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1. INTRODUCTION

At rresentr ans procedure for the sunthesis or design of circuits
is strondgly influenced by its technological feasibilits for larde
scale intedration. In connection with sisnal erocessings several
technicues(analodr sampled-data and rurelw digital) have evolved
exhibiting srecific advantades which render them rotentisally wuseful
for VLSI. Without 3 doubtr one of such technieues is the use of

switched-caracitors(SC) for Filtering of continuous as well as

samrled-data sidgnals. The state of the art has given rise to a3 new
field where many design methods have dasined rorularitsy and where
specific analusis procedures and simulation rrodgrams have been
develored, What mainls makes SC filters attractive is the rpresent dau
fabrication tolerances of caracitors built with MOS
technologiesranother arrealing feature being their compatibility with
digital circuits. Thusr combined digital-analog circuits on the same

LSI chir maw be mass-erroduced in the future.

The Purrose of this rparer is to discuss the applicabilitys of SC
techniceues to the design of nonlinear networks. Ur till nowsonly
modest attemrts in the use of SC technicues for designing nonlinear
components have been made [1,2]., Our doal here is to investidgate the
use of switched-caracitors for desidning nonlinear comronents in 3 way
comratible with general sunthesis methods for nonlinesr
n-ports.Different sunthesis methods have been rerorted in the past for
the resalizstion of nonlinear multirortssbut all of them recuire the
desidn of srecific nonlinear elements using off-the-shelves comronents
such 8s or-amesrdiodessretc.We will extend some of these methods by
diving an imrlementation technicue which is based on sc

comronents.Section 2 reviews some basic ideas in order to clarify the
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difference between SC filtersrwhere we 3re slwaus interested in

transfer relationsrand SC circuitsswhere we are also interested in

driving-roint functions. Essentiallwsit is emrhasized that 3

switched—-caracitor is not 3 true resistor but a3 rseudo resistor and

the concert of SC-resistor is erorosed.This concert is formalized in

Section 3 where two methods are diven for implementing anu
riecewise~linear(PL) SC-resistor.Thusr Section 3 is the core of the
rarer in the sense that ouf ma3in o3l of deneralizing continuous
rnonlinear synthesis technieues using SC resistors is rresented.Section

4 considers the stability erorerties of the hasic building blocks

introduced in Section 3. The imrortance that a detasiled stability
study has on refinind the new desidn methods must be ket in mind.
NextsSection 5 deals with the realization of +transfer characteristic
rlots (TC-rlots) by using SC-resistors. FinalluysSection 6 shows how a3
samrled-data TC rlot maw be used to sunthesize continuous nonlinear
resistors.Summarizindy we will introduce the concert of SC~resistors
and give procedures to imelement them in the desidn of discrete-time

as well as continuous—time nonlinear circuits.

GLOSSARY OF _COMMON TERMSS

;fa t even clock shase

¢° ! odd clock ehase

g€ ! electronic switch beind closed during the even clock shase.
s° ¢ electronic switch being closed during the odd clock rhase.
fe ¢t clock frequency

Te ! clock reriod

i ¢ current in the continuous time domain

v ¢! voltadge in the continuous time domain

Q@ ! charde in the continuous time domain



o
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I t sversde current st an arbhitrarz clochk reriod

vV ! samrle voltase at am arbitrary cloeck reriod

Q ! samrle charse &t an arbitrarz clock reriod

ye ! samrle voltasge a3t an arbitréru even clock rhase

Yo ! samrle voltage a3t an arbitrary odd clock rhase

A

Vv ! voltasde source comrrising srevious values of voltases snd
chardes in a discretized model

E t constant voltade

m ! slore of 3 linesr segment from s riecewise-limear characteristic

3 ! discontinuous Jume from s riecewise-linesr charscteristic

Veat ¢ voltssge saturstion level for or-ames and unitu-dain-buffers

Sty

.o

time imrulse function

Furthers some of the erevious terms can be srecislized with
subscrirts in different wawsil)To dernote s rarticulasr discrete time
instancesi.essVnes 32)To  denote a3 rarticular segment irto 3
riecewise-linear characteristicrsiie.s mj § and 3)'ho denote that &
variasble 1is &sssocisated to 2 srecific element or roint into =

circuit:i.e.rvg or V.
2+ SC-RESISTORS: PRELIMINARIES

Most design technicues for limnesr SC networks irnvolve the use of

the so-called SC buildimg blockszs (SCRR) which function as conductances
L2-4] or transcornduotances [9), Rasicsllwy such elements function by
samrling 3 floating voltage and rroviding charges which &sre
rorortionzl to the samrled voltage, In zny cassesrthe characteristic
comronent for everw SCRR is the zwitched-caracitor? it is s carscitor
whose memors iz urdated sfter everw orerstingd cscle. Thus, =&

switched-caracitor maxy be considered s resistor imside metworhks thst
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rerform 3 voltadge to voltade rrocessing a3s is the case for 8C active

filters.,

As it was statéd in the Introductionsour z3im in this earer is to
extend the basic idea wunderluind the use of SC comeronents in the
sgnthesis of nonlinear networks, To this ends the fPirst ster is the
develorment of 3 technieue for designing nonlinear SC conductances in
3 way comratible with current MOS technolodies. Subseaquentlyy such
new elements are wused in turn a3s building blocks for sunthesizing
nonlinear driving roint (DP) and transfer characteristic (TC) plotsrin
close analogs with the sunthesis rrocedures for continuous nonlinear
networks [7+81.8ince the intention of this earer is to illustrate both
the basic arrroach and its limitationsy we will be onlw concerned with
the realization of riecewise-linear networks. A comranion rarer will
be devoted to describind other arproaches that are also comratible

with SC techniques.

A truncation orerator is the only nomlinear function that must be

added to the set of SC linear comronents for sunthesizing PL networks.
In continuous-time circuits, such an orerator is ususlly implemented
by means of diodes L[73]. Howeverr the simplest waw to imrlement 3
truncation orerator in SC circuits seem to be the use of switchés.

Let us define what we will call 3 threshold controlled switch (TCS) as

the circuit component rerresented in Fisgure 1. Theres rort 2 is
imrlemented by an electronic switch whose conduction state is
controlled by the lodic variable Zyri.e.rit orens for Zr=1p and closes
otherwise.Furthersthe lodgic value of Z, derends on +the voltade
associated with rort 1 35 follows

g » for Vv > E

Zzz (1)
0g + otherwise
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where 1lg and Qg denote °orne" and "zero* resrectivelw in the Binary num-

ber swstem.

Figure 2.3 shows an examrle of the use of a'TCS for imrlementinsg
8 rositive concave SC conductance.Figure 2.b shows the corresronding
timing diadram., It is assumed that the switch named S°(slternstivelw
8®) closes in ssnchronizstion with the odd(ever) clock rhase.After
imrosing some restrictioms on the electriczl varisblesy it is rossible

to det the averasge charde 3s a3 function of the voltase

~ (C fe/2)C(Y -E) » for V » E
I= (2
Q r elsewhere
where C dernotes the caracitance in Figure 2.3 snd fe denotes the clock

frecuency.,

Linear SC circuwits inm addition to circuits like the omne shown in
Figure 2.3 1lead to the definition of 3 new ture of retworks: namelwy

the SC-resistors.We have chosern the rmame SC-resistor to emrhasize the

rseudo-resistive character of the switeched-csracitor.Howeversthe
namer3s well as its rseudo-resistive characters mew bhe misleading if
we do not carefully consider the wayw in which SC-resistors maw be used
to imelement TC and DP mlots (either lirmesar or rnonlirmnesr). The use of
such “*resistors® for desidgning TC rlots is direct.See for exsmrle the
simrle voltadge dividef shown in Figure 3.3y where the concave resistor

of Figure 2 is utilized.Usind ecuation (2) we obtainm the followins TC

rlot?
Ce C
Vg — +E + for Vg E
Cs+C Cg+C
Y= (3

0 y elsewhere
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The oscillodgram in Figure 3.b dericts the actusl TC rlot measured

with Ce=C=1inf and E=2v.

The constitutive relation deséribing ang SC-resistor is wvalid
under the same restrictions that arrly to conventional
SC-filtersinamely,

l1.Excitation sidnals are samrled and held wuntil thew chande in

synchronization with the clock waveform.

2.Electrical variables in the network are onlwy of interest when

no charde is flowing throudgh anw branch and 211 of the voltades

are constant.

The design of DP rlots has to be considered more carefully., In
facty the above constraints preclude the use of SC resistors for
desidning continuous-time DP plotsy and the inclusion of some
auxiliary elements is recuired.It is temerting to use the analody diven
by (2)y but we must keer in mind that in DP rlot sunthesis we are

interested in obtaining relstions linking instantaneous voltade and

current at a3 phusical rport. It is not enough to find a3 switching
scheme that nullifies the *memors® of a caracitor., If we do that, we
still have a3 caracitor. Indeedrnote that althoush we will obtain an
aldebraic relation between the averade voltagse and the averade

currenty 3 differentisl relation exists between their instantaneous

values., This maw be clarified by an example, The circuit of Figure
4.8 illustrates the connection of a 1linear SC-resistor with 2
non-ideal voltadge source. Routine analuysis dives the following
instantaneous current flowing into the SC-resistor!

ynTe )
i(t)s ——— exp(-t/CRg) » AT < t < (NHL/DTc (4)
R
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Clearlyy exrression (4) does not corresrond to an azlgebraic  i-v
characteristic, This observation is best seemn with the helrs of Fisgure

4.br» which shows the associsted current and voltzse waveforms for the

circuit of Figure 4.3 with RElOksC=1nF and T, =40us,

Dur eroblem boils down to imrlementing & rhusicsl resistor wusing
SC~resistors, To do thiss we convert an imstantanmeous a-v
characteristic into an imstantarneous i-v  relation by cornnecting  an
SC-resistor to 3 mutator [123, Hencesour rroblem is to fird 3 mutastor
circuit which is comratible with the 8C design rhilosorhu, The
circuit of Figure 5 fits this srecification.Im this Figures the ssmbol
at the right derotes 3 SC-resistor. We have assumed that charde only
flows throush the 8C resistor durirmg the even clock ~hase and is an
sldebraic furnction of the voltadge samrles. Therms the charde is
intedrated bw Cgr diving =z voltade q;;which is converted into the
current i vis 8 voltage-controlled current-source (VCCS).It must be
mentiorned that this source is +the only rart of the mutstor thst

reauires 3 resistive elementras will bhe seen later on.

Thus, the erocess of imrlementing 8 resistive I =lot wusing 8C
technicues can be described as follows
1.Imrlement an SC-resistor be interconmecting as many SC building
blocks as needed.
2.Transform the SC DF =lot into & TC ~lot.

3.Convert the TC =lot into 3 resistive DF e=lot.

Figure 6.3 shows the DF =lot measured across the voltadge source
terminagls inm Figure 4.z whern 3 mutator is connected betweern the source
arnd the SC-resistor, Figure 6.0 resrresents the corresronding current

and voltage waveforms for the same excitation sigrmel a5 im Figure 4.bh.
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We can conclude therefore that both TC and DP rlot sunthesis maw
be trested in 8 unified waw with resrect to SC resistorsé the only
significant difference beind the use of a2 - mutator when DF
characteristics are recuired. Consequentluyswe will devote the next

section to the formal sunthesis rrocedures for SC resistorsrkeering in

ming their usefulness for rerforming both tures of rlots.

3.8YNTHESIS OF SC-RESISTORS.

3+.1.Discretized caracitive models for mnonlinear resistorst: The

SC-resistor arrroach.In Section 2 SC-resistors aerears in a rather

simple was.Let us now define them in a3 more Pprecise manner., In fact,
it follows from the examrle in Figure 3» that the sunthesis of TC
rlots usind SC technicues can be viewed 2s 3 procedure for simulating
resistors. Thusy our aim here is to find "substitution® models for
nonlinear resistors which 3llow us to simulate them wusing sc

techniues.

Let us consider 3 time-invariant voltage-controlled resistor

described bu

i=f(v) (S)

We will try to simulate this resistor by usind 3 sampled-datsa
sustem built basically with caracitors and switches. Our natural
variables in this csse are chardes and voltasges. Choosing these

variablesy(5) maw be written a3s 3 first-order differentisl equation

da

— =P(v) (6)
dt
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The simulation we rrorose to rerform is essentiallw discrete in
nature. Thus» inside any samrling reriod we must resort to a discrete
ecuivalent of (6). Of courser we can use the model associated with
any numerical integration 3aldgorithm for rerresenting the time
derivative of . Furthermore s3rPrluind the denerzl formula for
multister aldorithms [?]1» we obtain the following discrete version of
(6)y valid for the time t=tneq

P P
Qaes ~On =T¢§1bj £ (Un-j >+3_=':1 8j Gn-j (7>

where Te is the samprling clock reriod.

To emrhasize some asrects of this exepressionr let us rewrite it
as follows
' A
Qnsde —Qn =T¢b.‘f(vn+4) + Vn (8.3)
where
A P
vnechofw..,)+z{T,_bjfw...-j>+ajan.j} (8.b)
J=1
A
Observe thatssince Vn derends on the previous values of voltade
and charde it is 3 constant at the rpresent time interval. Hencerwe
mag interrret (8) 3s the R~V curve of 38 nonlinear caracitor. We can
therefore asssert that 3 discretized caracitive circuit model for 2
nonlinear resistor associated with a8 deneral multister intedration
algorithm at the time t=tpeq is simrly the one-rort network shown in

Figdure 7.Note that C is 2 1linmear caracitor and the switeh is

reriodically closed and oren in synchronization with the
clock.Hencerif the voltade-controlled source is diven bw

V = Vet - P(Vpis) (?)
the eaquation describing the network at t=tn,4 becomes

A\
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which is ecuivalent to (8).,Herncerwe maw formalize the concert of 2 5C-

resistor 3s follow!

Definition 1! The circuit implementation of anw caracitive discretirzed
model for 2 resistor is said to be & SC-resistor iff the comronents
used are linear carscitorsy ideal switchessand voltasge-controlled
voltade-sources (VCVS),

Remsrk 1! In defimition 1, inderendent voltase sources are considered
as 3 dedenerate VCVS,

Remsrk 2% Exrpression (10D suéSESts that inside anw samrlingd intervals
there is a3 static descrirtiorn for 3 S8C-resistor diven bw

S(U;‘?) = 0 (11)
where f‘is the averade charde flowing during thst sameling intervasl,

The term static is used here to mean IC excitations.

lerernding on the rrorerties of g(ese)y we maw define several
subclasses of S8C-resistors. For illustrstive rurrosesy we will
consider next linear SC-resistorsrsince it is interesting to relste
our work here with the known linesr srrlications of SC rmetworks,

LDefinition 2! A SC-resistor is said to he linear if d(ese) in (11) is

3 linear function.

Definitionm 3! A lirnear SC-resistor is szid to he orne-ster linear if

its associasted caracitive discretized model has the form

Qnﬂ"an ='GTc(b-1 Vmg_ +bov.,) (12D

where G denotes the conductance of the simulsted resistor.
Remark 3! Particular cases of (12) are SC-resistors derived from the
followind three well-krown algorithme’iremelyg:

a3)Backward Euler(BE): b_y =1; bo=0

b)Forward Euler(FE): b_; =0 bg=1

c)Trarezoidal rule(TR)! by =1/2y by=1/2
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Linear SC-resistors do rnot share all the =rrorerties of continuous
resistors. This should nrot be surrrising becsuse thew are circuit
imrlementations of & model. The basic rrorerties of linear
8C-resistors derend on the integration slgorithm on which thew are
based., For examrles consider the 3 ore-ster linear resistors defired
sbove. Fidure 8 shows three circuits sssociated resrectivels with the
BRE»FE and TR slgorithms.In =11 of these figures it is assumed that
C=TeG.The onlw rassive realizstion corresronds to RE which does not
recuire 3 voltssge source. This is to be exrected becsuse BE is the
onley strictly rassive sldorithm from this set of three [101. Roushly
sreakingy BE is the ore-ster linesr SC-resistor which best resembles 3
continuous resistor since its storsde rrorerty has been removed. On
the other hand, the TR algorithm is lossless. This motivates the
search for other imrlementations not recuiring sources. One of them
is the well-known SC-resistor shown in Figure 9: which has been
introduced in the sC filter literature from the bilinear

transformation L[31],

Two interesting conclusioms from the rreceding raragraserh asrel
L)rrevious SC reslizstions of one-rort elements sre included in the
one-ster linear SC~resistors srresring here in 3 much more dernersl
context. 2Yboth the functionm structure of g€(sye) and the srorertiec

of the integration algorithm wused im the simulstion of 8C-resistors

are imrortant.

Neverthelessy the twre in which we sre reslle interested here is
that of riecewise-limear (FL) SC-resistors,

Iefinitiorn 4! An SC-resistor is ssid to bhe riecewise-lirmear if it can

be described by 3 riecewise~limesr furnction.
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In what followssrwe focus on methods for simulating PL
SC-resistors., Two design arproaches will be develorreds one based on
FE and the other on Bév since thew can be shown to give the simplest
circuit confidurations C[11l. On the other handr TR SC-resistors can
always be designed by connecting one BE SC-resistor in parallel with

one FE SC-resistor as shown in Figure 8 for the linear case.

Limiting ourselves to one-ster aldorithms is not so restrictive
as it relates to the current practice in linear SC networks. In facty
extensions of linear SC filters to include multister aldorithms have
rnot been rerorted to the best of our knowledge, Howevers, theu mauy be
of interest at least from a8 theoretical roint of view. For instancer
the second-order Gear aldorithm is rpassive [10] and hencesr could be
imrlemented by wusing onlyw ideal switches and 1linear caracitors.
Indeedra sustematic search of the arrlications of rassive multister
aldorithms to the simulation of linear and nonlinear resistors could
lead to new reasalization schemes for either filters or nonlinear

circuits.

3.2.89nthesis of rpiecewise-linear SC-resistors! Let us consider a

PL SC-resistor with N+1 sedments and N breakroints in Ey rEzeesEne
Following the results rerorted in [6]y 3 dHlobal function describing
such 3 deneric element is dgiven by

A 1 ° 1 N

I= ;: muV+f (04 7; 35;{1+ssn(U-E5)}{éﬁ+(gj—qj_i)} (V-Ej) (13.3)

where

- 1 » for x>0
sgn(x)= (13.b)

-1 » elsewhere

and %& dernotes a discontinuous Jume 3t the .J-th breakrointsm; denotes

J

the slore of +the J-th segmentsyand f°(0) denotes the ordinate at x=0
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corresronding to the extension of the leftmost segment of the

riecewise-linear curve.

The last exrression susgdests the introduction of a8 familwy of
basic elements for desidgning PL SC-resistors.

a)Positive concave SC-resistor(PCSC):iThis element is described bw

A O 5 forV<E

I= (14)
m
— (V~-E)+ — elsewhere
Te Te

where m is a8 positive number and E is any constant voltasde.
b)Nedative concave SC-resistor(NCSC):{This element is described also bw
(14) but with 3 negative value for m.

c)Ster chardge sourcet!This element is described bw

-~ 0 y for V < E
I= J (15
-_— elsewhere
Te
Figure 10 rlots the characteristics corresronding to these three
basic components, It is interesting to roint out that these elements
are similar in form to those in [7] excert for the rresence of a

discontinuity in the PCSC and the NCSCs, Allowing this discontinuity

improves the element’s versatility from 3 design roint of view.

It should be clear that every term in (13) may be identified as
one of the basic elements Just introduced. Obviouslysany PL
SC-resistor maw then be desidgned bw connecting in raralell as many
elements of the basic set as reeuired. The rProblem set to be solved
is how to design these basic elements wusing switched caracitors.

Solutions corresronding to both one-ster zldgorithms chosen in 3.1 are

dgiven in the next subsections.
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3+.3.Desidn technicue based on the BE 3150ri£hm3 Fidure 11 shows

the circuit reslization of the bssic elements using switched caracitor
techniques.The recuired threshold coﬁtrolled switch has been built by
the circuit in Fidure 12.8.This is not the onlw realization but the
fastest and simeplest one. Alternative rrocedures wusing srecial
purpose A/D-like converters to denerate several thresholds have also

been studied by the suthors and will be rerorted elsewhere [11].

Notice further that the active circuits shown in Figure 11 are

grounded SC-resistors. Floating realizations can a3lso be obtained by

usind arprorriate converters L[7:81].

Let us describe first the PSSC shown in Fidure 11,8, The switch
named Sg. is controlled by imrlementing the AND oreration of the even
clock rhase and the comrarator outrut. During the odd efhase this
switch remains oren and the caracitor C is charded to a voltase ecual
to E-d/C, Durins the even rhaserthe switch Sg closes when V>Ey
resulting in ?T¢=C(U~E)+éL Otherwisey(V<E)» the switch remains oren:
thereby diving ?EO.The slore of the characteristiecs is controlled by
the value of C.Caracitor C, is used to emrhasize that the voltage
sources will be derived from 3 common DC source for the different

cells of the %ame sustem.A practical imrlementation of these voltades

is given in Arrendix A

Consider next the NCSC shown in Fidure 11.b. Let us assume that
the comrarator outeput is in the ON state(V>E).Thensduring the odd
rhase caracitor C is charded to a voltade ecuasl to -E-é&c and both
caracitors C, are discharded. During the even rhasesthe eauivalent

circuit of Fidure 12.b is valid with V; =2V and the averadge current is

A
T=(-Cv-E>+Hr /1. .
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Finallws let us consider the ster-charge source shown in  Fisure
1l,c.Its functional descrirtion is similar to that of the NCSCs the
main difference being that the voltsse-controlled source sssocisted
with the ecuivslent circuit during the even rhase(Fig.12.h) is Qizv.ﬁs

g consecuencerthe aversde current durinmg that erhase for VrE is CE/Te»

3.4,llesign technicue besed on the FE zldorithm! Figure 13 shows

the circuit imrlementstion of both the FCSC and the NCSC grounded
elemerts. The ster—source characteristic does not derends on the rort
voltadge andsthereforesits circuit reslizstioms for BE and FE are
similar.Notice that the circuits in Fisgure 13 are m2inlg bssed om the
use of unitw-dsin buffers.This fact is interestindr.becsuse the buffer
has a3 rather cuite simrle structure from the integrstion roint of

view,

The orerating rrincirles of both metworks in Figure 13 sre verws
similar, During anw odd rhasescaracitor Ch 1is charged to E and
caracitor C is charded to

V@ =F(Vg-E) | (16)
where the wurrer sisgn stands for the PCSC and the lower orne for the
NCSC. During the even rhaser caracitor CL is charged to

VG =V, = (v2d/c) (17)
while caracitor C dischardes on the inrut rort if VDEs resulting in

N o :
IT= -CV¢e for V> E (18)

Be combiming (16).(17) arnd (18):we obtain the exrected FCSC
(zlternativeley NCSC) charscteristicsiFurthermorerit should be rioticed

that the sverasge current st snw reriod does rot derend uron the rort
voltage a2t the same reriodiinstezdr, it derernds on the mort voltzge st

the rrevious clock reriod.This is =3 consecuernce of the timinsg



Pade 17

sssociated with the FE aldorithmyas shown bz exrression (8).

3.5+Exrerimental results! All of the rrorosed circuits have been

built in the lsborators and satisfactorilus tested. As an examrle we
show the exrerimental results corresronding to the reslization of the
FL S8C-resistor shown in Fidure 14,a8. Figure 14.b shows the measured
result. The sunthesis rrocedure consists of descomrosing the
rrescribed rpiecewise-linear characteristics as the sum of the four
basic riecewise-linear curves shown in Fidgures 1S.3 to d. The
corresronding basic elements have been implemented bw usind the
FE-PCSC and the FE-NCSC circuits. Fidgures 15.e to h illustrate the
rerformance of these basic comronents.In these latter fiduressthe

trace at the top has been included for reference rurroses.

3:6.8tatic limitations?! When dezsling with the sunthesis of

nonlinear networkssit is very imrortant to study the dunamic rande of
the circuit realization of the basic comronents used in the
realization.By dunamic rande we mean the rort voltade interval inside
which the linear oreration is duaranteed for 3ll the active elements.
Since we are considerind low-frecuency excitationssy linear oreration
is mainlw restricted by the saturation mechanism of the or-amps and
unitu-dain buffers.In what follows we shall assume a voltade
saturation roll-off for the active elements as shown in Fidure
16.Thussdetermining the dunamic rande for any of the circuits in
Figures 11 and 13 is eeuivalent to finding the conditions relating the

inrut voltade to the saturation levelsVgqt +Such conditions are shown

in Table I.
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In addition to calculating the dunamic rande limitsrit is usualle
imrortant also to model the network behaviour when it is excited buw a3
voltage that forces the circuit to orerate outside the duwnamic

redionrsince many imrortant dunamic erorerties derend on that

behaviour [121].

The way to handle this rroblem is well illustrated bw the circuit

in Figure 17.There we have represented the different rossibilities for

out-of-range orerations for the FE-PCSCsassuming V>E.Routine analusis

dives

A € S

I= &= (U~E+ —) (19.3)
Te c

A C

I= — (Vgat -E) (19.b)
Te

A C

I= — (V-E) (19.¢c)
Te

which corresrond resrectivels to Figure 17.3'b and c.

The actusl DP rlot for the different saturation conditions can be
determined by carefully analuzing the network behaviours in Fidure 17
when we force the input voltade bevond the saturation 1limits.In the

case of Fidgure 17 only two situations exist in eracticer derending on

which condition in Table 1 is the most restrictive onesthe

corresronding DP rlots are depicted in Figure 18.

A similar analusis rrocedure has been arrlied to the remaininsg
circuit realizations in Fidures 11 and 13.The corresronding models
obtained are shown in Figure 19 for both the BE and the FE elements
£113. In that Fidure the BE-PCSC is missinds since there is no

controlled source directly doverning the caracitor C.
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Kriowing the sctuszl DF rlots for BE and FE comronentz sives wus 2
comrarative criterion for selecting an imrlementaztion stz=le.Lock for
instance at both reslizstions of am NCSC.It should be clesr that if
é&C)-Usat/Q; the dwnamic rsnge of the FE circuit is grester tham the
one corresronding to the BE.Another interesting conseeuence is thsat

the dglobzl IIF slots for every circuit realization admits z carnonicsl

riecewise~limear rerresentstiornsrss it was shown inm L£1131,

4.STARILITY FROFERTIES.,

The basic building blocks introduced inm Section 3 recuire active
comronents and are therefore rotentizlle unstasble.In order to rerform
a8 detailed stability studesz rFrevious knowledse of the dwnamic
behaviour of each SC-resistor is necessarw,.That behaviour is
essentially determined by two differernt factors, Firstsbu the
resctive rarasitics associated with the active comrornents in Fidures
11 and 13.Secondsbw the discrete rarasitics introduced bu the
numerical intesration a3lgorithm sssocisted with easch discretized
model. The overall behaviors of both kinds of rasrasitics sre auite
different amd it is &arerocrrizte to consider them seraratels.On the
other hand, since a3 dgerersl trestement is rather cumbersomer we will

only show the most imrortant durezmic effects viz a3 few examrles,

4,1.Continuous rarasitics?! Let us consider the circuit in Figure

20srwhere we have rerresented the imtercornnection of 3 germeric FL basic
elemernt to 2 orme-rort networksN»y containing onlyg lirear RE
SC-resistors amd DIC sources.FurthermoresN is rerresented bw its

Thevenin ecuivalent.
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If we assume thatil)every element in Figure 20 is idezal and$2)the
system has reached the steadu-statesrwe maw obtain the following time
rerresentation for the current i flowing througsh the SC-resistor

during the even clock rhasel

2 N\
i(t)=C Z {1+ssn(v-E)}{V(1—3)-V}J(t—nT.;) (20)
-0
Thussi(t) is an ideal rulse train of reriod Tora3s shown by the

discontinuous trace in Figure 21.

Howevers the actusal imrlementation of the PL SC-resistor in
Fidgure 20 is influenced by several factors which affect our previous
assumrtions.On one handsthere is 3 delaysTorassociated with the
rhusical realization of the threshold function (comeparator delaw in
Figures 11 and 13).0n the other handrthere is a +transient behaviour
due to the combined action of the rarasitics associated with the
controlled-sources and of the ON resistance of the analod
switches.HencesexpPression (20) must be modified to include these

effectsinamelyy

) ~ 5
itt)=C Z{1+55n(V—E)}{V(1-a)—U} (t=Tp-nTc IXkr (L) (21)

-0l

where X denotes the convolution oreration and r(t) denotes the second
effect discussed above.Continuous tracing in Figure 21 shows 3
pictorial rerresentation of the actual value for i(t).It must be

rointed out that both Tp a3nd #(t) maw cause instability problems and

muyst be considered seraratelwy.

Let us focus our attention on the influence of #(t).Since in a
rurely SC network the varisbles (voltagse and charde) are defined only

when no current flows inside the network» it should be obvious that a
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necessary and sufficient condition for stability is that the transient
resronse reaches zeros, 0Of coursersit is advantageous to obtain such =
condition a8s 38 function of the circuit elemernt values.This is
illustrated for the circuit in Figure 20 viz the circuit in Fisgure
22.There we have rerresented +the evern torologw of Figure 20 for
VrEsyasssuming that the FL SC-resistor is a3 RE-NCSC with ¢;=E=0.
Moreover:we will disresard the ON resistsnce of the switches and
consider the controlled source imrlemented bs an orFr-amr.Therns the

controlled source tramnsfer function is

where we is the dain-bandwidth rroduct of the or-amr.
Routine calculations orm the circuit i Figure 22 gives the fo-

llowing charascteristic frecuerncw of the network!

Clearlysthis circuit is stable only if Ce*C.In 3 similar
wagystability conditiorms maw be derived for each basic building block
C11].Table II is internded 235 &3 summarw of such conditioms for

one-segment FL SC-resistors.

Nowslet us concentrate on determining the influerce of Tg.We will
consider the examrle shown in FizZure 23swhere the network N is
connected to 3 3-sedgment FL SC-resistor.Fidure 24,3 rlots V versus Uy
2s is ideslly imrlemented bw the circuit in Fisure 23 (full trace).,
Surrose that an inrut value Ve ra3s shown inm Figure 24.23ris srrlied
during the clochk rhase nTe.Foint I on the characteristic corresronds

to that excitationm, Evidentlussince I lies betuween the thresholds:»
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only Sf must be closedrwith Sg remaining oren during the whole clock
interval. Howeversthis is not what reallu harrens.Taking into account

the delaw (Tg)» Sf and S: will remain oren until the instant

nT, +T, «Hencerduring that time the voltadge V corresronds to roint A in
Figure 24.a.Since this voltage is higher than both thresholds (E, and
E,) it will csuse 3 circuit malfunctionssince both switches will be
initially closed when t>nT. +T, « The consecuence of this malfunctioning
is that the sustem tends to reach point B instead of point I as its
final state.Fisure 24.b shows the emrirical V-V, characteristics

obtained for the network in Fidure 24.3 bu taking Ei=2V! Ez=4Vvand

Cy=Cy=Cy=1nf, On this oscillodram it is seen that the actusl
breakroints are disrlaced with resrect to the ideal ones (to be
located at VUp=2v and évsresrectivelu). Moreovers a3 discontinuous Jump
arrears in the characteristics for WU, =4v.These results are in
adreement with the theoretical eredictions and illustrate the

instability troubles due to Tp»

Although our rhenomenolodgical treatement makes evident the
effects that one may exrect from the influence of T, »it is verw hard
to derive closed form conditions related to the circuit element values
for each PL SC-resistor. In any caserfor our Purroses herersit is
enousgh to conclude that Ty dives rise to malfunctioning unless we
excite the SC-resistor by 2 voltade source connected between its

terminals.In facts the exrerimental result detsiled in Section 3 was

obtained uron fulfilling this condition.

Arrarentlyy the constraint imrosed 3bove in order to avoid
malfunctioning is too restrictive and maw render our design areroach

imepractical .Fortunatelyrthis constraint mavw be removed by includind a3

memory device that makes the threshold fumction *remember® durind a3
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cecle what its stseste wass durinmz the rreceding one.Figure 25 dericts =2

#ractical wasw to do thatsincluding the recuired timing.

4,2.Discrete rarasitics! As 2 result of the rumericsl =z2l=gorithm

sssocisted with +the chosen discretized modelsthere are instsbilitw
#roblems that do rot derend om 3 rarticular imrlementsztiorn but rather
orn the gernerzsl rrorerties of the zlgorithm.In order to investigate
such Froblems slet us cbnsider the simele circuit in Fizgure 26.When
the ronlinear SC-resistor is BEswe et for Lthat circuit
LV (m) >
UUﬂ=%r-————— (24)
Cr
and when the SC-resistor is FEswe obtain
FLV(n-1)}
U(n)=U_'_— —e (25)
C
Clearluyrexrression (24) is 3alsgebraic sarnd does nrot rresent
instability troubles.Howeverssuch troubles mag arise inm (25)smaking an
anzlysis of its loczlly asumrtotic stability worthwhile.To rerform =2n
adecuate studuerwe maw besgin by amelyzing the behzviour of that

ecuation linearized around an ecuilibrium rointsVg

1 4df
V)=V~ =— — | V(n-1) (26)
Ce dv Vq

Taking the z=-transform of thast exrrescsiornsthe result is

ol V)
Viz)=

(27)
1 4f

=t - —

CT dv

Va

Irn order for the ecuilibrium =oint to be stablesrthe associzted

*Fole®* must be inside the umit circletrnzmelus



s
il
i
)]
3
b

1 4df
C-r v VG
This condition is usuzlly simrle to check bhecause we only reed to
evezluste the slore at the ecuilibrium roint.For instsnmcerswhen an
FE-NCSC is concerneds this slore has 2 vzlue Cithernrsrthe stsbilitw

condition maw be exrressed zs Ce»C.Table III 2ives this condition for

each one-segment FL SC-resistor,

4,3.FPracticsl results! From the sreceding discussiorns we can make

two imrortant conclusions!
1.The influernce of Tpis verw restrictiver but mew be eliminsted
be 3 small chanse in the imrlementation of each basic 8C comro-
rent.
2:+.For each basic building block we maw derive exrlicit stabili-

ty comditions relatimg the elemernt values.

Howeversit is worthwhile to krnow not onle the 1limits of stable

oreration but the kind of instabilits mechsnisms which arrear in
rractice.Furthermorerit is interesting to relate these wmechznisms to
the =lobal static charscteristics.We will try to illustrzte such =
relationshir here assumins rracticzl elements that incorrorate the

memory device from Figure 25,

Let us consider sdain the dgemerzl situstion dericted in Fiéure
26.Let wus further assume thast the FPL SC-resistor is =n NCSC with
E=é;0.Then two different situations arise for Ce>0r which sre rlotted
in Figure 27.When CexC(Figure 27.3)r the characteristic is single
valued and the stabilitwe comdition imelied from Tables II and III is
fulfilled.Howeverswhen Cp<C (Figure 27.bh)r the charscteristic is &

multirle-valued function of Vi ard the rredicted instscilit= is
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translated into a husteretic behaviour.Figure 28 presents an
exrerimental plot showing the predicted husteresis for a case in which
C=1.2nf and Ce=1inf, Also» from Tables II and III, we maw infer that
for PCSC there are stability rroblems only if FE is wused, Howevery
the instability mechanism cannot be hustereticrsince the dlobsl
characteristic is always sindle-valued.Fidure 29 shows the actusal
instability mechanism for gﬁis case.It was obtained from the circuit
in Fidure 26 when the PL SC-resistor was 3 FE~PCSC with E=J=0 and by

taking C=1.2nfsCy=1inf. On this oscillodgram we note the existence of

oscillations for V>0,
S.SYNTHESIS OF PL VOLTAGE TRANSFER-CHARACTERISTICS.

It is 3 routine matter to use the PL SC-resistor to imrlement PL
TC elots. In factsas it was shown in Section 2y 3 deneral method mau
be devised by susbstituting each resistor in a3 continuous prototure bu
an associated SC-resistor.Thusswe maw wuse a SC voltade divider
counterpart [12]1sy 35 illustrated by the followingd examrle. Let wus
desisn the TC rlot in Figure 30.a5 by using the circuit from Fidure
26.The corresronding PL SC-resistor is seen in Fidgure 30.b.After
senthesizing such a resistor following the technieues develored in
Section 3rwe dot the exrerimental TC rlot shown in Fisure 31.The

nonlinear comronent was desidgned using the BE realization.

An alternative to the SC voltade divider is to resort to some
kind of transformation circuits.The basic scheme can be seen in Figure
32.It rerresents an SC imrlementation of a DP to TC converter L[8l.An
arbitrarg PL S8C-resistor described by f;f(v)/Tg is connected to the
nedative inrut of AOl,Thenswe obtain the followindg inrut/outrut

function between V and Vu!
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(V)
Vo= V + = (29)
Co
This last exrression maw be used as 3 design equation to
calculaste the function f(e¢) reacuired for realizing 3 rrescribed TC
Flot.Fidure 33.b shows the use of the circuit in Fidure 32.It dericts

the exrerimental TC rlot obtained after tQ‘nsformins the DP rlot shown

in Fidgure 33.3.This latter rlot has been implemented using BE

comronents.
6. MODELING OF CONTINUOUS RESISTORS.

As it was seen in Section 2y a8 continuous resistor may be

designed using an 8C +transfer characteristic connected to 3
DT-converter [8l.The eresent Section will discuss the dunamic
rerformance of that design technieue.In order to obtsin 3 sidgnificant
model in the freeuencs domainswe will limit ourselves to considering
the realization of 3 continuous linear resistor.The results obtained
for the linear case mavw be extended to the acualitative analusis of
more dgeneral nonlinear resistors.In anw cases thew illustrate the main
dunamic effects which arrear a3s 3 conseauence of the imrlementation

technique.

Figure 34 shows the basic circuit diadram of 3 continuous
resistor wusing 6SC technicues.The block labelled TC is a3 transfer
characteristic imrlemented with SC-resistors followind the methods
discussed in Section 5S.The summer mays be imrlemented using either
R-active or C-active [13]1 circuit techniues. Since +the summer
weidhts are unityrthe duynamic resronse of this element maw be assumed

to be nredglidible when comrared with that corresronding to the

sample-hold(S/H} block.Thereforesrthe dunamic behaviour of the resistor
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in Figure 34 is meinly influerced by three factorsildthe samerle-hold

frequency resronses’ 2)¥the erocesszinz delzy introduced bw the blochk

TCi2nd 3)the settling time mrior to resching the steadw-stste at  the

TC outrut.Each factor maw be inderendently modeled.Thus:for the 8/H

influencesthe controlled rort variasble maw be rerresented bw
1-expr(~3Teg) w

1
I(g)= - Vols? (30)
R s .

where I(s) and U;(s) are resrectively the Lsrlace tramsforms of i(t)

and vg(t).

On the other handrthe rrocessing delsw in TC maw be rerresented
by using the z-transform technicue to obtain

VE () =H(z) v (=) (31)

Finallysthe third effect corresronds to the fact thst the TC
outrut samrler U:(nT }ris not availzsble until sfter the steadw-state
is reached.We maw model it by =z time delassTgrwith reference to
nTe +Henceswe maw write

[ =]
* *
U°(5)=ex9(—sTs)Egévo(nTc)exp("snTc) (32)

Combining 311 of these factorssywe obtainm finslle &sn exerression

for the current a3t the external r=ort

o
1 1-exr(-sTe)
I(s)= — exr(=sTg IH(=) Z Vis—nwe) (33)
R s'rc -00

where z=eur(-sTc).
It is worth srecifwing (33) in case 23l1 of +the comrorents used in
imrlementing the TC are of the RE tzre. So H(z)=k and the result is

k 1-exp(-sTe

) o0
I(s)= — exp(-sTg) YV is—nwe) (34)
R s Te - 00
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Taking s=Jwswe maw define an eauivalent admittance at the funda-

mental frecuency

I(w) k 1-expr(-JwTe)
= - exP(—JwTs) (39)
Viw) R JuwTe

Y(w)=

For low-freacuency (WTLL 1) (35) simplifies to
k

Y(w)Z2 — £1-Jw(T . +Tg)2> (36)
R

The rrecedind ecuation maw be rerresented bw 3 conductance in
~arallel with 2 nedative caracitor.This suddests that we can
interconect 3 rositive caracitor of value k(T.+Tg)/R across the
resistor terminals to compensate the earasitic dunamic effects
introduced by our desidn technicue.Alsosthe rhase error may be

evaluasted as

B o —w(T +Tg) (37)

This last exrression maw be considered as 3 tool for estimating

the maximun inrut frequency.

If 811 of the comronents used in the TC block are FEs the
evaluation of the ecuivalent admittance derends on the torolods
used.In the least favorable situationrit mas be calculated as

k l1-exp(-JwT.)

Y= — exp [~u(T +T5)] (38
R JUTc

whichs for low-frequencss can be simplified as follows!?

k
Y(u)e.‘—[l-..iw(2Tc+Ts )] (39)
R
Figure 35 plots an oscillodgram showing the husteresis in  the
characteristics of 3 linear resistor due to the rhase-shift introduced

by the circuit of Fisure 34.We have used k=2sR=1k sand f,=19333hz.The
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excitation csisgnesl was & triznsular voltssge waveform of f=7200hz. The
oscillogram in Figure 34.b rerresents +the instability behaviour
observed in the circuit of Figure 34,3 for Rg=R=1k snd k=2,
Corresrondinlwy Fizgure 3é6.c shows the resronse of the szme circuit
using 2 comrensating rositive carzcitor with 3 value of Sénf.As it can
bte seensthe oscillatiomns have been comrletelw eliminatedswhich

confirms the theoretical results ewrlairmed zbove.

7 +CONCLUSIONS

lesign methods have beem rFrorosed for imrlementing normlineasr
networks emrloging elemente well-suited for intedrated circuit
realization.The basic comrornent (the SC-resistor) is arm extension of
the switched-caracitor wused at eresent in linear filters. We have
shown that SC-resistors zllow for the design of either discrete-time
or continuous-time resistive networks, In rarticulars comronents
other than resistors may zlso be sunthesized with only small chandes
in the mutator considered in Sections 2 armd &6.Thernythe techricue can

be extended to metworks contzining rnornlinear caracitorsy inductors andg

higher—-order elements L[15].

A detailed modeling of the e=rorosed building block comrorernts as
well a3s exrerimental dstaz are included, Thew rrovide ressonshle

agreements between theoretical sredictiorns and F=rscticsl results.,

An interesting roint that warrants attention is the influerce of
rarasitic csracitances.The most imrortamt result is that each of the
srorosed circuits has been desisgrned to be imsensitive to the bottom
strag casracitances, It can be seen from Figures 11 and 13 that the
terminal of each caracitor dermoted bw "b* is alwsws conrmected to 3

voltssge source or to the wvirtuzl-grourd,.
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CAPTIONS TO FIGURES.

Fidure

Fidgure

Fidure

Fidure

Fidure

Figure

Figure

Fidgure

Figure

Figure

1! Circuit rerpresentation for a3 threshold controlled switch.The

rectangular block stands for an imrlementation of the thres-

hold oreration defined by equation (1), The logical value of

Z2 controls the state of the switch.

2318

2.b3

3.33

3.b3

4,3%

4,b?

Circuit reslizsation of 3 rositive concave SC conductance
usins'a TCS.The switch is controlled bw combining both the
TCS outrut and the even clock rhase throush anm AND gate.
Time diadram showind both clock rphases for the circuit of
Figure 2.8

Nonlinear SC voltade divider wusing the SC conductance in
Fidure 2.3,

Exrerimental TC rlot for the circuit in Fidure 3.3 with C=
Cs=1nf and E=2v.

vertical signali scale! 1v/dv

horizontal signals scale! 1v/dv

A SC-resistor connected to 3 nonideal voltadge source.
Exererimental results for the circuit in Figure 4.3 with C=
InfrR=10k and Tc=40ps.

horizontal scalellSOus/dv

tor vertical signals i(t)» scalel2v/dv

bottom vertical signals v(t)y scaleilv

5¢ Concertual circuit disdram for 3 SC mutator.,

b.31%

6.b2

Exrerimental DP rlot a3s seen across the mutator.
horizontal sidnals v(t), scaletlv/dv

vertical signali i(t)» scalellv/dv

Current and voltage waveforms across the mutator.

horizontal scalelS00us/dv

tor vertical signals i(t)» scaletl2v/dy
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Figure
Figure

Fidure

Fidure

Figure

Figure

Figure
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bottom vertical sidgnals? v(t)» scaleltl2v/dv
7% Discretized caracitive model for 3 nonlinear resistor.
8.3 to c! Discretized models for linear BE-»FE- and TR-SC-resis-
tors?
8.3)BE.
8.b)FE.
8.c)TR.
?: Circuit diadram for a3 bilinear SC-resistor L[3].
10: ?LU rort characteristics for the basic PL SC-resistors,
11.3 to e¢! Circuit disdgrams for the BE realizations of the basic
PL SC-resistors?
11.3)BE-PCSC.
11.b)BE-NCSC.
11.ec)Ster-charde source.
12.,3¢! Design of a threshold function using a comearator.
12.b! Eauivalent torolodgy for both BE-NCSC and ster-charde sour-
ce during the even clock rhase.
13.3yb! Circuit diadrams for the FE reslizations of the basic PL
SC-resistors.
13.3)FE-PCSC.
13.b)FE-NCSC.
14,3! PL SC-resistor to be sunthesized using basic elements.
14,b! Exrerimental result for the PL SC-resistor in Figure 14.a.
horizontal signali Vs scalellv/dv

A
vertical signasli ITcsscalell2v/dv

Figures 15.3 to d! Component curves for sunthesising the PL SC~resis-

tor in Figure 14.3 via basic elements.

Fidures 15.e to h! Exrerimental rerformance for the basic elements in

Fidures 15.3 to d.
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horizontal sisgnaliy Vs scalel! 2v/dv
tor vertical signaly V» scale! Sv/dv
bottom vertical signalj i&¢/1nf: scalel! 2v/dv
Figure 1632 Uolﬁase saturation characteristics for the or-amps and uni-
ty dg3in buffers used in the realization of the basic ele-
ments.

Figure 17.3 to c! Eeuivalent circuits showing the different rossibili-
ties for out-of-rande oreration for 3 FE-FPCSC!?
17.3)RBuffer Bl in Fidure 13.3 saturated.
17.b)Buffer B2 in Figure 13.3 saturated.
17.c)Buffers Bl and B2 in Figure 13.3 saturated.

Figure 18.3sb?! Global characteristics for a FE-PCSC including out-of-

randge oreration for different desisn values!
18.3)Vgat <E’=Vsat -/C.
i8.b Vsat »E’

Figure 19.3! Global characteristics for a3 BE-NCSC.

Fidure 19.b! Global characteristics for the ster charde source.

Fidure 1?2.c»d?! Global characteristics for the FE-NCSC?:

19.C)E* *=(Vgat +9/C) <Vsak +
192.d)E’ *>Vgat.

Figure 20! SC voltage divider used for illustrating instabilituy trou-

bles in nonlinear SC networks due to continuous rarasitics.

Figure 21! discontinuous trace! ideal current waveform flowing throush

the network N in Fidure 20.

continuous trace! actusl current waveform.

Figure 22! Even rhase eauivalent circuit for a3 BE-NCSC connected across
2 linear BE SC-resistor.
Fidgure 23! SC voltadge divider wused for illustrating the instabilitw

troubles in nonlinear SC networks due to 3 delaw in the
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threshold function.
Fidure 24.3! TC characteristics for the network in Fidure 23.
Figure 24.b! Exrerimental TC rlots for the network in Fidure 23 with
Ey=2vsEy =4vyCy=Cy=Ca=1nf,
horizontal signalj VYysscalellv/dy
vertical signaliy V sscalellv/dy
Fidure 25! Examrle of TCS with memord,
Figure 26! SC voltade divider wused for illustrating the instabilitu
troubles in nonlinear SC networks due to discrete parasitics.
Figure 27.3rb! TC characteristics for the network in Fidure 26 assuming

that the nonlinear SC-resistor is a3 NCSC with slore C.

2703)C<C‘70
27.b)COCr.
Figure 28! Exrerimental verification of the husteretic behaviour predic-

ted in Figure 27.b.
horizontal signal? WY.rscale! 0.25v/dv
vertical signals V sscale! 1v/dv
Figure 29! Exrerimental verification of the oscillatoru behaviour for the
network in Fidure 26
horizontal scale! 500us/dv
tor vertical signalé Vprscale! 2v/dv
bottom vertical signali V rsealet! 1iv/dv
Figure 30.3: TC characteristics to be imrlemented via the SC voltadge divi-
der in Fidure 26,
Figure 30.b! SC-resistor recuired to sunthesize the TC in Figure 30.a.
Figure 31! Exrerimental TC rlots obtained by usina the SC-resistor in Figu-
re 30.b into the voltade divider in Fidgure 26 with E€+=1nf.

horizontal sidgnal} Vesrscale! 1v/dv

vertical sidgnalsy V sscale! 1v/dv



Figure 32! SC-resistor to TC transformer.

Figure 33.5t SC-resistor éharacteriatics to be trensformed using the
retwork in Figure 32,

Figure 33,bt Exrerimentzl TC charscteristiocs obtzinmed with Co=inf.

horizontsl zignald V rscalet ¢.25¢/dv

verticsl signzl; Qoyscalei 1v/dy

Figure 3241 Circuit diagram for 3 SC mutstor.
Figure 33} Exrerimentsl result showing the husteresis inm the D =lot

measured scross the termirmals of the mutstor in Figure 34,
horizontal sisnsls vitlsscalellv/dv
vertical signels i(t)srscalelilv/dy
Figure 36.3% Contirmuous voltade divider uysed for illustrating
instability troubles associsted with & SC mutstor.
Figure 346.b! Exrerimental oscillastorz behaviour for the network in
Figure 36.3,
horizontal sisnsls Vgsscelellv/dv,
vertical signals V sscalellv/dy
Figure 346.c! Exrerimental TC rlot obtzined using 2 comrensating caracitor
fof eliminating the oscillations observed im Fisure Z46.b,
horizontal sisnalsy Vgrscalellv/dy

vertical signsl? V ssczletd.Sv/dy
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CAPTIONS TO TABLES
TABLE 1! Conditions giving the dunamic range of the basic PL SC-resistors.,
TABLE Il Stability conditions due to the influence of reactive parasitics

into the rerformance of the basic PL SC-resistors.

TABLE III: Stsbility conditions due to the influernce of discrete P%rasitics.
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APPENDIX A

All the reference voltades reeuired in Fidgures 11 and 13 can be

derived from a3 single DC source -bw using arrrorriate SC dain
stades.This is illustrated in Fidure A.1 where we have shown the
method for obtaining both a rositive and a8 nedative voltasge.Notice
further that both reference outrputs in the rrevious Figure are defined
only during the even clock phase. In 2 similar wag we can also obtain
3 reference defined during the odd rhase.The corresronding circuits
for the 1latter case can be obtzined directlws from Figure A.1 by

chanding the shasing of the different switches in that Fidure.
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NCSC PCSC

BE CT>C No restriction

FE Cf>0 Cf>0
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NCSC PCSC

BE | No restriction| No restriction

FE Cf>C Ci>C
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