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Sample and Hold Function included.

Three Pole Lowpass Filter with

Figure 3.7.b:
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SESSION X1ll: MOS SAMPLED DATA SIGNAL PROCESSING

THPM 13.5: Analog NMOS Sampled-Data Recursive Filter®
lan A. Young, David A. Hodges and Paul R. Gray

Dep. of Elec. Eng. and Computer Sciences and Electronics Res. Lab./University of California

Berkeley, CA

MONOLITHIC INTEGRATION of precision audio frequency
filters has been a difficult objective to reach. Active RC filters
using numerous off-chip precision RC elements have been in
use for yeals Transversal filters using CCD or BBD approaches
occupy very large silicon arcas when fully integrated with all
peripheral circuits®, Fully integrated digital filters require
precision linear A/D coders and also require a large silicon area®.
Analog sampled-data recursive filters have been described
previously, but these employed many off-chip precision
components ™ *~.,

This paper will describe the design of a fully-integrated
NMOS analog sampled-data recursive bandpass filter, and
discuss experimental results for the critical elements and for
partially integrated feasibility models in both metal-gate and
silicon-gate NMOS technol

A block diagram for the canonic form of a second-order
recursive filter is shown in Figure 1 {a). The transpose
equivalent form of Figure 1 (b) is simpler to realize in this
case. The latter has been implemented as an analog sampled-
data system, as shown in Figure 2. Multiplier coefficients are

lized using precisi tioed integrated capacitors and
integrated operational amplifiers. For instance, the feedback
cocfficient Qg is determined by the ratio of input capacitance
QaC to integrating capacitance C at the left in Figure 2. This
integrating multiplier also provides a time delay with period
and precision determined by a system clock. Four equal,
nonoverhppmg clock phases control the operation of the

p d-order secti Multiple subscripts on phase

*R h sp d by the National Sci F d
Grant ENG73-04184-A01.

l.\mn. S.K.. Editor, “Active Inductorless Filters”. IEEE
Press; 1971,

QHewu. C.R.. “A Self-Contained 800 Stage CCD Transversal
Filter”, Proec. Int'l. Conf. on the Application of Charge-Coupled
Dcolcu. p. 309-318;1975.

Edwaxds. G.P., et al., “A MOS LSI Double Second-Order
lg:gl:_dbﬂllt;r Circuit"’, ISSCC Digest of Technical Papers, p. 20-
cb.,

Smlth. D.A. . ct al.. "Pro;ummablc Bandpass Filter and
Tone G de Delay Lines'', JEEE Trans.
Comm 22, 7, 9.921 925 July, 1974,

Maltem. J. and Lampe, D.R., ‘A Reprogrammable Filter
Bank Using CCD Discrete Analog Signal Processing”, IEEE
Jour. Solid-State Circuits SC-11, 1. p. B8-92; Feb.. 1976.

X 6'l'sivixiis. Y. and Gray. P.R.. “‘An Integrated NMOS Opera-
tional Amplifier with Internal Compensation”, IEEE Jour.
Solld -State Circuits, SC-11, 6. Dec., 1976,

McCrelry. J. L. and Gray. P.R., "*All-MOS Charge Redutﬂ-
bution Analog-to-Digital Conversion Techniques — Part
IEE? Jour. of Solid-State Circuits SC-10, 6, p. 371-379; Dcc..

labels indicate switches which must remain closed during each
of several phases.

In the narrowband approximation, center freq y fgis
determined primarily by a @4 while bandwidth or Q is pnmanly
a function 0. The sensitivity of fg to O is approximately
(2mig/fy )—2 while the sensitivity of Q to Q% is approximately
Q/(2mfy/f,). Asan example, consider a filter requiring
fg =697 Hz £0.5% and Q = 18 1:assume an 8 kHz sample
rate. [n this example ¢ and 0 each must be controlled to
within £0.17%.

The NMOS operational amplifier used is shown in Figure 3.
1t has higher gain and lower power consumption than a
previously-reported design‘. Open-loop gain of 2000 was
required to minimize coefficient error due to amplifier gain

iati Internal is achieved with a 7-pF
capacitor; feedforward is exploited to enhance stability. A
shunt-shunt feedback output stage provides 2 low output
impedance.

Measured parameters for a NMOS metal-gate enhancement-
only version of this amplifier include gain of 2000: settling
time to 0.5% for a 2-V step and 20 pF load, 8 us:and 16-mW
power consumption fmm a lS-V supply.

For maxi pr itors were
with oid g try, ncarly area/
perimeter ratios, and constant metal or polysilicon etch width.
These precautions minimize the effects of oxide thickness
wradients, and of variations in resist exposure and etch undercut”.
The geometries evident in Figures 4 and § permit realization of
capacitor pairs, triples, or quads of arbitrary ratios; only a
single mask level need be modified to change capacitor ratios.
Preliminary data show ratio accuracy on the order of 0.1%.

Experi | tsonad
breadboard confirmed all essential features of ﬁller performance.

B1AS CIRCUIT

RRER)

deci d

" +

7~|5v

;llli lej

Ce outPyT

E wo U ws) () w2 ;:L w6
!
i
800 3145~ |
-0V

FIGURE 3 - Schematic of operational amplifier. A single
bias circuit is shared by all amplifiers in the filter. Amplifier
die area is zbout 500 milZ in metal-gate NMOS.
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FIGURE 2 — Analog sampled-data realization of the filter of
Figure 1 (b). A four-phase clock operates switches. In some
cases the sample/hold function can be integrated with the
mulltipliers.

FIGURE 4 — Metal-gate NMOS circuit including one opera-
tional amplifier plus all capacitors and analog switches for
one second-order section. Overall chip size 64 by 65 mils

FIGURE 5 — Double-poly silicon-gate NMOS circuit includ-
ing all elements for the filter of Figure 2. Overall chip size 80

by 90 mils. (Courtesy of American Microsystems, Inc.)
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APPENDIX VIIL

The following article was published in the "Electronics Letters,"

~ 27th April 1978, Vol. 14, No. 9.



AN IMPROVED SWITCHED-CAPACITOR
INTEGRATOR

Indexing terms: Integrating circuits, Switched networks

A novel switched-capacitor integrator is described which
resuits in the mapping of the analogue frequency axis directly
on the unit circle of the z-plane. The circuit requires one extra
capacitor and additional switches. It makes the design much
easier and doubles the effective sampling rate.

Recently, there has been great interest in the realisation of
analogue filters using switched and fixed capacitors and active
elements.’™® The basic building block of these filters is the
integrator shown in Fig. 1. Assuming that the time constants

C
11
"

Vout

;[
Fig. 1 Basic switched capacitor integrator

formed by C; and the resistances of its charging and discharg-
ing circuits are much smaller than the switching period T, the
output voltage of the circuit satisfies the difference equation’

Covour (nT] = Covoual(n = 1DT) = Gvinlr - DT] (1)

corresponding to a transfer function

H@) & 2= - —— @

For radian frequencies satisfying w < 1/T, on the unit circle in
the z plane z=¢“T =1 +jwT, and H(z) =~C/G)/jwT.
Hence, the circuit response approximates that of an integrator
for low analogue frequencies.

For higher frequencies, the approximation becomes poor.
In fact, the mapping s = z — 1 which is implicit in the transfer
function (eqn. 2) transforms the jQ axis of the analogue
s-plane into a vertical line going through the z = | point in the
z plane, rather than into the unit circle.* Hence. analoguc
filter responses (other than very-low-frequency lowpass ones)

287
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will become distorted when switched-capacitor integrators
replace the analogue ones. Thus, an active filter circuit, such as
the well-known leapfrog circuit,® wil) not automatically trans-
form in10 an equivalent sampled-data filter simply by replacing
all integrators.

_..._3: [
. .q
2
9 )
-L:'

€2

3——4.; . -

Vout

<
Q)
Lo G

Fig. 2 Switched capacitor integrator which results in doubled sampling
rate and the bilinear transformation

Next, some modifications of the circuit of Fig. 1 are
described which overcome this difficulty. Consider the circuit
shown in Fig. 2. If the switches are in the positions indicated
during the period (n-1)T to nT, then g, grows from
@i {(n - 1)T] =0 10 q(nT) = Civp(nT), while q; decreases
from @) [(n - 1)T] = Cvipl(n = 1T] to q3(nT)=0. Both
changes decrease g, by these same amounts. Hence,

q:(nT) = g3 [(n = 1)T] = Cavour(nT) = CoVous [(n = 1)T]
= =Cyn(nT) = Ci Vi [(n =1)T) R )]

results. During the time nT <t <(n + 1)T, the switches are in
their other positions and the capacitors change roles. Clearly,
eqn. 3 remains valid.

Using z-transformation, eqn. 3 gives the transfer function

Vour(2) _ _5 1427

H =
O Gz

()

Since the circuit is to function as an integrator, the relation,
implied by eqn. 4, between the analogue complex frequency
variable s and the sampled-data variable z becomes the familiar
bilincar transformation®

, )

1—s
1+2°

s=

~N{v

Eqn. 5 maps the jQ axis of the s planc on the unit circle in the
z plane; the radian frequencies are related by 7T/2=
1an(wT/2). Henee, for low-frequency Jowpass filters (w < 1/7),
the lincarity error is proportional to (wT)> rathes than (w7)?
as for the approximation represented by eqn. 2. More
importantly. since the w and £ axes are mapped onto each
other. any analogue filter response will essentially preserve its
character; c.g. an analogue bandpass filter will become a
sampled-signal bandpass filter, of the same passband ripple and
stopband loss, etc. The effects of aliasing and the nonlinearity
ot the $2-0) mapping must, of course, still be considered. How-
ever. theie is no need to prewarp the poles and zeros of the

I,____A —
q
2
-c:i it
< <
O
T e - L
l ) Vout
[ =
q;
1
I, 9e573

Ay

Fig. 3 Alternative realisation of the circuit of Fig. 2
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analogue filter, or to optimise iteratively the sampled-signal
circuit. Also, the sampling rate is effectively doubled.

The price paid for the improved performance and ease of
design is, of course, the additional capacitor, and extra
switches, each corresponding to two m.o.s.f.e.t.s in integrated
realisation. It is conjectured that the sensitivity of a leapfrog-
type filter designed using the modified structure is lower than
that of one constructed from the integrators of Fig. 1, since
the correspondence with the doubly-terminated LC filter is
better preserved in the new structure.

Other circuits can be constructed which satisfy eqn. 3, and
hence act as sampled-signal integrators. One such circuit is
illustrated in Fig. 3. Here, the two capacitors take tumns in
charging and discharging G {v;,(nT) + v, [(n = 1)T]} into G,.

Simpler circuits, using only one switched capacitor C;, are
also possible, if asymmetric clock pulses and/er unequal
sampling intervals can be tolerated.
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SWITCHED-CAPACITOR PILTER SECTIONS IMPLEMENTING THE BILINEAR TRANSFORMATION

*
I. A. Young , E. K. Simony1+ and G. C. Temes

ABSTRACT

Some novel switched-capacitor filter sections
are proposed that can implement analog sampled-
data filters based upon the bilinear transformation
from analog active filters. A two-input-single-
output switched-capacitor circuit is presented
which can function either as a lossless summing
integrator, or as a lossless difference integrator
with an extra output term., As an application, a
low sensitivity filter section using this circuit
is described. Also switched-capacitor circuits
are presented for the realization of a difference
integrator and a lossy sum integrator, which are
the only components needed for the realization of
the sampled-data version of a multifeedback active
filter.

I. INTRODUCTION

In a recent letter [1], a single-input inte-
grator containing switches, capacitors and an
operational amplifier was described. Its transfer
function could be obtained from that of an ideal
analog integrator via the bilinear transformation
8 = (2/T)(z-1)/(z+1); hence, (using Bruton's
definition?) it is a lossless integrator. This
transformat102 has also been the basis of other
recent work3:4:2,

In this paper a related circuit is first given
which extends the basic function of the circuit
given in reference [1], to summing and subtracting

++

integration. This is followed by a description

of some new switched-capacitor integrator circuits
that are useful in the low-sensitivity multi-
feedback ("leapfrog') filter configuration®, namely
a differential integrator for its intermal stages,
and lossy integrators for the first and last
stages. All these circuits possess the important
advantage that their transfer functions relate

to those of their anmalog models via the bilinear
transformation. Hence the frequency axes of the
analog filter model and the derived sampled-data
circuit are exactly mapped onto each other.

II., LOSSLESS SWITCHED-CAPACITOR INTEGRATOR CIRCUITS

Consider the circuit of Fig. 1. The basic
equations relating the charges and voltages before
and after the operation of the switches are

ql(n—l) = cllv+(n—1)-v2(n-1)]

q,(n) = €y [vy (m)-v, ()]

1)
qi(n-l) = cllv+(n-1)-v1(n-1)]
qj(m) = ¢, lv,(m)-v (n)]
and
q,(n-1) = C [v_(n-1)=v_ (n-1)]
2 2o + (2)

9,(n) = C,iv (n)-v (m)].
From Fig. 1, clearly also
qz(n) - qz(n-l) = ql(n-l) - ql(n) + qi(n-l) - qi(n).
(3)
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Substituting from (1) and (2) into (3), and
taking the z-:ransform, gives

1 1+z

v (2) = - -q T [V (2)4V,(2)]

(4)
C -1
1 1+2z
+ [2 == +11v,(2).
€3 1-271
For v = 0 (4) gives
L+z
Vo(z) " - E; . 3 [V (z)+V (z)], (5)

corresponding to the transfer function of a loss-~
less summing integrator. For v, B Vs (4) becomes

c
vo(z) - El 1+z
2 l-z

[V (z)—v (z)) + Vv (z) ) (6)

Hence, now the output voltage is the discrete
equivalent of the integral of (vz-vl), plus the

input V,. As an example application of the latter

circuit, Fig. 2a illustrates how this circuit can
be utilized as a building block in the low-
sensitivity second-order filter section realizing
v b b
Vour. - %))
in 8 +b a+b1b2
The second stage of the section in Fig. 2b corres-

ponds to the case when Vo2V, E 0. Then the

circuit of Fig. 1 reverts to the single-input
integrator discussed in Ref. 1.

A delay free loop can arise when using
this integrator based on the bilinear transforma-
tion. A sample and hold is then required at the
filter's input to avoid the input signal feeding
directly through to the output.

I1I. SWITCHED-CAPACITOR FILTER SECTIONS FOR
MULTIFEEDBACK ACTIVE FILTERS

Fig. 3a illustrates the realization of the
differential integrator. At time (n-1)T, the
stored charges are

ql(n-l) = CI[vl(n-l)-v+(n-1)]

g (n-1) = Cllvz(n-l)—v_(n-l)l (®)

qz(n-l) = czlv_(n—l)-vo(n-l)]
qé(n-l) = sz+(n-1).

At time nT, the charges become
q,(0) = ¢, [vy(n)-v_(n)]
q;(n) = ¢, lv, (mM-v (n)] ©

q,(n) = C,lv_(m)-v (n)]

q3(n) = C,v (n).

For ideal operational amplifier performance,
v, = v_; also, the input currents of the amplifier

are zero. Hence, due to the conservation of
charge,

9,(n) - gy(n-1) = q,(n) - q, (n-1)

(10)
qi(n) - qi(n-l) = q;(n) - qi(n-l).
Combining the above relations and using
z-cransformation, the result
v () = 2 e T [V, (2),(2)) au
2 l-z

is obtained. Clearly, (11) is the discrete-time

version of the input/output relation of a difference

integrator. Leakage current from the inverting

input node of the amplifier, can present a practical

problem with this circuit.

Figure 3b illustrates an alternative realization

for the difference integrator. It can be analyzed
in the same manner as the circuir of Fig. 3a, and

turns out to have the same transfer function. Its
leakage characteristics, however, are expected to

be better.

Pigure 4 shows the circuit needed for the input

and output stages of the multiloop-feedback filter.
The analog circuit which it models has the transfer
function

V1(5)+V2(s)
vo(s) k) —mo—— 12)
where 5o > 0. Using the bilinear transformation
(12) is transformed into
-1
V,(2) = [V ()4, ()] — 2 a3
1-(1-d)z

where d = (soT)l(1+soT/2) > 0. Next, it will be

ghown that this is the input/output relation of the
circuit of Fig. 4.

At time (n-1)T (i.e., one clock interval T
before the situation shown in Fig. 4), the stored
charges are

q,(0-1) = C,[v_(n-1)-v,(n-1)]
a}(a-1) = ¢ [v_(n-1)=v, (n-1)] a6
a,(n-1) = C,lv_(n=1)~v_ (n-1)]

qs(n-l) sd - szo(n—l)

qi(n—l) = 0.

After the switches change their positions to
that shown in Fig. 4, the charges become

212



o

q,(n) = cltvl(n)—\r_(n)l

qi(n) = Cllvz(n)-v_(n)l

q,(n) Cylv_(n)-v (m)] as)
Qq(n) = 0

qs(n-l) a vo(n).
Conservation of charge requires that
9,(n) - q,(n-1) = q;(n) - q,(n=1) + q;(n) - qj(n-1)
= qy(n) + q5(n-1) (16)

Substituting from (14) and (15) fnto (16) and
using z-transformation (13) is obtained, with
k, = '°1/cz'

It is important to note that a "leapfrog"
filter built using the building blocks of Figs. 3
and 4 will be insensitive to variations of the
capacitances for two different reasons: first,
because the circuit models a doubly-terminated
reactance two-port, and secondly, because only the
ratios of the capacitance affect the tramsfer
function. Hence, such a filter will be a prime
candidate for integrated realizations, as pointed
out (for different switched-capacitor filters) by
previous authors/»°,

vi

o %

e
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Fig. 1. Sum/difference integrator.

—>OYour (5)

Fig. 2a. Block diagram of a second-order filter sectionm.
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