dropping
schemes that are as efficient as those proposed for cuter approximations
algorithms. We propose to address ourselves to these questions.

b) Multiobjective optimization

We have an ongoing effort in multiobjective optimization, which is
used in electronic circuit design for performing trade-offs. There are
a number characterizations of non-inferior ({(i.e. trade-off) point
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surfaces _J10,T2,M1,93,P11., juite racently, we have obtaired a number
of interesting quantitative resuits on the efficient 2xplcoration of such
3urfaces | 28,P3a;. Cne of the najor obstacles to the use of aulti-
i3 the lack of neaninzful methods of
7. de propose to attack this problen
in corjunction with developing icient strategies fcr trade-off sur-
face exploraticn.

Circuis Simulation

This part of the project is devoted to the developmen*t c¢f simula-
tion technigques and codes wnich are compatible with our optimization
algorithms. The most urgent tasx is to extend at least cne high quality
simulation code so that it will yield the required derivatives. Since
SPICZ 2, which was developed at Berkeley, is such a code and since it
already has some sensitivity computaticn features, such as for d.c.
small-signal sensitivities, it i3 an ideal starting point for such a
project. We note that some theoretical results for computating time
domain sensitivities have already bteen obtained [313]. however, these
results are not easily implemented within the context of existing simu-
lation programs, such as SPICE 2. Moreover, they promis to be very
expensive in terms of computer time and storage requirements.

We therefore provose to develop and implement, as an extension of
SPICE 2, an algorithm for time domain sensitivity analysis which makes
use of a number of the intermediate computations, involving jacobians,
required by the integration of the circuit equations.

Device Modeling

The major task in this area is to develop device models which lead
to rfficient computations in <he <context of optimization-based
computer-aijed design. In car*icular, emphasis will be placed on reduc-
ing the naumber of variables on which tolerances must be placed, since
computing costs go up exponentially with this number. In particular, we
shall attempt to develop appropriate models for complex M0S digital and
analoz circuits. The modeling process will be iterative, in that our
new models will be tested experimentally against existing models and
against actual circuit performance.

Tault Ciagnosis of Nonlinear Circuits and Systems

Our results, reported in [V1], yield a necessary and sufficient
condition for the diagnosability of nonlinear memoryless systems
described by the equation:

y = £(u,a) (2)

where f(.,.) maps RP X R® into %9 . The condition involves a rank test
on the matrix:

R (a) -f.f- (df(u,a)/ca]” [d£(u,a)/dalw(u)du (3)

where T the denotes transpose and w(.) is a continuous scalar valued
function selected to ensure the existence of the integral.
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af step, w#e stuiied <ne diagresat:ilicy of nonlinear idynamical
circuits S13. Most such systems <can Te described by implicit
algebraic-differential =2quations o7 the form

n(x{t),x0t),y(e),u(z),a) =0 ror all ¢ > ) {4)

The <theory and technigues deveiloped for resistive circuits can Dbe
appliea o this case by by 2xtending them to a function space setting.
Amorng other things, +this involves replacing tne Jacobian and its tran-
spose by the Frechet derivative and its adjoint. The difficulty in com-
puting the Frechet derivative makes the above approach numerically very
difficult. To deal with this complication, w#we propose to examine the
possibility of replacing the original system by a discrete-time approxi-
mation, i.e., a discrete~time dynamical system of the form:

h(i(tn),x(tn),y(tn),u(tn).a) =0, forn=20,1,2,... (5a)
k

i(tn) = Iy x(z, ;) (5b)
i=0

The above form is of particular interest in electronic circuit design
since the simulation of electronic circuits requires the solution of
equations of the form (5a,5b) for a set of discrete time increments by
as well as the time points t,_;, which are chosen according to the par-
ticular bvackward differentiation formula used in the simulator. By
using a discrete approximation to the continuous dynamical system, we
will be able to couple algorithms for diagnosis with existing efficient
simulators, such as SPICE 2. An additional important simplification in
the diagnosis of systems of the form (4), will result from the fact that
the Frechet derivative can be replaced by time-domain sensitivities
which are much easier to compute.

Jeferences

A6 ASTAP 3eneral Information Manual (GH20-1271-0), IBM Corp., Mechan-
icsburg, PA.

3t 3. s, Berkowitz, IRE Trans. on Circuit Theory, vol. CT-9, pp. 24-29,
March 1962.
32 ¥, L. Balinski and P. Wolfe, (eds.), Nondifferentiable Optimization,

Math. Prog. Study 3, Amsterdam: North-Holland, 1975.

B3 S. D. Bedrosian and R. S. Berkowitz, IRE Iaternational Convention
Record, Part 2, pp. 16-24, March 1962.

S. D. 3edrosian, IZEE Trans. on Communication and Electromics, pp.
219-224, March 1964,

B9 ;. W. Bandler and P. C. Liu, IEEE Trans. on Circuits and Systems, pp.
219-222, March 1974.




hol ]
541 5

. %. fandler, J. oFf

no. ', °o. 39=1is, July

(XX

S
P2

135, W, 2andler, 2. 2. Liu, and J. F. Then, IZRE Trans., o2n Microwava
Theorv and Technizues, vol. M¥TT-2%3, no, 3, pp. 230-0dt, Auguszt 13275,

4]

4+ - - -
145, 3owers and S. 3Jedone, 3CTPTES

System Analysis, ZIngiewood u;iffs,

Computer 2rozram for Zircuit and
S.: Drentice sall, inc., 971,

3157, W, Bandler, ?. C. Liu, and . Troup, ITEF Trans. on Circuis
Systems, vol. CAS-2%, no. 3, pp. !55-103, H¥arch 1976.

o

[ O]

an

2 . -
3'-OS. /. Bearse, Microwaves Journal, June 1377,

z . e
52—u. P, EBertsekas and S. K. Mitter, SIAM J. Control, vol. 11, no. &,

op. 637-652, November 1973.

5240. P, Dertsekas, Nondirfferentiable Jptimization Via Avoroximation,
Math., Prog. Study 3, pp. 1-25, Amsterdam: JNorth-Holland, 1975.

3257, 4. 3lankenship and J. E. Falk, "Infinitely Constrained Optimiza-

tion ?Problems,” The George Washington University Institute for

Management Science and Engineering, Serial T-301, June 174.

3267, Bracken and .. F. McGill, Orerations Res. 21, pp. 37-44, 1973,

327;, 3racken and J. F. Me3ill, Orverations Res. 22, pp. 1097-1101
1974

32£9, 4, 3ranin, The Matrix and Tensor SJuarterlv, vol. 12, no. 2, pp.
09-115 March 1962.

241ySAF Technical Repcrt AFWL-TR-73-75, Air Force Weapons Laboratory,
Kirkland AFB, N.M., 1973.

C1 p. A. Zalaharn, Computer-Aided Vetwork Tesign, New York: McGraw-dill,
1968.

cé 3. R. Chawla, H. X. Gummel, and P. XKozax, IEEE Trans. on Circuits and
Systems, vol. CAS-22, no. 12, December 1975,

C9 L. 0. Chua and L. K. Chen, IEEE Trans. on Circuits and Systems, vol.
CAS-23, no. 12, pp. 694-705, December 1376.

C103, L. Cochrane and M. Zeleny, (eds.), Multiple Criteria Decision Mak-
ing, Columbia, S.C.: USC Press, 1973.

L2 . 0. Da Cunha and E. Polak, "Constrained Minimization Under Vector-
Valued Criteria in Linear Topological Spaces,” in A. V. Balakrishnan
and L. W. NYeustadt, (eds.), Mathematical Theory of Control, New York:
Academic Press, pp. 96-108, 1967.

D3 J. M. Danskin, The Theory of Max-Min, Springer-Verlag, Berlin, 1967.




~

IS8-33-3 - p. 12

7 3, Dembart and L. YMilliman, "CJIRCUS-2, A Tigital ‘omputar Program for
"

Transient Arpalysis of Zleactronic Tircuits, Jarry IZiamcnd Labora-
tories, Washingson, I.CT., July !37%,

Loy, 7. Cemjanov, J. Compurer and Ivstenm 3ciences z, pp. 242-280, 1968.

/. T. Lemjanov, Kybernetics 2, no. 5, pp. 58066, 13663 3, no. 3, pp.
62-06, 1967,

2'3s, W. oirector and R. A. Ronrer, IZFE Trans. on Circuit Thecry, ©p.
318-323%, August 1969,

D165, W. Director and 3. D. Hacntel, Proc. IESE 1976 ISCAS, pp. 706-7C9.

£1 3. Curtis Eaves and #. I. Zangwill, SIAM J. of Control, vol. 9, no.
4, pp. 529-542, November 1971.

22 gcaP II Application Description Manual (GH20-0983), IBM Corp.,
Mechanicsburg, PA.

=3 5. Zven and A. Lempel, IZEE Trans. on Circuit Theory, vol. CT-14, pp.
361-364, Septemver 1967.

M S. P. Fan, M. Y. Hsueh, A. R. Newton, and D. 0. Pederson, Proc. IEEE
ISCAS, 1977.

G6 C. Gonzaga and Z. Polak, SIAM J. Control and Opt., 1977.

3T g, JonzagZa, E. Polak, and R. Trahan, IEEE Trans. Automatic Control,
vol. 2%, no. 1, p. 49, 1979,

8 Gustafson and Kortanek, Maval Research Lozistics GQuarterly, vol. 20,
pp. 477-504, 1973.

3120. A. Jeorge, BELAC Jser's Manual, Technical Information Service R69

EMLII, jeneral Electric Co., Utica, N.Y., 1969; aiso updated R72 ELI,
1972,

g, Hettich, (ed.), Semi-Infinite Programming, Proceedings of a
Workshop, Bad Honnef, August 30 - 3eptember 1, 1978.

H2 G. D. Hachtel, R. K. Brayton, and F. G. 3Justavson, IEEE Trans. on
Circuit Theory, vol. CT-18, pp. 101-118, January 1971,

HS y. H. Happ, Diakovtics and Networks, New York: Academic Press, 1971.

H6 4. H. Happ, Proc. IEEE, vol. 62, pp. 930-940, July 1974.

H10c. W. Ho, A. E. Ruehli, and P. A. Brennan, IEES Trans. on Circuits
and Systems, vol. CAS-22, pp. 504-508, June 1G75.

H12y, w, Hogan, Mathematical Programming 5, 2, pp. 151-168, 1973.




o
Il

e

T2
el

+
P

18S-33-3 - p. 13

4, Y, Hsieh and N. 3. Zabbat, Proc. IZZZ T2C0aA3, S

Tomouter-Aided Intezrazed

: - " C . ~ - ) o erd e St
LTCulT LeSliN, 1. . SETSLCWLINZ 1 2d..,

~ A

McGCraw-Hill, New 7orx, '%od.

’

IZS2 Transaction on Microwave Theory and Technicues (3pecial Issue on

3omnuter-ur‘enued Yicrowave Practices,, pp. 416-034, August 1369.

ITFE Transactions cn Circuit Theorv (Special Issue on AD), pp. 3-
173, January 1971.

IZEE J. Solid-State Circuils (Special Issue on Jomputer-Aided Circuit

Analyszs and Device Modeling), pp. 146-259, August 1971.

IEEE Transactions on Circuit Theory (Special Issue on CAD), XNovember

1973.

Handbook of Circuit Analysis Languages and Technigues, R. W. Jensen
and L. P. McNamee (eds. ), Znglewood Clefs, llew Jersey: Prentice-
Hall, Inc., 1976.

3. Xaplan, "Computer-Aided Design,” ITEE Spectrum, October 1975.

M, J. Kelly, "CAD Limits L.SI," Proc. VIII 4Asilomar Conference,
December 1974.

R. Klessig and E. Polak, SIAM J. Control, vol. 1, no. !, pp. 80-83,
February 1973.

R. Klessig and E. Polak, J. Math. Anal. and Apvl., vol. 41, no. 3,
pp. 583-602, March 19773,

R. Klessig and T. Polak, "A Survey of Convergence Theorems," invited
paper, Joint National Meeting, ORSA-TIMS, 17-19, November 1975, Las
Vegas, Nevada.

G. Kron, Diakoptics-Piecewise Solution of Larke-Scale Systems, Lon-
don, England: MacDonald, 1963.

Computer Oriented Circuit Desizn, *. F. Xuo and W. G. Magnuson, Jr.

{eds.), Englewood Cliffs, N.J.: Prentice-Hall, 1969,

R. Liu and V., Visvanathan, IEEE Trans. on Circuits and Systems, vol.
CAS-26, no. 7, pp. 490-496 and pp. 558-564, July 1979.

C. Lemarechal, "An Algorithm for Minimizing Convex Functions,” Proc.

IPIP Congress 74, August 1974.

C. Lemarechal, in Nondifferentiable Ovptimization, Math. Prog. Study
3, pp. 95-109, M. L. Balinski and P. Wolfe, (eds.), Amsterdam:
North-Holland, 1975.

C. Lemarechal, "Minimization of MNondifferentiable PFunctions with




"o

Jontraincte,

=% 2, 8. Levitin and 2., 7, 2olyaik, 2h. Vrcochisil, Hat. Mat, Fiz,, 3, 3,

= — t—— i — —

pp. 787-32%, 1968,
H N . - - -
Loz, s. Levitin, Zh. 7Yvycnisl. Ma%t., ¥Mat, Fiz., 2, 5, pp. 783-3C&, 1323,
M g, R. MacCrimmon, "An Overview of Multiple Objective Decision Mak-

ing," in J. L. Cochrare and M. Zeleny {a2ds.), Multiple Criteria Teci-
sion Making, Columbia, 3.C.: YSC Press, pp. 1'2-44, 1973,

¥7 NET-2 Network Analysis Program, Harry Tiamond Laboratcries, Washing-

ton, D.C., 1970.

“9ap, Q. Mayne and E. Polak, JOTA, vel. 10, nos. 3/4, pp. 277-330,
August 1975.

M9bp, q. Mayne and E. Polak, "“An Exact Penalty Function Algorithm for
Optimal Control Problems with Control and Terminal Equality Con-
straints," in press.

*9ep, Q. Mayne and E. Polak, Math. Programming, vol. 11, vpp. 67-80,
1976; also ERL Memorandum No. ¥-457, University of California, Berke-
ley, August 2, 13974.

Mic., Q. Mayne, E. Polak, and R, Tranan, ERL Memorandum MX77/10, Univer-
sity of California, Berkeley, February 8, 1977.

”15R. G. Meyer, R. A. Rohrer, L. W. Nagel, and L. Weber, IEEE J. Solid-
State Circuits, vol. SC-6, no. 4, pp. 204-213, August 1971.

M153. G. Meyer and D. M. Miller, I

§ J. Solid-State Circuits, vol. 3C-
5, no. 4, pp. 244-250, August 1

7o
aTt.

M17R. G. Meyer, R. Rohrer, L. W. Nagel, and L. Weber, IEEE ISSCC Dizest,
vol. 14, pp. 124-125, 1371,

18y, 3. Meyer, M. J. 3Shensa, and R. Eschenbach, IEEE J+ Solid-State
Circuits, vol. 3C-7, no. 1, pp. 16-23, February 1972.

193, ¢. Meyer and W. M. Sansen, IEER
7, no. 6, pp. 492-498, December !37

Solid-State Circuits, vol. SC-

J.
2.

M20R. G. Meyer, L. Nagel, and S. Lui, IEEE J. Solid-State Circuits, vol.
3C-8, no. 3, pp. 237-240, June 1973,

M21g, G. Meyer and H. Abraham, IEEE Trans. Electron Devices, vol., ED-23,
No. 12, pp. 1290-1297, December 1976.

¥22g, G. Meyer and D. G. Duff, IEEE ISCAS Proc., pp. 19-22, 1977.

M23R. G. Meyer and K. H. Chan, IEEE ISSCC Digest, vol. 20, pp. 208-209,
1977.




MES3, Mifflin, Report RR-TA-Z1, In<ernational Inestitucte fir Applied Sys-
tems inalysis, 2361 Laxerburg, Austria, Zecember '37s.
o) . ) - s RN . ,
274, Mukai and 2. Polak, "dn tas Implementaticn oY Zsduced Jradient
Methods," 7th IFI®? Jonf. on I rptimizaticn Technijues, Nice, Trance,
September S-13, 1975; also in ZJrtimization echﬁ1:3= Hodellqg and

‘»N (I)

Cpotimization in the Service oI ¥an, vol. 2, pp. 1l9-d
York: Springer-Veriag, 1370
Y283, Mukai and E. Polak, EZRL Memcrandum 4-361, University of Califor-
nia, Berkeley, July 2, 1975; also JOTA, in press.

M294, Mukai and E. Polak, ERL Memorandum M-552, University of Califor-
nia, Berkeley, August 14, '37%; also Math. ?rog., in gress.

¥t N. Navid and A. N. Willson, IEEZ Trans. on Circuits and Systems, vol.
CAS-26, no. 7, pp. 440-457, July 1379. —

53 L. . Nagel, ERL Memorandum M-520, University of Clalifornia, Zerke-
ley, May 1975.

23y, J. Payne, E. Polak, D. C. Collins, and W. S. Meisel, IEEE Trans.
Automat. Contr., vol. AC-2C, pr. 546-548, Aaugust 1975,

P4 E. Polak, "Algorithms for a Class of Computer-Aided Tesign Problems:
A Review,” Automatica, Septemper 1979.

25 g, Polak, "An Implementable Algorithm for the Optimal Design Center-
ing, Tuning, and Tolerancing Problem," presented at IRIA Interna-
tional Symposium on MNumerical Methods in “ngineering

?6 B, Polak and A. Sangiovanni-Vincentelli, "Theoretical Aispects of the
Optimal Design Centering, Tolerancing, and Tuning Problems,” IEEE
International Symposium on Circuits and Systems, DJelft University of
Technology, Holland, July 3-6, 1379.

F. Pinel, F. Brglez, W. Chu, and O. Yonkewich, Proc. IEEE 1976

8y, J. Payne and E. Polak, IEEE Trans. on Automatic CJontroi, vol. AC-
25, No. 3, 1980,

PBa,, N. Payne, “Internal Elimination Methods for Interactive Optimiza-
tion of Multiple Objectives,” University of California, Berkeley, May
1979.

?93E Polak, Computational Methods in QOptimization - A Unified Approach,
Academic Press, N.Y., 1971.

?9bg, Polak, "Computational Methods in Optimal Control,"” invited paper,
Conf. on Energy Related Modelling and Data Base Management,
Brookhaven National Labs., May 12-14, 1975.




23 .« . N .~ T~ T4 Y

TYee, 95lax, Automatic, vol. ‘2, op. IETSRLZ, TS

e, o51ak, "Sptimizasicn  Alszcrithms  Sor Tomputer  iided  Tesizn,”
Plenary Address Irtimizasion lavs-'477, sconscrei ov IZEE Zontrol
Systems 3ociety 3IaM, May S-35, 1377, Jonccraia ‘/nivarsity, Montreal,
Juetec.

210z, 20lak, "Cn a Class of lumerical Methods with an aAdaptive Integra-

tion 3Subprocedure rfor 7Jptimal Control Problems,” in Technijues of
Joptimization, A. ¥. 3alakrisnnan, {(ed.), Academic Press, 1972, bpp.
Jotimrzavion

39-103. ‘

112, 5olax, "On the Approximation of 3olutions to Multiple Criteria
Tecision Making Problems,” presented at XXII International Meeting of
the Institute of Management Sciences, Xyoto, Japan, July 24-26, 1975;
also in M. Zeleny (ed.), Mul=iple Criteria Decisicn Making: Xvoto,
1975, Berlin: Springer-Verlag, 1376, pp. 271-282.

Pl12az, 90lak end D. 3. Mayne, JOTA,. vol. 16, nos. 3/4, pp. 3C3-325,
August 1975,

?12%, polak and D. 2. Mayne, IZEE Trans. Automat. Contr., vol. AC-22,
no. 5, 1977.

®'22, oolax and A. N. Payne, "On Multicriceria Optimization,” in Y. 2.
40 and S. K. Mitter (eds.), Directions in Large-3cale Systems, New
Yorx: Plenum Publishing Corroration, pp. 77-94, 1376.

P143, Polak and D. Q. Mayne, IESE Trans. on Automat. Contr., vol. iC-21,
no. 2, pp. 184-193, April 1376.

-Y I _ - , . , L. .
723, 2o0lak, K. 3. Pister, and D. Ray, Enzineering Optimization, vol. 2,

0. 65-71, 1976.

21

O

£, Polak and R. Trahan, "An Algoritam for Computer Aided Design Prob-
lems,"” Proc. of the 1976 IBEZ Zonf. on Tecision and Zontreol, December
1976,

?F*E. Polak, R. Trahan, and D. . Mayne, ERL Memorandum M77/393, 'niver-
3ity of California, Berkeley, May 31, 1977,

217ag, Polak, D. Q9. Mayne, and R. Trahan, "An Outer Approximation Algo-
rithm for Computer-iided Design Problems,” presented at Optimization
Days, 1977 IEEE Control Systems Society and SIAM, Montreal, Quebec ,
May S-6, 1977.

P183, 7, Polyak, Zh. Vychisl. Mat. Mat. Fiz. 9, No. 3, pp. 509-521,
1969, -

P20proc. IEEE (Special Issue on CAD), pp. 1787-2005, November 1367.

P21proc. IEEE (Special Issue on Computers in Design), pp. 6-118, January
1972.




U
-

2

S5

188-33-3 = p. 17

t. 3. Zsboat and =. Y. dsien, IRNRE Trans. Circuits and Systems, vol.
CAS-23, no. 12, »p. 745-751, December 1375,

M, 4. 3ansom and . 3Saeks, Proc. 3rd 2Pi<tsburzh Svmoposium on Model-
linz and Simulaticn, University of ?ittsburgh, 1973, vol. 4, pp.
224-228

"
-

, Pault Isolation with Insufficient Measure-
ments,  IZES Trans. on Circuit Theory, vol. CT-20, pp. 416-417, July

S. Seshu and 2. Waxman, IZFE Trans. ég Reliability, vol. R-i5, po.
11-16, May 1965.

R. Saeks, 3. P. Singh and R. Liu, IEEE Trans. on Circuit Theory, vol.
CT-19, no. 6, pp. 634-5640, November 1972.

A. Sangiovanni-Vincentelli, "A Graph Algorithm for the Optimal Tear-
ing of a Sparse Matrix,” Proc. 13th Annual Allerton Conf. on CAS,
1975, . -—

A. Sangiovanni-Vincentelli, "An Optimization Problem Arising from
Tearing Methods," in J. Bunch and D. Rose (eds.),, Sparse Matrix Com-
putaticns, pp. 97-110, Academic Press, 1976.

A. Sangiovanni-Vincentelli, "The Complexity of an Optimization Prob-
lem Arising from Tearing Methods,"” Proc. 1976 European Conference on
CAS, Genda, 1976.

A. Sangiovanni-Vincentelli, L. K. Chen, and L. 0. Chua, ERL Memoran-
dum ¥-532, University of Callifornia, Berkeley, October 1976.

A. Sangiovanni-Vincentelli and G. Guardabassi, JIEEE Trans. on CAS,
pp. 783-791, December 1376.

A. 3angiovanni-Vincentelli, L. 0. Chua, and L. K. Chen, "A New Tear-
ing Approach: Node-Tearing Nodal Analysis,” 1977 Proc. ISCAS,
Phoenix, May 1977.

A. Sangiovanni-YVincentelli, L. K. Chen, and L. 0. Chua, "An Efficient
Heuristic Cluster Algorithm for Tearing large Scale Networks,” to
appear in IEEE Trans. on CAS.

S104, Sangiovanni-Vincentelli and T. A. Bickart, "Bipartite Graphs and

an Optimal Bordered Triangular Form of a Matrix," submitted for pub-
lication.

S1'N. Sen and R. Saeks, Proc. 20th Midwest Symposium on Circuits and

Systems, pp. 576-583, 1977.

S12,, Sangiovanni-Vincentelli and V. Visvanathan, "DC Testing of

Parametric Faults in Nonlinear Systems,” IEEE International Symposium
on Circuits and Systems, Houston, Texas, April 28-30, 1980.




I1S5-33-3 - p. 18

5135, Sangiovanni-Vincentelli and I. .elarasmee, "An Inner Approxima-
tions Algorithm for the Design of Zlectronic Circuits,” International
Symposiun on Mathematical Theory o7 Netwdr«s and Systems, Telf:, Yol-
land, July 3-6, 1979,

5167, shor, Cybermetics, pp. 533-606, July 1974; Kibernetika, 4, op.
65=-7C, 1372.

SzzSUPERSCEPTRE, Program made available by Dr. J. C. Bowers, University
of South Florida, Tampa, Florida.

323H. Saeks and A. Sangiovanni-Vincentelli, "Diagnosability of Nonlinear
Circuits and Systems-Part Part II: Tynamical Systems,” IEEE Trans.
on Computers and Trans. on Circuits and Systems, Nov. 1981,

T 7, N. Trick and R. T. Chien, IEEE Trans. on Circuits and Svstenms,

vol. CAS-25, no. t, pp. 46-48, January 1378,

T2 D, M. Topkis, Operations Res. 18, 3, pp. 404-413, 1970.

T3 b. M. Topkis, Operations Res. 18, 6, pp. 1216-1220, 1970.

T4 o, N. Trick and C. J. Aljajian, Proc. 20th Midwest Symposium on Cir-
cuits and Systems, pp. 576-583, 1977.

"5 7. N. Trick and A. A. Sakla, Proc. 1978 ISCAS, pp. 156-160, May 1978.

T6 7, . Trick, W. Mayeda, and A. A. 3akla, Proc. 1979 ISCAS, pp. 878-
881, July 1979.

V1y. visvanathan and A. Sangiovanni-Vincentelli, "Diagnosability of Non-
linear Circuits and Systems-Part I: The DC case,” IEEE Trans. on
Computers and Trans. on Circuits and Systems, Nov. 1981,

W1 4. 7. Weeks, et al., IEEE Trans. on Circuit Theory, vol. CT-20, po.
628-634, November 1973.

"3 p. A, Wolfe, "A Method of Conjugate Subgradients for Minimizing Non-
differentiable Functions,” in M. L. Balinski and P. Wolfe, (eds.),
Nondifferentiable Optimization, Mat. Prog. Study 3, Amsterdam:
North-Holland, pp. 145-173, 1975,

w5

F. F. Wu, IEEE Trans. Circuits and Systems, vol. CAS-23, no. 12, pp.
706-713, December 13976.

W6 L. Williamson and E. Polak, SIAM J. Control, vol. 14, no. 4, pp.
737-757, 1976; also ERL Memorandum M-424, University of California,
Berkeley, November 29, 1973.

W7 GComputer-Aided Design Techniques, ©. Wolfendale (ed.), Butterworth's,
London, 1970.

22 G, W. Zobrist and J. C. Bowers, "A Survey of Computer Aided Design




«
[¢]
et
&
(9]
£y
e
O
@
ed
(L3} .
aafp
(8 23 8
A1 EN
[ ] g}
o]
o e}
o} .
O
L §
]
9y
(84 (@]
rofey
fx:
) o
ml e
bt !
R
ol g
Olo
el s
(101 7))
)

Analysis Zrograms,”

icrcwave Cirsuits and

and
A

——




3. Consolidated List of JSEP Published Papers

Memorancdums through 31 August 1982

and




P. Varaiya

E. Lelarasmee

A. E. Ruehli

A. L. Sangiovanni-
Vincentelli

A. E. Comer

1982

1982

1982

1982

8/82

7/82

7/82

8/82

5/82

5/82

826

"Necessary and suffcient condition
for robust stability of linear
distributed feedback systems," mt. J
Control, v. 35, n. 2, pp.255-267.

"Finding all solutions of piecewise-
linear circuits,” Circuit Theory
and Applications, v. 10, pp. 201-228.

"A recursive quadratic programming
algorithm for semi-infinite optimization
problems,"” Applied Hathematics and
Optimization, v. 8, pp. 325-349.

"Novel semiconductor lasers for
integrated optics,"” SP/E-- mtegrated
Optics and Millimetar and Micrswzve
Integrated Circuits, v. 317, pp. 93-98.

"A high-frequency bipolar JFET
I°L process," IEEE Trans.

on Electron Devices, v. ED-29,
n. 8, pp. 1319-1323.

“ldentification and adaptive
control of Markov chains,” S/4%/
J. Control and Optimization,

v. 20, n. 4, pp. 47C-488.

"The waveform relaxation mettod
for time-domain analysis of large
scale integrated circuits,”

IEEE Trans. on Computer-Aided
Design of Integrated Circuits

and Systems, v. CAD-1, n. 3,

pp. 131-145.

"Error bounds for general
describing function problems,”
IEEE Trans. on Circuits and
Systems, v. CAS-29, n. 8,

pp. 345-354.

"An implementable algorithm for
the optimal design centering,
tolerancing, and tuning problem,”
Journal of Optimization Theory and
Applications, v. 37, n. 1, pp. 45-87.

"A new Zn0-on-Si convolver

et - e



R. 8. Muller

H. K. Choi
S. Wang

S. Wang
H. K Choi
L H. A Fattah

M. Marek-Sadowska
E. S. Kuh

M.J. Chen
C. A Descer
G. F. Franklin

ox

.-C. Esieh
- R. Gray
enderowicz
- Messerschmitt

oo

. S
.G

Q

B .

Neureuther

> =
o

R. C. Ruby
T. Van Duzer

R. Seeks

A. Sangiovanni-
Vincentelli

V. Visvanathan

V. Visvanathan
A. Sangiovannj-
Vincentelli

4/82

4/92

1981

12/81

12/81

11/81

11/81

11/81

11/81

e ——

&Cvo

structure,” /E5g Rectron
Device Letters, v. EDL-3, n. 5,
Pp. 118-120.

"Semiconductor internal-refiectisn-
interference laser," Aopl. FPhys.
Letters, v. 40(7), PP. 571-573.

"Studies of semiconductcr lasers
of the interferometric and
ring types,” IEEE J of

m E!ectr:mics, v. &E-18,
0. 4, pp. 810-817.

"A new approach to routing

of two-layer printed circuijg boarg,”
ireuit Theory and Applicaticns,

v. 8, pp. 331-341.

"Algorithm design of single-input
single-output Systems with a two-
input one-output controller,”

The 20th IEEE Conference on Dezissn,
and Control, pp. 133-133,

"A low-noise chopper-stabilizad
differential switched-capacitor
filtering techzique,” /5EE
Journal of Soiig- State Cirsuits,
v. SC-18, n. 8, PP.708-715,

"Alignment signals from resist-
coated marks for direct
wafer writing,"

LE Trans. on ectron Devices,
v. ED-28, n. 11, Pp. 1397-1405.

”Silicon-coupled Josephson
junctions ang super-Shottky diodes
with coplanar electrodes,"

IEEE Trans. on Elactron Devices,

v. ED-28, n, 11, PP. 1394-1397,

"Di.lgnosability of nonlinear
circuits and systems--Part II.
dynamica) systems,” IEEE Trans.
on Computers, v. C-30, n. 11,

PPp. 899-904.

"Diagnosability of nonlinear
circuits and systems--Part [:
the dec case,” mEz Trans. on




Chen

C.W.
T. K. Gustafson

C. W, Chen
T. K. Gustafson

C. Drowley
C. Hu

T. Matsumoto
L. C. Chua

H. Kawakami
S. Ichiraku

C. esoer

hen

~p
Qo

S. Wang
C.-Y.Chen
A S.E. lLiao
L. Figueroa

D. B. Rutledge
S. E. Schwarz

C. Y. Chen
S. Wang

J. L. Wyatt, Jv.

0. Chua

. W. Gennett
C

8/81

7/81

8/81

5/81

4/81

4/81

3/81

2/81

1/81

1980

eco

Computers, v. C-30, n. 11, pp. 889-8918.

“A phototransistor with concentric
electrodes on the Si substrate,”
IEEE Electran Dewvine lLetters,

v. EDL-2, n. 8, pp. 200-202.

"Characteristics of an avalanche
pbototransistor fabricated on a Si
surface,” 4ppl. Phys. Letters,

v. 39(2). pp. 181-183.

"Arsenic-implanted Si layers
annealed using a CW Xe arc lamp,”
Appl. Phys. Letters, 38(11), pp. 878-878.

"Geometric properties of dynamic
Nonlinear networks: transversality,
local-solvability and eventual
passivity,” [EEE Prans. on

Circuils and Systems,

v. CAS-28, n. 5, pp. 406-428.

*Design of multivariable

feedback systems with stable
plant," [EEE Trans. on Automatic
Control, v. AC-28, n. 2, pp. 408-415.

*Control of mode behavior in
semiconductor lasers,”

IEEE J. of Quantum Electrenics,
v. QE-17, n. 4, pp. 453-468.

“Planar multimode detector
arrays for infrared and
millimeter-wave applications,”
[EEE J. of Quantum Electronics,
v. QE-17, n. 3, pp. 407-414.

"Effects of the current distribution
on the characteristics of the
semiconductor laser with a
channeled-substrate planar
structure,” J. of 4ppl. Phys.,

v. 52(2), pp. 814-620.

“Energy concepts in the
state-space thesory of nonlinear
n-ports: Part I passivity,”

EEE Trans. on Clrcuils and Systems,
v. CAS-28, n. 1, pp. 48-681.

"Special feature: instruction in

.\'




N
JOTREE W |

C.
¥

. HEartgring
. G. Cldham
~Y. Chiu
.V

=
OO

T
P. Varaiva
J. Walrand

=
Q0
[
»
cr
[
n
7/
o]
o]

A. N. Payne
E. Polak

C. A Desoer
R.-W. Liu

J. Murray
R. Saeks

1980

1980

1880

12,/80

12/80

8,/50

8/80

6/80

5/80

5/80

O¢oO

MQS LSI systems d=sign,”
IEEE Computers, pp. 57-73.

"A MESFET model for zircuit
analysis,” Solid-State Electronics,
v. 23, pp. 121-128.

"A minimum principle for decentralized
stochastic control problems,”

Dynamic COptimizaticn and Yothemeiizal

Economics, ed. Pan-Tai Liu,
Pp. 253-268.

"Velocity of surface carriers in
inversion layers on silicon,”
Solid-State Electronics, v. 23, pp. 35-40.

"High fé‘equency bipolar -

JFET -1°L process,”

International Electron Devices Heeting,
pp. 382-385.

"A bigh-speed Si lateral
photodetector fabricated over
an etched interdigital mesa,”
Appl. Phys. Letters, 37(11),
pp. 1014-1018.

"Near-field and beam-waist
position of the semiconducior (ass=
with a channelzd-substrate planar
structure,” Appl. Phys. Letters,
37(3). pp. 257-280.

"An interactive rectangle
elimination method for bi-objective
decision making,”" /JEEE Trans. on
Automatic Control, v. AC-25, n. 3.

"Feedback system design: the
fractional representation approach
to analysis and synthesis,”

IEEE Trans. on Automatic Control,
v. AC-25 n. 3.

"Synthesis of reciprocal
piecswise-linear n-port resistors,"
IEEE Trans. on Circuits and Systems,
v. CAS-27, n. 5.

"Antennas and waveguides for
far-infrared integrated circuits,"”
IEEE J. of Quantum Electronics,




Y.-C. Lin
I. Adesida

A. R. Neureuther

C.-Y. Chen
S. Wang

.-Y. Chen
. Wang

Ny

C. A. Desser
Y.-T. Wang

A. Desoer
T. Wang

=u

C.
Y.
M. Mansour

E. L. Jury
L. F. Chaparro

Y. C. Lin
T. E. Everhart

V. Borkar

P. Varaiya

K. Youssefl
E. Wong

4/80

4/80

4/80

3/80

2/80

1979

1979

12/79

12/79

10/79

Uteo

v. QE-186, n. 5.

"On the generalized Nygquist stability
criterion,"” JEEX Trans. on Automaric
Control, v. AC-25, n. 2, pp. 187-185.

"Monte Carlo simulation of
registration signals for eleciron
beam microfabrication.” 4ppl.
Phys. Letters, v. 36, n. 8.

“Narrow doubie-current-confinement
channeled-substrate planar laser
fabricated by double etching
technique,"” Appl. Phys. Lettzrs,

v. 36, n. 8.

"Double-etching technique for

the fabrication of submizron channels
on a GaAs wafer and its application to
laser fabrication,” J. Appl. Phys.,

v.51, n. 3, pp. 1802-1808.

"Foundations of feedback theory

for nonlinear dynamical sysiems,”
IEEE Trans. on Circuits and Systazms,
v. CAS-27, n. 2, pp. 104-123.

"The robust ncn-linear servomecizanism
problem.” nt. Journal on Control,
v. 29, n. 5, pp. 803-828.

"Estimation of the margin

of stability for linear continuous
and discrete systems,” fnt. J.
Control, v. 30, n. 1, pp. 49-69.

"Study on voltage contrast
in SEM," J. Vac. Scti. Technaol.,
v. 18, n. 8, pp. 1856-1860.

"Adaptive control of

Markov chains, I: finite
parameter set,”" [EEE Trans. on
Auto. Control, v. AC-24, n. 6,
pp. 853-957.

"Query processing in a

relatinal database management

system,” Very Large Data Basas,

Ffth nternatinal Conference on




E. Polak
A. Sangiovanni-
Vincentelli

C. Gonzaga
E. Polak

P. A. S. Veloso

J. M. P. Guedes
S. W. Slayman
T. K. Gustafson
R. K. Jain

T.-L. Hwang
S.E. Schwarz
D. B. Rutledge
Y. Yasuoka

M. Heiblum
T. K. Gustafson

E. Polak
D. Q. Mayne

10/79

9/79

7,79

7/78

8/79

8/79

8/79

8/79

8/79

Very Large Data Fases, Rio de
Janeiro, Brazil, pp. 409-417.

"Remark on an equivalent
relation in least square
approximation,” Proceedings of
the J[EEE. v. 87, n. 10,

PpP. 1444-1445.

"Theoretical and computational
aspects of the optimal design
centering, tolerancing, and
tuning prolem,”’ JEEE Trans. on
Qircuits and Sysiems, v. CAS-25,
n. 9, pp. 795-813.

"On constraint dropping schemes
and optimality functions for a
class of outer approximations
algorithms,"” SIA¥ J. Coniérecl and
Optimization, v. 17, 2. 4,

PP. 477-453.

"Dual-gate depletion-mode
DMOS transistor for linear
gain-control application,”

IEEE Trans. on Electran Devices,
v. ED-28, n. 7, pp. 1053-1058.

"Some remarks on multiple-

entry finite automata,” /. of Comp.

and System Sciences, v. 18, n. 3,
pp. 304-308.

"Internal photoemission in
Ag-Alzos-Al

junctions,”" JEEE J. of Quantum
Electronics, v. QE-15, n. 6,

pp. 475-481,

"Microbolometers for infrared
detection,” Appl. Phys.
Letters, v. 34, n. 11,

pp. 773-778.

"Coupling to an 'edge metal-
oxide-metal’ junction via an
svaporated long antenna,”
Appl. Phys. Latters,

34(12), pp. 823-825.

"On the finite solution of
nonlinear inequalities,” JEEE




MHemorandum

P.F. Byrne
E. Polak

W. Nye

A Tits

G. DeMizheli

A. Sangiovanni-
Vincentelli

5/79

M82/82

M82/50

M82/55

M82/57

M82/34

M82/39

MB2/40

MB2/48

M82/22

MB2/27

MB2/17

M82/18

Trans. on Autsmatic Control,
v. AC-24, n. 3, pp. 443-445.

"Transport theory of high-
freguency rectification in
Schottky barriers,” J. Appl. Fhys.,
50(5), pp. 3459-3471.

"Megavolt arsenic implantation
into silicon.”

"Semi-infinite optimization
in engineering design.”

"DELIGHT for beginners.”

"PLEASURE: A computer

program for PLA simple/

multiple constrained /unconstrained
reward column folding.”

"Algorithm models for
nondiferentiable optimization.”

"Noise limitatiors in
switched-cagpzcitor glters.”

"The waveform relaxation

method for time domain analysis
of large scale integrated

circuits: theory and applications.”

"Josephson junction circuit
analysis via integral manifolds.”

"A study of minimizing
sequences."”

"Higher-order nonlinear circuit
elements: circuit theoretic
properties.”

"Synthesis of higher-order
nonlinear circuit elements.”

“State space theory of
nonlinear two terminal higher-
order elements.”




e eem e

. Polak
J. Astrom
Q. Mayne
P

. Polak
. L. Tits
M. Marek-Sadowska
E. S. Kuh

E. Lelarasmee
A. E. Ruehli

A. Sangiovanni-
Vincenteli

E. Polak
D. Q. Mayne
Y. Wardi

M. Stonebraker

W

A

K. C.

P.R. Gray

D. Senderowicz
D. G. Messerschmidt
o
M

. A. Descer
. J. Chen

V. Visvanathan

W.T. Nye

E. Polak

A. Sangiovanni-
Vincentelli

A. Tits

M. J. Chen
C. A. Desoer

M81/99

¥81/91

MB81/95

MB1/75

MB1/78

M81/62

M81,/69

MB1/52

MB1/58

MB1/45

M81/19

M81/12

“Interoptdyn-Siso: A
tutorial.”

"On globally stabilized quasi-
newton methods for inequality
constrained optimization prcbiems.”

"A new approach to channel
routing.”

"The waveform relaxation
method for time domazin
analysis of large scale
integrated circuits.”

"On the extension of constrained
optimization algorithms from
differential to nondifferential
problems.”

"Performance enhancement (o
a relational data base system.”

“The design of digital
filters using interaciive
optimization.”

"Noise reduction techniques
for switched capacitor filters."

"Necessary and sufficient
conditions for robust stability
of linear distributed feedback
systems."

"Fault diagncsis of nonlinear circuits
and systems: Part I-the DC case.”

"Delight: an optimization-based
computer-aided design systems.”

"Algorithm design of single-input
single-output systems with a two-input




