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In troductLon

U.S. Army Researc h Of f i ce  Grant DA1G29~76_C~ C2L~ supp ort—
ed research  in the ~lec t ron ics  Researc h Labora to ry ,  U n i v e r s i t y  ~fC a l i fo r n i a , Berke ley ,  from 15 June 1976 through 1L June 1 ’ T 9
under the title ~‘O n—Chi p Peripheral C i rc u i ts  ~Thr CCD signal pro—
cessors.”

The problem studied in the cour se of this research was
that of real—ti ne signal processing of analog signals usiig
large—scale integrated circuit technology. There are important
requirements for rea l—t ime signal pr ocessing in many defense ~ys —
terns. E~ amp1es are sonar and radar detection systems , and voice ,
video , and digital data commun ication sys t e ms.  A lthough there
has been a strong trend towar d digital  signal Drocess ing ii re-
cent years , many instances still exist for which the necessary
signal processing specificati ons can only be met , or can most
economically be met , with the use of some analog electronic sig-
nal processing techniques.

Important objectives of this research were to determ ine
the lim itations on analog signal pr ocessi.ng in standard UI tech-
nologies , and to find means of improving on the performance and
versatility of analog LSI signal processors. The use of LSI
technology is highl y desirable for most defense systems. The
advantages includ e smaller size and weight , improved re l iab i l i ty ,
and reduced power consumptio n. In the past , la rge scale integ~ a—
tion of analog signal processing functions was inhibite’i by~ theneed for many o f f—ch ip  compo nents , of ten wi th tight requirements
on matching and stabi l i ty.  Our research  has iemonstr~~ted a
number of new technique s for analog UI design which drastically
reduce the need for off— chip components.

Initially our attention was on charge—couple d devi ce
( C C D ) f i l ters , a n d  on the amplifiers and other circuits nee1’~ to-
permit fu l ly—integrated LSI f i lters and co r re la to rs .  During the
cour se of our  r e s e a r c h , t t  became clear that there are a i te rn~ —
tive techniques fo r  realization of these functions which are
pr eferable to CCD techniques in many cases. The CCD filters
still have important specialized applications as matche d filters ,
l inear—phase filters , and comb filters; but a great mart y low

- - 
pass , bandpass , and bandst op filter requirements cart be satisfied

C at lower cost and with better specificati ons using the swi tched—
capacitor ladder filters developed in the cour se of this
research. The ease with which switched—C fiLters may be dig ita~ —
ly programmed makes them highly attr active elements in adaptive
systems.

Only met al—o x Ide—semicon ducto r (~ OS) UI techn ologies
were considered in this research , for sever al reasons. Charge—
coupled devices are achieved only in MOS . This research has
helped to demonstrate the avail ability of other necess ary ele-
men ts of analog signal processing systems in stan dard ~OS techno-logies , including amplifiers , multipliers , digital —to—a na log con—
ver ter s , etc . An -other cons ideration is that d igital c i rcui t
functions are realized at high density in MOSLS I processes ; this
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is importint becaus e pr act ica l  LSI si~ n~ ’. process i ng syst em s ire
virtually certa in to employ i combinat ion of anolog and d iA tt al
circuit funct ions .

Important results of this reseirch

1 . Low—noise oper 3tional ampl ifiers in  ~‘CSLS~~.

Pr toy to this research , the only •o per ittona ’L ampl ifi ers
demonstrat ed in standard MOSLS I had electrical noise levels art - i
power consumption so high as to severely limit their usefulness
in complex , critical siqnat processi ng systems. A c-ireful stud y
of the noise sources in ~!CS amp l ifiers was made. ~ e’i ice me~ sur e—
ments Mere made and fit to the noise model in prog~ nrn ~? C E  (c-
wi-1ely—u se~i circuit sim u L at o r developed ~t Berkoley with U~O an
other suppor t ) .  Design gui de line s were esta~ lis~ ed to achie ve
minimum ampli f ier noise wi th in the c o n s t r a i nt s  of a g iven ~1OS
process.

A hig k_ p erfor m anc -e NMOS operational ampiFter was
designed wi th the aid of the understand ing deve lcoe l  In the m i —
tial. study.  Noise , power consumption , and chip a rea  were all
much smaller than ~~ pr evious des igns .  A - id i t iona l  fea tu res  ire
fully in ternol  frequency co mp e nsat ion  and l~ w outc ut  imoeda nce :wi th w ide  -dy namic range.  Thorough measur ements co n f i r m e d  the
va l id i t y  of  the des ign approach.  This ampl i f ier  has been the
basis f-o r a number of addi t ional  des i gns f o r  va r ious require-
m e n t s , both at Berkeley and e lsewher e .  ?ubl icat io ns on this w o r <
are listed in the Appendix.

-
~~ 2. Sw i t ched—capac i t o r  f i l t e rs .

A stud y of  a l t e r n a t i v e  techniques for pr even t i ng  al iis in~or fold~ ve r d is tor tion in CCD f i l t e rs  led us to the concepts of
the switched — capacitor ladde r filter. These filters employ ra—
tioed MOS capac i t o r s , MOS t rans is to r  ana lo~ sw i t c he s , ani ‘~0St ransistor  operat ional ampl i f iers together with a pr ecise 1i~~i t al
clock signal to create pr ecision aud io—f requency filters. In
many instances the swi tched—C filter can perform the complete
filtering function , with no need for a CCD at all. The advan-
tages of eliminating the CCD includ e greater dy nam ic r~ nge due t-o
the small insertion loss , simpler prevention of a~~ia sin~ 1u~ to
higher sampling frequency, and reduc ed harmonic distort ion due to
elimi natio n of the effects of nonlinear par a sitic capacitances.
Importa nt concepts which were pi oneered wit n ARO supp ort on t~’isgrant are the ratioed -capa citor meth od for adding transmissi on
zeros to t h e  filter transfer function , and the lossless d ig it al
integrator technique for elim ina ting excess phase in the
switched—C filters.

To date , fully—integrate d switched-ca pacitor filters have
demonstrate d untri mmed gain accurac y of +0. 1 IB , center freque ncy
accurac y of 1~~, and 90 dB of dyn amic ranje for operati c -n at aud io

• frequencies. There appears to be no barrier to exten -1in~ the
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useful frequency range to the low megahertz frequency range ,
based upon standard NMOS and C’~CS LSI processes. Publications
and reports documenti ng our research are listed In the An p enl ix.

3. Frequency-locked filters.

Exploratory studies have been made on the feasib ility of
fully—i ntegrat e-I MOS filters based on frequency — lock an~I~ or
phase— lock techniques. In this approach (as for switched-C
filters ,) a quartz crystal provides -a pr ecise , stable frequency
reference which is used in a phase—locked loop to stabilize
center frequency. For high—Q appl ications , a separat~ feedbac k
path is desirable to stabili ze gain or ~ iThctor. The elements -of
these filters are continuous time active inte grators and oc -t jve
multipl iers. Because of the continuous —t ime character of the
entire filter , there is no sampling and no aliasi ng problem .
Detailed stud ies of a ~55 k F~z filter with a Q of 6C and a gain of
36 dB show that it should be realizable in a standard ~0SLS I pro-
cess. High—Q filters for use at frequencies above 100 kH: are
probably smaller in -die area and more stable using this technique
rather than the swt tched-capacit~ r approach. We were in the
midst of detai led design and simulation of a monolit hic
frequency—locke d filter as the term and funding under this grant
ended .

Zt . Co r re la to rs .

Correlators and autocorrelators are needed in  m any signal
detection systems. Although CCD structures can perf orm corre la—
tion functions , -a major drawb ac k is that impleme nting variable
coefficients in a ful ly—i nteg~ atel CCD is di fficult.

We - have studied the feasibil ity of impl ement~ ng a
— var iable—coefficie nt correlator vi a alternative MOSLSf tec h-

niques. An N—t ap correlator requires N mu ltiplicati ons to be
performed in each sampling interval. Th ese can be performed with
either analog or digital multipliers. The fIrst approach re—
quires an analog delay line and accur ate ~t— qua irant analog multi-
pliers , and is not easily implemented in LSI form. Fast -d igital
multipliers are available , but are very large in chip area and
consume a great deal of power.

An a l t e rna t i ve  a pproach is to use a -d igita l delay line
and perform the multipl icat ions wi th  a mult iplying Ii;itil to
analog converter . The latter elem ent has been successfully real—
ized in MOSLS I through earlier work In our laborat ory; it employs
a binary — weighted arra y of integ i-ate d MCS capacitors. A m ulti —
p1 icat ion is completed in 0.2 to 1 microsecond (depend in~ on
design detai ls)  wi th  S to 12 bit c~ efflc tent accur acy. Coeffi-
cients are stored digitally in read—write memory . In the -c-or re—
lator appl ication the multiplier cart be time—s hared . A bread-
board correlator in this form Was constructe d in our l aboratory.
It perform s autocorrelation on ten stored samples with in ? ~25
microsecond sampling interval with a meesur el ô5 d9 -dyn amic
ran~~’. Monolithic rea liz ati on would lead to si~~n i f i - c - an t
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impr ovements in these specifloa tiio ns.

Ap p licat ions of this research in Ar m y ~n-d other ‘o~ pro gra ms

The rem ote mo n itore d battlefi eld sensor system , i :n-1 ’~devel opment by F~t. ‘~!onmouth w ith R~~ Ad vanc e-i Commun ~ c -aticns
Laboratory as contractor , is us ing s w i t c h e d — c a n a c i t o r  f i l t e r s  in
its sign-a l prep r oce s s in - ~ which pr ecedes m icroc cmo u t er— b a se -d fi~~-alprocessing. Further use of  a na log si al p ro ce ss in g  is ant i:  i—
pated for futur e sys tems .

Low power ana log signal process ing is nee ded fo r  s -~n s or s
in munit ions f u z e s .  AA RA D C CM ~s s po nsor ing  w or k by R . \  f- o r th~Army, in whi ch sw~ ton ed— cap acito r filters are a strong cand i 1at ~fo r  a p pl i c a t i on .

Phased— array hydrop hone s are under development for the
Navy by Hughes Ground Systems Div is ion. S w i t c h e d — c a p a c i t o r
filters are extensively employed in this system .

Work on f u l l y—i nteg~ ate1 channe l vocoder s is being spon—
scred by DA R PA at Texas Inst ruments. A combination of CC~filters and switche d— capac ~tor filter s are emplov :?-d in the ‘~ SLS~prototyp e system develope-1 in thi s proje ct.

In each of the four cases itemi :e i , upo n r~~ uest from t~econtractors we have given suggestions , a d vice , pr~ pr ints of our
publications , etc . to assist them in their developments.

Aqo~s.ion Ilo,
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