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l) The DIANA progran : a general overview.

The DIANA progran is basicaLLy a mixed-mode sinulation program for MOSLSI

circuits.
Mixed-node refers to the fact that circuits can be anatyzed at different l-evels
of abstraction without having to change program or description Language.

Basically the progran is orient,ed towards Dlgital as weLl as ANAlog MoS cireuits.
,The ANAlog part is specifically oriented towards switched capacitor (sc)

circuits whereby lime, frequency sensitivity and noise operaLion is possible,
ranging from idealized networks (toP:ae.gb) a1"1- rhe way down ro det.ailed MOS

transistor networks (9own-1esb,) such as fulL n;MOS and CMOS opamps (rhe latter
onLy in the tine dornain).

The DlgitaL p.tt .l'lort forct uttao"ous sirnulation in the tine domain of
MOS circuits described at the clrcuir, timing and logic level.

The desctiption language oF-oraNA*is spr-Cg-Iike-iriil can be generated fron
a Macro Description Language whieh allows for a eompact nested hierarchicaL
deseription for circuits which eonsist of an int,erconnection of a large number

of identical (parametrizable) bLocks as is often the case for LSI and rfLSI

networks.
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Fig. l. gives a general top-view of the DIANA program at the time of this
writing.
Notiee that, for n-MOS, circuit, files can be imnediately extracted from
layout. The program has a linited on-l-ine output facil-ity (terninaL) and an

extensive output facility for printirgr.plotting and drawing by a Post, Pro-
cessing nodul-e PPR.

In this section we wiLL mainl-y concentrate on the Switched Capacitor anaLysis

feature of the program.

For a detailed description of the complete progran the reader is referred to

F] t2] F] t4] which are incLuded in the notes. It is to be noted that,
since the tine p] na" been published, many improvements and extensions have

been rnade to the sc-mode of the progran as already discussed in the previous
Lectures.

2. The DIANA program for s.c. appl-ications.

2.1, 0nce over liehtlv.

Based on the work presenred in f4] t5l F] Fl , DIANA ar.r.ows for rhe
analysis of arbitrary switched capacitor networks at three different Levels
of abstraction top, intermedi-ate and down. Hereby time, frequency, sensi-
tivity and noise caltul-ations are possible.
TabLe I below surnnarizes the different possibil-ities. The ,)OQ$

statements correspond to CONTROLCARDS (See irianual, S 3) controlling the
analysis mode described. Notice that the three abstraction Levels correspond
to a tttop-dorvn design ne ' which is normalLy used to design confLex

systens

S.c. design usually starts by deriving a network consisting of ideal
(tine constant free) swit,ches-capacitors-op-atrps to satisfy a given freguency-
phase or tine domain response.

Table I il-lustrates clearLy how in Lhis TOP mode behavior in tine (,SCTIME),

frequency (.SCFREQ) and tol-eranee (.SENS) space can be done.

Once a satisfactory 'rideal sc networkt' has been defined, it is possible,
at the INTERMEDIATE leveL, to add "lime-constant'f effects to the network (real
switches, real-opanps with finite poles, zerors, output impedanee etc...)
and to reveri-fy frequency (.SCFREQ) behavior. It is then also possible Lo

compute (using the adjoint network concept D] , alL noise transfer functions
(including aLiasing effects), to verify the noise behavior of the network
(.NOISE). It is also possible using the .TMN option to integrate the network
in the time domain to check, for example, llgtr_ryeqgengl effects (incornplete

charging) and /.cr cLockfeedthrough effects which are often
to evaluate otherwise.

very difficult



TABLE 1 : DIANA FOR ShIITCHED CAPACITOR NETI^IORKS

ABSTMCTION
LEVEL

ANALYSIS
MODE

DESCRIPTION APPLICATIONS

TOP RESISToRFREE T-PERIODIC SC NETI.IORK (NO RC TIITE CONSTAN_TS,

FINITE GAIN IDEAL AMPLIFIERS)

.SC TIME

. scFRxQ

. SENS

tirne domain : 1 analysis per cl-ock
phase (time slot)

impulse response,
nonl.inearities ,
offsetr leakage
currents

ampl-itudef,phase vs. frequency in-
cluding band to band response

stray parasitic s
afiasing, S/H efl
fects, clock-dutv
cycle, continuous
coupling ...

anplitude t phase 'sensitivity to
capacitor, bpanp gain and stray
capacitance to ground

design. optimiza-
tion, stray ef-
fects, tolerance
assignment ...

INTERMEDIATE SC NETWORKS INCT.UDING P.ESISTORS, OPAMP-POIES, OUTPUT IMPEDAI{CE,
lmrrE allo r/ffiBr-SouRcEs

. SCFREQ

"NDISE

TRAN

iden as top but incLuding time
constants and op-anp poles

Q dpgradation,
peaKlng and
drooping effects,
high frequency be-
havior

conputation and sunmation* of noi-
se transfer functions of small
noise sources (Rts and op-anps)

noise prediction
and optirnization

tirne domain t,ransient anal-ysis in-
c1-uding RC and first order MOS no-
deL

high frequency 1i-
nitation, clock -
feedthrough

DOIdN TRAN FULL CIRCUIT ANAIYSIS INCLUDING n
AND p-MOS.TRANSISTORS

op-amp design,
stabiLity op-anps
rnodeling, 3.ogic
design

*..-'in preparation at the tine of writing.
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Usiag the circuit rnode of DIANA it is also possible to simul"ate the fitter
in the tirne donain (.TMN) at the MOS transistor level,and even dor.m Eo

the driving Logic i.f it is an adaptive filter. This option is very useful
aLso, for exarnpLe, to derive, from a detail-ed circuit analysis, op-Fmp models

to be used in the INTERMEDIATE mode.

In contrast to other existing sinulators DIANA is believed to be the only
one offering this fulL t,op-dom aid in one package.

In what foL]-ows the different modes wiLl- be commented and illustrated by several-
gxamples.

2 " 2 . ]_o!_:1 eyel_ ggelye re-g !_E :9 :_E9 lsgrEe .

EssentiaL to T0P-1eve1- design is that no resistors nor anplifier band-
width Limitations are all-owed in the input description. It is therefore
impl-icitl-y assumed that the network reaches a ner^r e uiLibrium state imediately
after a cLoc4 lransition such that, instead of currents i3 (t), charges

95,g(t) = 

{:tn 
ij (t) dt-'are used in Kirchof f 's "current" law. Therefore

aLL "current'r sources are to be considered "" "h"rg" sources (see also [+] , [g] I .
In what foLLows we indicate lrhat kind of network el-ement,s are alLowed and how

they are to be used in the different modes of simul-ation.
For syntax details the reader is referred to the DIANA nanuaL ti].

2.2.1. .SC TIME node.

Control statement .SCTIME NCYC= (FSAMPLE=\)

A!1ege9-ee!ser!-eleee!!s i

- ideal switches driven by T-periodical- (CYCLic) clocks (INPUT)*

- eapacitors (linear or nonLinear MoS S,roJio' capaeitan.J
- vol-tage and charge sources

- four dependent linear sourees (VCVS, QCVS, VCQS, QCQS)

Iypg-gI-ggglygiS ; The T-periodical cLocks (IIPUT)driving the switches divide
the period T into N tine slots Ak = tk*l-tk with duty cycLe dO= 4n /T
The network is analyzed once per tine slot at each tk over NCYC periods. Sources

are sampled at each t1. The charge source value at t1 is the integral of the
current, over the previous tine slot t-, (e.g. to study the infl-uence of
Leaking charge).

* Underlined words in capital characters correspond to DIANA syntax.



Eggig : The sc net\./ork MNA equations are set-up and solved from one time
sLot to the next using eharge conservation. See [S], eguations (l) through
(5), and Fig. I , ISJ.

411sged-seHe!E-elssesls-i-geHils .

Given beLow are the network elements which are alLowed for .SC TIME analysis.
We only indicate some essentiaL points with respect to.SC TIME analysis.
For more details about, the network elements we refer to the DIANA manual l3J,
s 4.
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but notice
as charges

Arplifiers or depen

dent sources

S*u

$'n
$**
$*'

Four types ,given ,in . 3 $4 I B are all-owed

that al-l trcurrents" have to be interpreted

XV.. ".. I VDVS

XG...., : VDQS

XR..... : QDVS

xI..... : QDQS

Example : op-anp, gain 1000

xvlT B 0 A2 Al looo

e, g.

f
:1

B

a

t

)

NP-I-

t*TCapacitor C -. . n . .. "'. NP (-) : NN(=) VAL (=) _

Nonlinear MOS ju-ncfion capacitances are also alLowed.
(See manual).

-Voltage source -
+

DC sburce :- V.. . ..-(tft14 NN(=1 VAL(=)

t-ine d'ependent 'i V- -.r.'. . ... nP (=) NN (=1 INPUT=name

In DIANA tirne dependent sources are defined by an

INP,UT srarement Fl, S 4II which allows it to be described
as a piecewise f-inear function of tirne, a bl-oek wave

or a superposition of sine-waves. See also below for
switctres-.

Charge sources - -'
t

DC source : I...... NP(=) NN(=) VAi,1=;

tine dependent : I.-.'. . . . NP (=1 NN (=1 INPUT=nane

Notice that in .SC TIME thA "current'f sources become

charge sources as discussed before.

xv17
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Switches
NN NN (

l*t'
fn,n,

52 33

tn jn"n
\J-r

-Y[*p
S3 ... C(=)

No 54 avail-abl-e. 53

is e:Lther in NN or
in NN@ (no intermedi
ate open position)

I (ideal-) and control-Led by T periodicaL clocks using the
INPUT CYC definition for clocks.

NP DIANA has only voLtage dependent clocks. Switching
occurs when the controLLing voltage between nodes NCP(=)

and NCN(=) crosses the threshold voltege W(=).
Thus a switehing instant is defined when the controlling
voLtage defined by the INPUT statement equals the VT of
the switch.

Several switches can be defined" They must be resistorfree

l-e :

s3A 0 A B cl,l O c=toP vT=l
rNPUT CLI I 6 0 lu q 4u 2 6tJ 2 9V&

t tfiu cYc

B
-vT

o b1ofE<.
he foLlowing switch would have opposite phase :

S3BOABOCLIC=l6Py1=-l

ther : I) if non-overlapping cLocks are to be used one

t, use 52 switches. Also notice that of ten a 'rdouble
S3-C" branch occurs which can be modelled as shor^m below :

AA

.tr' 3
.t
,|

c (=) 
='1'[i7t=-.O €r-

use of S3-C switches is recommended (wherever possib[e)
cause it speeds up the execution tine.

.SCFREQ a "double S3-C" braneh is cal-led an 54 braneh

and can be used as an alLowed networkel-ement

2) rhe optioral sratemenr (FSAMpLE=) in the
. SC TIME statement overwrites the cloekperiod for the
witches and nakes the period equal to FSAl,lpLE-I.

Example : The following is a simple example of a switched capacitor "RC"
eguivalent driven by a ranp input. It clearl-y il-lustrates the input language
and operation of the progran.



f **x* xxx xxx xt x xx xxl xxxx x xxx xx xxxxxxxt(

ESAT RC_Lr)!i

r* * *r( *** * ** *** * * *** * *xrk** tk * *x *******t

.SCTIT4F NCYC=100 FSAIvIPLE=1U0KHZ
INPUT VIN V-T=0 0 5 1N
xv1 1 0 vtN 0 1

c2 3 0 9P
S31A 0 1 3 CL 0 VT=1 C=1P
II.IPUT CL V-T=(J O 7 5U O 1OU CY C

PRIf'IT 3 1

.OPT IONS STORT
-END

S!',ITCHED CAPACIT0R DATA

1--+r 5 1O 1u3r,

I rtacc

qD
o

ssrA

INPU? xvl
(4t t

5

2,500E-06
7.500E-ti6

t7 C2e9?

CYc,.

TII,IE DOPIAIN ANALYSIS

SLOTTII',lE
ALL

NUt'l13ER 0F CL0CK CYCLES NCYC= 100

si.,itTclED cA-PACIT0R SIl,lULhT0R : TIME SL0T INF0Riv|ATI0N

CL0CK PERI0D = 1,1"1[r0F-05

NR 0F TIFlE SL0TS = 'l
OUTPUT OBSERVED IN TIliiE SLOT: ALL

DUTY =
OUTY =

e

0u0E-il1
000 €-0 1

E

c
E

T IlvrE S

SLO T

SLOT

LOT
1

2

SPECIFICATION
rR0!1 -7.500E-06
FR0M 2,500E-06

TO
TO

5

:,

25

0
ys

:<- L

1

2

500 ps 7000pts
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Fig. 2. and 3. ilLustrate an appLication of the .SCTIIfE mode to conpute the

irnpulse response of an eLliptic SC filter as;well as the influence of an

offset of 50 mV of the ampl-ifiers used in this fiLter, I{e refer to [Sl wlictr
also shows the applieation of the .SCTIME mode to stgdy offset drift in an

8 phase filter as well as a study of the influence of nonLinear junction capa-

citance on drift of a SC integrator. Using the charge-sources it is also
possible to study the effeet of leakage currents on the operating point of
SC fiLters. Notice that the value of the charge source at tine tO then

needs to be found by integrating the leakage current i1 over the previous

time slot i.e.

o

k1_

On.t-dft(uo[]

q 11. A k-l
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2.2.2. Top Level .SCFREQ node

cqg!:91-gg,g*gg* : . SCFREQ NLIN= or NDEC= FSTART= FSTOp= (FSAI'fPLE=) &

(retlo=1 (coNT) (SINc) (oursloT=) (Al,fPL) (PHASE)

A1 lowed netwo rk elements : Idem as in the . SC TII',IE mode. Notice however that
voltage and charge sources (not driving switches) cannot be time endent "

The value (var,=1 of a source is interpreted as the effective sinusoldal vaLue
with zero phase. Furtherrnore it is possible to use an 54 switch defined as

folLows : C
NP a-. NH

lt'|ffo""- 
1

l-

I '---{ NN/

cL (NcP, NcN)

54 ...... NP(=) NN(=1 Npl(=1 Nttd(=) NCPC(=) NCtrtl=; C(=) Vr(=)
The swirches are in position (Nr, N[,) if (Ncp)-v(NcN)>vr. orherwise it is
in (tlP{dN0)"

Iygg-g!-$glygig : For SC networks consisting of the above defined el-emenrs

the frequency response of anpl-itude (AMPL) or phase (PHASE) or both (if no

Al"lPL nor PHASE present) is calculated. The spectrum extends fron FSTART to
FSTOP and contains NLIN frequency points for a Linear scale or NDEC frequency
points / d,ecade for a logaritmic scaLe.

In what folLows the options BAl,lD, CONT, SINC and OUTSLOT are discussed.

I' gAI9=ggII9U 
'

The (BANO=) option altows for the study of aLiasing (or folding) effecrs due

fo Lhe tine variant. character of SC fiLters. If this eard is ornitted the com-

puted response corresponds to the experimental- set-up given in Fig" 4.
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IN OUT

INPUT SOURCE

SWEEP GENEMTOR
FSTART(fo(FSToP

rN(- .f )

-r$t- -2fr -'*

TMCKING SELECTIVE
VOLruETER MEASURING
OUTPUT AT SA},IE f AS
SI^IEEP ceNrRAron o

({t| *l,L

fs t.1[o

L

I 2 2 l1

DefauLt .SCFREQ operdtion - equivalent measurement set up if no (BANO.) speci-
fied.

rig. 4

If BAIID is specified it has the foLLowing meaning ill-ustrared in Fig. 5.

{, -$ f&
2

zk
\"

15

5j
L

I BAND r+r
-f*{f,

Fig. 5

s. c.
FILTER

FSTART f FSTOP f
o FSTART f FSTOP

-tI
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Due to the time variant character of the SC bircuit, aliasing and folding ef-
fects occur.

We define see F 5
(h'

BAND nr. the frequency domain F' such that f€ Fn if

(n-1)
f

sT (frcn 
79
f

If within BAND=n (e.g. BAIID=5 in Fig. 5) an input signal with frequency f is
appLiedra response can be expected for all f t k f, (ke Z+) (dors in Fig. 5).
I{owever, as f is a compLex frequency, also a component with -f is present such

that also responses are expected at -f + k fs $G Zi (crosses in Fig. 5).
Fig. 5 shows that every frequency fe F' causes one frequency response in every
Fn (including itseLf but this corresponds to not specifying BAND=). The posi-
tion of the response depends on the response band considered" If the respopse band
i.s...offse-t to the input band by an odd number of bands then it is a nirror ima-
ge. on the other hand, if it is offset by an even number of bands an"l-il"
shifted by a muLtiple of f".

Now we are in a position to expl-ain the (nanO=) option in DIANA.

BAND=vaLue means that. at the INPUT of the filter, a sr^reep generator sweeps

the input over BAND=value. The OUTPUT then is measured in the band specified
bv IFSTART. FSTOP I WIIEREBY IT IS NECESSARY THAT FSTART & FSTOP BELONG TO A

SINGLE BAND equaL or diffdrent in val *ue.

The output is rrobservedn by a TM_CKING selective voltmeter whereby tracking
is to be understood in the sense of Fig. 5 and reirlustrated below.

ODD fBAND9

EVEN 
'F 

SAND

* Thi, is not necessary if (nenO=; is not specified (set-up in Fig. 4).
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-coNT ( Pwc)

CONT

!- z 3 .l 2

Fig. 6.a

2) lggUI)=gEgIQI z

The CONT option reLates to the effects caused by a potential electrical coupling,
during at least one tine sLot, between the input source and the output node.

If indeed such a coupLing exists it is necessary to consider the s.c. circuit as a

mixture of a continuous and a tirne-discrete network. It has been shown in t8]
that for that purpose an input wave form can be decomposed in a piecewise con-
stant (PWC) input, sanpLed at the end of each time sLot, and a _remainder waveform

which becomes zero at the end of each time s1ot.

The response of the d.c. network is a superposition of the response to the PWC

input (difference equations) and the response to the remainder waveform as given

by the equations (11) to (14) in [g]. Wh"" designing an s.c. filter it is corn'uon

practice to do some handcal-cuLations based on charge conservation and assuming a
PWC input. One can then use z-transform technigues to derive the lla(r) functions
which then can be used to derive the frequency response for a PWC sinusoidal in-
pur (eq. (13), t8] ).

In such case the effects of a potentiaL continuous coupling are neglected.

This situation can be simulated using the DIAI{A progran when specifying :

.CONT

In that case the analysis proceeds as if the s.c. filter is driven by a PWC ver-

I

b3

I
I

sion of the input. sampled at the end of each time slot as illustrated in Fig. 6. a
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If CONT is specified or ornitted the effect of the remainder waveform is included.
This is the measured response if the input is a continuous time function.

For filters without a continuous I/O coupling both -CONT and CONT responses are
the same.

3) !II9=sg=9ggg!9I===9EEI9I :

The (SINC) and (Oufsl0f-) option have to do with the way the ourpur of the SC fiL-
ter is considered as iLl-ustrated in Fig. 6. b.

ovT' 9vr {

I 2. 31 2- 3 be

OUT

(e) CONT
$tNC

( a.)

orlG

- CONT
stNc

d)

Et

(b)

0trTz

z 3 .l 5

C ONT
s lNc
OUTSLOT -'2

2{

- Cor.lt
-gtNc

e)

(c)=(a)t(t)

tr''7' 6b
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The output of an s.c. filter can aLways be decomposed in the response to the
PIlc input (ourt) and the response to the renainder waveform (out*).

The word SINC refers to che

qrq) = sinl(g) e "o"ef,hil tn)o 
"jt(to*t-xu)/2

tems generated in the output response due to the sanple and hold effects in the
output waveform (see eqs. (13) and (14), ref. tgll.
As these effects are normall-y present, SINC is optional-. Only if 3

-SINC

is specified which on nakes sense if also -C0NT is s ecified (see Fig" 6.b(d) )
aLl the sanple and hold effects are negl-ected and it is as if the output consists
of a train of 8-functions i.e. all

o(1(6c) = 1

in eq. (13) [8]

If OUTSL0T= is not specified, it is assumed that the output waveform is observed

during alL timeslots..

In nany circuits however the output is only observed (sarnpled) during one or no-
re time slots while it is being heLd during the others.

Fig.6b(e) ittustrates the case OUTSLOT=2. Obviously OUTSLOT= can have more time

slots specified. It shouLd aLso be cLear that OUTSLOT= value is not conpatibLe
with the -SINC option.

The above defined possibiLities are illustrated by the foLLowing exampLe which

is a sinple pol"e-zero reaLization with continuous I/O coupling.

4) E#sp1c-!er-I9!-:!9EBEQ-eselye!s :

Fig. 7 illustrates a sinpLe pol.e-zero filter configuration and two cl-ocking she-

mes, A and B.
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Cz Q?)

CI QP)

@ @@

with : f.

t o

SLof ,{

cL.l

z

Cle

r Cr, Qe)

cLl

3+ ,t CYC ,'CYC

cIr

Croc( A ct ocr< E

Fig. 7

Notice that for clock scheme A aLl duty cyeles are equaL to 25 Z. A simplified
analysis using "equivalent resistorsr',shows that to a first approximation :

1 + i*--t
tt(if ): - z:--FI * 1=-'t

p

=#=1'99kHz

L

t

bh

z

f
P

1
4rE-T

+

(CL {,

_t
czt ?tP)

(cLz)

5zr

3
A= lo

+

and 7,96 kRz
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In between these frequencies we have a + 20 dB/decade response with a 12 dB

anplification for high frequencies.

I{e will now consider and compare a number of alternative runs to iLLustrate
most of the options.

RllN I-. Using -CONT, -SINC and linear freq. scaLe,:clock scheme A :

I**************************'********tk*****tk*********t(*****t(***X*******Xi

ESAT TREBLE TONE CONTROL FILTER

k tr** ** *** ** * ************* * * *** *** ** * rk*** **:t** *** ***** ***** ****rk J<*/rtt**:

.SCFREQ NLIh=1OTJO FSTART=OHZ FSTOP=litlEGHZ
-OPTIONS -OUT
INPUT CL1 V-T=0 0 2 0-5U ? ?.5U 0 3U 0 10U
INPUT CL? V-T=O 0 0 5Ll 2 5-5U ? 7.5U 0 8U
PRINT 3

F SAMPLE=1 OOKHZ -CONT .SINC

cYc
0 10u cYc

(sflrlM6 | lo SEe

VIN
s2f -

s'z?
SZlA ?
s2eA 5
c11 X1
c2? x?
c1 1 2
c??3
XV1 3
.END

ctl 0 vT=1
CLZ U VT=1

CLZ 0 VT=1
cLl 0 VT=1

1P
1P

10
1X
?x

1

1

1

x?
x2
0
0
8P
2P

1K
FIG 8

Fig. 8 shows the input description.

Fig. 9 shows the amplitude plot of the output node @ o.r a l"inear scaLe, Noti-
ce that, due to the 4 equal tine sLots the apparent sanpLing frequency is 4 ti-
mes the basic LOO kHz sanpling frequency.

Since we use a -CONTT -SINC option the spectrr.rm is fol-ded at 200 kHz and 600

kHz. The baseband response is periodic with a period of 4oo kHz.

002



ts-
t5

AMPL
(db)

0
PF

s
9FsFtI7Ft5CE,s0 2E 3E l.F-5 s

tig.9

rig. 9

RIIN 2. Usine -CONT. (SINC). Lin. fr eq. scale, clock scheme A :

Same input as RUN 1 except for .SCFRXQ card shown beLow.

.s_cFREQ NtIl'i=1.0u0 FsTART=0HZ FsT0p?1MEGt-rz FsAMpLE=100KHz -c0NT

The output plot is shown in Fig. LO.

FREQ
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15

AMPL

Hb)

-15

0

0 lMHz
tig.l0

Since now the output is heLd each tine over each 25 7. duty cyeLe we wilL get
the sbme response as earlier but now it wiLl contain sinc effects at 4 times
the basic sampl-ing frequency since :

T

fork=1to5"

RUN 3. Usine (CONT) (SINC), 1og. freq. scale. clock scheme A

tk*1 tk I
4

FREO

Same input as RUN 1 except for .SCFREQ which becomes

.SCFREO NDEC=25TJ FSTART=1OOHZ FSTOP=1i4EGHZ FSAIiPLE=lOOKHZ

The output pLot with logarithnic frequency scale is shown in Fig. 11, curve A.



15

AMPL

Hb)

-15

0

20-

1K 10K 100K FREQ (Hz) 1M

tig.11

Wtren comparing the resuLt with the -CONT, SINC option given by curve B we see

that the zerot s at 400 kHz and go0 kHz have disappeared as a resul-t of the
fact that at these frequencies the continuous I/O coupLing due to C1 and C2

still provides a 12 dB gain whieh is not affected by the sinc effects causing
the zeror g.

RIIN 4. Effects of OUTSLOT= option

100

B!T-1:

In thi
ring t

In thi
cycle

visibl

a z -CONT. (SINC) .

s case we consider
ime sLot 2 (when

s case the output

and therefore the

e in Fig. L2.

-9!M9I=?"-1!s:-Iree:- es31e:

a PI,{C input as in RUN 2 bur rhe ourput is sampled du-
CLl is true) and held over the three other time s1ots.

signal is constant over the 4 tine slots of the cLock

sinc effects have a period of LOO kHz which is clearLy
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B!N-L!-:-!99ND' (SINC), 0UTSL0T=2, -!rseer-!r99:-9sele :

In this case the input is continuous such that in the tine domain, during tine
sl-ot 2 a continuous feedthrough of the input occurs during 25 Z of the cLock-

cycLe whereas the vaLue at the end of this interval is held over 75 Z of the

remainder of the cl-ock-cycle.

As a result two effects occur :

a) the sinc effects in Fig. L2 are attenuated by the eontinuous effeets through

cl, c2.

b) the S/H effects occur during resp. 25 7" and 75 7" of the duty cycle such that

the rninina of the sinc effects are no longer occurring at rnultiples of lOO

kHz but of 4OO/3 = 133,33 kHz.

0

These results are shown in Fig. l-3.
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RUN 5. Effect of clock duty cycle :

Fig. 14 shows a rerun of the case CONT, SINC but now with clock scherne B in-
stead of A (curve B) .. For reference, curve A gives the same result with clock
schene A.

In this case an effect of the duty cycle of the clock is clearly visible. This

effect occurs because of the continuous eoupling since the different

%g(eja't) are nonzero and are to be added with different phase factors.

a
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RUN 6. Effect of aliasing : (nanO=) option

Shown below is the input to describe the aliasing effect occuring by scanning band

3 (BAI{D=3) i.e. the input changes from 100 kHz to 15O kHz. The output is ob-

served from 100 Hz to 50 ldtz which belongs to BAI{D=l. The offset of the bands

is even such that sweeping occurs paraLLeL (e.g. input at LOz kHz causes res-
ponse at 2 kHz), The run is done including CONT and SINC effects"

h

I

A

B

F( Hz)t00K1K 10Kn0
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The sensitivi ty to a node(D i" defined as the arnpLi tude and phase sensitivity
of
to ground i.e

node to a fictitious acitor of zeto value from node

^out
t(

and
(out)

E (zo loerolvo'l)
?cr

f(out)
?ct

(dB/pr)

(degrees/pF)st

These sensitivities aLl-ows the designer to quickly estinate the influence of
parasitic s tray cap acitance added to the node @. ttotice that sensitivities
are comPuted for the full fregueney spectrum (FSTART, FSTOP) defined in the
. SCFREQ card and only for the SINC and CONT option. -SINC and -CONT options
are overwritten.

Er++e*+r

Shown below is the input deck for the circuit defined in Fig. 6 where sensiti-
vities with respect to capacitances CL, ClL, C2, C22 and node XI are requested.
The output plot of this run is shown in Fig. L7.

*** * * * * rk** **** * * *rr * *** * ** * ** * *x * x * * * **** * * * * * ** **** * * * *rk *** *x *:t)k***,
ESAT TREBLE l.ONE cOI!TROL FILTER

**tt***trr*x*xlktt*******)t******:t****x*********:k*******rt****************,

.SENS CAP=C1 1 C2?

*
*
*

.SCFREQ NDEC=?50

.0PTI0Ns'0uT
INPUT CL1 V-T=0
INPUT CLZ V-T=0
PRINT 3
vtN 1 0 1

s?1 1 x1 cL1
s'e? ? x1 cLZ
s21A ? X2 CL
s?zA 3 x? cL
C11 X1 [r 1P
C?? XZ U 'iP
C1 12tiP
c2232P
xv1 3 U t: ?

-EFJD

C1 CZ N0DE=X1
FSTART=1 tr0HZ FSI0p=lmECHZ F S A tvlP L E = 1 0 0 K H Z

u ? 0.5u ? ?.5u 0 3u 0 10U CYC0 0 5U 7 
'.5U 

? 7.5tJ u 8u u 10u cYc

tJ VT=1
O VT=1
rl vT=1
0 VT=1

z
1

1K
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This example clearLy shows nany of the possibitities of analysis of s.c. net-
works in the frequency donain of ideal linear s.c. netnorks using the .SCFREQ

mode at TOP-1eve1 simulation.

The Last mode of TOP-LeveL simulation is the .SENS mode allowing for the caL-

culation of sensitivities using the adjoint network concept. For a detail-ed
discussion on this concept see t?].

2.2.3. The .SENS option

The . SENS option aLl-ows for the cotrputation of sensitivities of ampLitude and

phase to ; - capacitor values

- gain of op-amps

- ttnodestl

This option is very useful for :

- optinization
- toLerance infLuence

estimate of infLuence of stray capacitance

The allowed network elenents are the same as for the .SCFREQ mode. To obtain sen-

sitivities it is sufficient to add the folLowing control card :

.SENS CAP = List of capacitor narnes/VDv = list of VDV nameslNODE = list
of node names

Idtren this eard is added, the arnplitude and phase sensitivities of the first output
node sDecified in the print card are computed.

The s.ensitivities are defined as

- capacitance value sensitivity
E(zo logro lvof )

fol-Lows :

V
o

s

S

c l-00 ?C/c

?(v ) _ eLl
c To6'T'dZc

(dB /7" capacitor value)

(degrees/7. eapacitor value)

- op-asp gain sensitivity :

Idern but C=A (op-anps gain factor),

ofparticular interest is the "node" sensitivity defined as fol-l-ows
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2.3. INlgBg9lAIE-leyel-eeelyeie :

Internediate level analysis refers to S.C. networks including resitive
(i.e. time constant)effects. ALl switches in S.C. networks are MOS transis-
tors and hence have a finite channeL resistance in the on state. Op-amps

have poLes in their transfer funclion even as finite output resistance.
Furthe:more alL these resistors and operational anplifiers have noise sour-
ces.

These effects can have a serious infl-uence e.g. on high Q filters or on

fil-ters operating at high sampLing rates. They are essential for a predic-
tion of the noise behavior of S.C. networks.

Referring to table L, three different modes of operation at INTERMEDIATE

level are possibl-e :

" SCFREQ

. NOISE

.TRAN

2 .3 . t. Ibe-:!9EBE9-epgies-e!-III-EBUEP-r4I_E_lcyc1 3

Control card : SCFREQ NLIN= or NDEC= FSTART FSTOP (FSAUpt g=) (SAND=)

Al-Iowed network elements :

In addition to capacitors
sistance are alLowed i.e.

also resistors and 52 switches with finit,e on re-

trlp e-\e-1a4--a 11111

R 52 .. .. NP NN NCP NCN R= VT=

No 53 and 54 switches are aLlowed in the actual version of the program. Fur-
thermore, in addition to the usual voLtage and current sources, aLso the four
dependent sources rnentioned on p. 7 are allowed but in addition to then al-so

an operational anplifier model can be specified as shown in Fig. 18.
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I

I 6:
N NP

CPAN,
ROOT

NN

oPA..... NP NN NCP NCN GAIN(=) ROUT(=) CPAR(=) PoLE(=) I^I0(=) Q(=)
!ilHITE NoISE(=) l/r-rnrarl=;

rie. LB

This nodel realizes the following internal transfer function :

r(p) = cArN/ (L+p/2n.porE) (p2+2p wa/Q + woz(r*Q-2))

i.e. it has a negat,ive reaL pole and a compLex conjugate poLe-pair.

In addition it has an input capacitance CPAR and an output resistance R0UT.

Also noise sources can be specified in the NCP input lead.

The WIIITE NOISE(=) refers to a frequency independent noise source val-ue ex-
pressed in Volts/1EZ whereas I-/F-BREAK(=) refers to the frequency at which

l/f noise voltage is equal- to the white noise voltage specified by the WIIITE

NOISE(=) card. For the time being this value is used to eompute noise trans-
fer functions as to be diseussed below.

Of course it is also possible for the user to construct his (her) own li-
near op-amp model using CrR and dependent sources.

Type of analysis l

Notice that basicaLl-y the presence of a resistive element in the circuit
type of analy-description will automaticaLl-y invoke the INTERMEDIATE 1evel

+

TQ)

sIs. This analysis is based on reference t6l.
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It should hereby be noticed that the rnethod siven in [6] irnplies that the
S.C. network can have transient effects within all t,ineslots but it is still
necessarv that the S.C. network reaches a sleadv state at the end of each

tines 1ot.

Whether such condition is satisfied can be anaLyzed by a .TRAN tlrpe analysis
(see further). In future versions also the case in which no steady state is
reached wilL be implemented.

F+spnls :

As an example Fig. 1.9 shows the input deck for the analysis of the eircuit
used in the previous exampl-es (Fig" 16) in INTERMEDIATE level.

E$AT TREELE TBNE CONTRT'I" FIL,TER
. OPTICII{S STC}RE
. SCFREO NDEC=IOO FSTART=IOO FSTOP=Il'lEC BAND=O

l IVP UT
INFUT
PRiNT
vlht 1

$41 1

5A 1e
saa I
Y:4l.cc
c11 X1
ucrl xc
cl 1 A
r.12-r F nLA.AU

OFA1 3
. END

CLI V-T=O O A O. 5U ? e.5U O 3U 0 lOU CYC

CL? V-T=O 0 O 5U e 5.5U A 7.5U O 8U 0 lou cYC
3
o1
XI CLI O R=IOK

LP O R=LOK
LA'O R=IOK
Ll O R=10K

llP
Nr)alt

O O ? POLE=IK GAIN=IK FiOUT=1OK CFAR=O. 5P

xI c

olP
0lP

I
2
e

VT
VT
VT
VT

I
1

I
1

Fig. L9

Notice now that aLl switches have an on resistance of 10 KfL Furthermore the

above nentioned op-amp model (OPAL) with a po1-e of L kHz, an output impedance

of 10 KJIand an input capacitance of 0.5 pF is used"

Fig. 20 shows the eomputed response (curve b). It is compared aLso with the

response conputed in TOP level rnode (curve a).
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The -20 dB decade fall of the spectrum for freguencies above LO0 kHz resuLts from
the poLe of the operationat anplifier but it is also cLear that even in the
baseband (f-450 kHz) there is a deviation between the TOP and INTERMEDIATE

level analysis. This effect can be traced back to phase shift in the op-anp
due to the pole at 1 kllz.

This effect of phase shift can cause negative resistance effects in inte-
grators and can lead to peaking in ladder fil_ters

Fig. 2l-. shows the computed response in the passband for the elLiptic filter
shown in Fig. 2. . The top curve in Fig. ZL is obtained from an

ideal op-amp with gain of 106. The botton curves are for a gain of L03 and

three different unity gain bandwidths. The effect of, peaking is cLearLy vi-
sibl-e.

2. 3. 2. IgIgE=ErgssIsg=gsssgi_es=selsslegiggg :

When resistive effects and frequency response of op-anps are included as in
the INTERMEDIATE l-eveL it becomes possibLe to perform noise caLcuLations if
the thernal noise of resistors and op-anps is incLuded.

Noise caLcuLations in S.C. filters are complicated by the fact that, due to
aliasing effects, noise is fol-ded back into the frequency range of interest,
so the noise transfer functions from all noise sources to the output node need

to be conputed and this fron aLl frequeney BANDS back to the BAND under consi-
deration. These resuLts then have to be added quadratical-Ly.

This calculation can be simpl-ified considerably by using the adjoint network
concept, as discussed in ftl. This option is at present being inpl-ernented into
DIAl.lA.

For the time being it is however possibLe, using the .SCFREQ option, to com-

pute all- noise transfer functions by adding the noise sources and then perfor-
ming caLeulations over alL frequency bands using the BAND= option.

An exarnple is given in Fig. 22 which is the input to conpute the noise trans-
fer function of switch 5211 from BAND=2 to the baseband for the exampLe eir-
cuit used in this paper. Notice the noise source E=l is 52LL.
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E$AT TREBLE TONE CONTROL FILTER
. ilPTIONS STNRE
. $CFREG NDEC=IO FSTART=1OO FSTCIP=5OK BAND*I
IhlpUT CLI V-T=il 'l e '3.5U ! E.5U O 3U 0 lftU CYC
INPUT CLI V-T=S O O 5U A 5. 5U i: 7. 5U O gU O lOLr CVC
PRINT 3
VIN 1O
sl:1l1 1
cln { FJ .'tuc-lr e

= 1OK

=IUI{
= 1OK

= 1Ol(

E=l VT=I
tr7*{
trT,-.1

VT=.1
URE

tJeC-

Lir
t1F1-)\-' cr 4.

L1
r11

0F'lr
l:ht

0 I PilLE=1K OtrIN=11( R{-tlll'*1OK CpAR*O.5P

Fig. 22

Fig. 23 shows resuLts of such caLculations for the two switches 5211 and S2L2

as well as for the noise source of the op-anp and this for a number of diffe-
rent bands to baseband. Notice that the transfer functions for the two input
switches differ considerably for lower band to band interacLions. This effect
results from Ehe effect of the continuous coupl-ing, which is present in both
clock phases for S2Ll- but for S212 only during phase 2.

For the op-amp continuous coupLing is present during both clock phases, No-

tice that continuous coupling effects have an advantageous effect on noise
behavior as foLding effects are attenuated by it.

{'1l4
Fn
t=a

.l F:
IE

gJ

OR
{JK

OR

cLl
LLC
LLi
cLl

1P
1P
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):1
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2 .3 . 3. SE4!=gpgiss=s!=IIEgEggpl4IE=ssg=998!=lsygl '
Sinulation of S.C. fil.ters incLuding resistors and even MOS transistor nodels

or lg,gic and timing macromodels in the time domain is possible if the TMNSIENT

analysis mode .TMl,l of DIAI{A is used. In such case the program performs a ful-L

transient analysis of the circuit under consideration.

It is of course necessary, in such case, to use a tinestep DELTA whieh is
smalL enough to see transient details for tineslot e.g. 5 ... 10 points/time
slo E.

Such type of analysis is expensive but can be very useful to study in detail
e.g. the foll-owing probLems :

- DC stability (offser and drifr effecr,s).
- Clock-feedthrough effects due to switch parasitic capacitances.

- Study of switching behavior of operational anplifiers described at the tran-
sistor l-evel.

- Derivation of model parameters for INTERMEDIATE level simulation by op-anps

simulation at the DOl'lN LeveL (using transistor nodels).
- Verification of digital steering logic for adaptive S.C. filters or for A/D and

D/A converters.

etc.

For a description on how to use DIANA for these applications one refers to a

detailed manuaL of the progran [g].

The folLowing is an example of how the program can be used to study clock-
feedthrough effects. Fig. 24 shows a sinulation of the elliptical filter shown

in Fig. 2 of this text. The input voltage is zero but all switches have been

substituted by MOS transistor model-s available in the CIRCUIT (DOI,[N) mode of
DIAI{A. Furthermore the op-amps are described by a model with a single pole at
4r5 ktrz and a gain of 103. Clock frequency is L28 kfrz with a swing of -5V to
+5V as shown in the upper plot in Fig. 24.

Now cLoek-feedthrough occurs thro ugh the MOS Cg and Cgd capacitors. These

effects are shown at node@(See fig.
output node @.

2), the virtual- ground of op-amps XVE and

One can clearly see that clockfeedthrough causes an output DC offset of 0.35

Volts. The spikes at the input of the op-axnp result frorn instantaneous voltage
division when the MOS transistors are switched on as well as from the finite
bandwidth of the op-anps. This simulation over 1OOO tine points takes 3 ninutes,
30 sec. on a VAX 1L/780 under VMS operation system.
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3. Conclusion :

It has been shown how the DIANA program ean be used as a general top-down

design tool for switched capacitor networks. No limitations to the nunber of
clock-phases or to the network elements are imposed. In the future the NOISE

option wil-l- be conpleted such that direct noise conputation will be possibl-e.

Also the restriction to obtain a final- steady state in the case of resistive
S.C. networks will be eLiminated.

o
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iltil ilIlt
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