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COMMUNICATIONS.

GAIN—- AND OFFSET- COMPENSATED VERY
LARGE TIME CONSTANT SC INTEGRATOR

Nikolay A. Radev — Kantcho P. Ivanov *

A novel gain- and offset- compensated (GOC) very large time constant (VLT) switched-capacitor (SC) integrator is
presented. The gain, phase, and offset errors of the integrator are simultaneously lower when compared to previously proposed
VLT integrators. The superiority of the new integrator is demonstrated by designing a 60 Hz notch filter.
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1 INTRODUCTION

Several difficulties arise in designing very large time
constant (VLT) switched-capacitor (SC) circuits in which
the pole (zero)/sampling frequency ratios are very small.
The time constant of the conventional SC integrators
is approximately given by 7 = Cs/(Cifs), where C
is the input sampling capacitance, Cy is the integrat-
ing (feedback) capacitance, and fg is the sampling fre-
quency. In order to get a very large time constant, a very
large C3/Cy ratio is needed. Hence, the capacitor spread
becomes too large to be practical for monolithic imple-
mentation. Several approaches have been investigated for
making VLT SC integrators in an area-efficient manner.
Published before 1989 and novel conventional and VLT
integrators are compared in [1] using the afy criteria.
The time constants of the VLT integrators, described in
[1] , are determined by the product of two capacitor ratios.
This enables us to obtain very large time constants with
reasonable capacitor ratios. Virtually all area-efficient im-
plementations for VLT integrators suffer from higher sen-
sitivity to a finite gain A and offset voltage Vs of the op-
erational amplifiers. For example, if the Nagaraj-88 VLT
integrator [2] reduces the capacitance spread by a factor
of k, the amplifier dc gain must be increased by the same
factor to maintain the same accuracy as that of the con-
ventional basic-79 integrator [3]. The output offset volt-
age is also k times larger.

With the implementation of the gain- and offset- com-
pensation (GOC) technique, the effect due to A and V;,
can be reduced [4,5,6,7]. Most of the GOS VLT inte-
grators are obtained by modifying the corresponding un-
compensated VLT structures. Thus, the Ki#3-89 GOC
VLT integrator [1] is a modification of the Nagaraj-88
uncompensated VLT integrator. The phase errors of the
published GOC VLT integrators are considerably smaller
than those of the uncompensated circuits. However, their
gain errors are comparable to the gain errors of the un-

compensated integrators except for a weaker frequency
dependence.

This paper presents a novel GOC VLT SC integrator
which has simultaneously a lower gain, phase and offset
errors when compared to previously proposed VLT inte-
grators.

2 CIRCUIT ARCHITECTURE

The circuit schema of the Nagaraj-88 VLT integrator
[2] is shown in Fig. 1. The clock phases inside brackets ap-
ply to the noninverting integrator, whereas those outside
brackets apply to the inverting integrator. The nonzero
input-referred dc offset voltage V,, of the operational am-
plifier (OA) is modeled as a voltage source at the nonin-
verting input terminal. In the ideal case, the integrator’s
z-domain transfer function is given by

C1 Cs,—1/2
ey (1)

(t+ &)1 -=1)

Hig(z) = F

In order to ensure optimal matching accuracy, the number
of different capacitor sizes should be reduced to a mini-
mum. It is reasonable to assign C; = C'5 = 1 unit and
Cy = 1/k units, where k < 1. Then (1) can be expressed
as

2,-1/2
Hul2) = F 55 @)

1+k)(1—271)
By adding an auxiliary (holding) capacitor C}, and a few
switches, the Ki#3-89 GOC VLT is obtained (Fig. 2),
where Cp, = 1.
The proposed GOC VLT integrator (shown in Fig. 3a)
is with the same sample correction property as in [8,9].
Compared with the Nagaraj-88 integrator (Fig. 1), the
OA has been replaced with the block shown in Fig. 3a.
In addition to the clock phases 1 and 2, the integrator
requires two nonoverlapping clocks, e and o , shown in
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Fig 1 Nagaraj-88 VLT integrator
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Fig 3 Proposed GOC VLT integrator and clocking scheme, a) GOC
VLT integrator, b) Clocking scheme

Fig. 3b. The value of the holding capacitor C} is not
critical and can be made very small. The only factor gov-
erning its choice is that it forms a potential divider along
with the parasitic capacitance at the input of the OA dur-
ing the o phase. In most applications it will be adequate
to set Cj equal to the unit capacitance (smallest filter
capacitance). The output voltage V, is sampled in phase
20. Then the ideal z-domain transfer function is given by

k2,—3/4

Hz2do(z) = ?m-

(3)
In the following the bandwidth of the OA is assumed
to be sufficiently large to guarantee in any case a set-
tling time smaller than the sampling period. Then, a lin-
ear frequency-independent approximation for the voltage
gain of the amplifier can be used

A(jw) = —A. (4)

This assumption is adequate for the analysis of SC cir-

cuits containing fast and relatively low-gain amplifiers.
During phase 20, C}, is placed in series with the in-

verting node of the OA, thus forcing node x to be a
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Fig 4 Gain error curves of VLT SC integrators for k = 1/25 and
A =500, 1 — Nagaraj-88 VLT integrator, 2 — Ki#3-89 GOC VLT
integrator, 3 — Proposed GOC VLT integrator

“super-virtual ground”, the potential of which is given
by

VM) = —p [V - VEn-b] w=5 )
It is obvious that the “super-virtual ground” will not be
affected by the offset but by the difference between two
successive output voltages in the same output phase 2.

The transfer function of a nonideal integrator can be
expressed in the continuous-time domain as

H(jw) = Hia(jw)[1 + m(w)]exp[jO(w)]. (6)

Here m(w) is the gain error and 6(w) is the phase error
due to the finite amplifier gain.

Table 1 compares the proposed inverting VLT integra-
tor (Fig. 3) with the earlier ones Nagaraj-88 and Ki#-89
in terms of gain and phase errors. The gain errors are
illustrated in Fig. 4 for A = 1/p = 500 and k& = 1/25
(Ch=C3=Cr=1, Cy =25) [3].

Moreover, the compensation of the amplifier dc offset
can be manifested in the suppression factor v [1] of the
offset voltage V,s as listed in Table 2. The expressions
for the dc gains H(0) of the integrators are also given.
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Fig 5 Circuit schema of a notch filter with the Nagaraj-88 integra-

tors

Table 1. Error formulas for SC integrators with finite opamp gain
A=1/p for C1 =C3=Cp =1, Co=1/k

Integrator | Gain error m(w) |Phase error O(w)
0.5k
N . —,U/(Q + kA4 1+_k) o pk
agaraj-88 PRI (1R ] 3(11Fk) tg(0.50Ts)
8(1+k)° tg®(wTy)

. 1.5k k2 [1-(1+1/k)
Ki#3-89 —p(2+ 15k + 1) |~ dirm 0Ty
Proposed | uk(2+3k)  p2(1+7k) w2k
in Fig. 3 (1+k)? (1+k)? 2tg(0.5wTs)

Table 2. Comparison of VLT integrators

Integrator |Offset voltage error +|DC gain H(O)
Nagaraj-88 W m
Kigsgo | oG | ot
ey | e [

Table 3. Performance parameters of the three filter structures

Notch filter with attenuation [dB] at
integrators: fz,Hz)0fz, % . ; 60Hz
Nagaraj-88 58.86 | -1.9 | -42.10 | -41.40
Ki#3-89 58.94 | -1.77 | -51.96 | -47.91
Proposed 59.95 | -0.083 | -74.86 | -72.42
in Fig. 3

The factors by which the phase errors and the offset

voltage errors for the proposed integrator are reduced,
when compared with the Nagaraj-88 and the Ki#3-89
integrators, are approximately given by 1/[(1+ k)] and
k/[(1+ k)u] respectively.
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Fig 6 Simulated magnitude responses of 60-Hz notch filter 1 —

ideal response (A — o0), 2 — with the Nagaraj-88 integrators

(A = 100), 3 — with the Ki#3-89 integrators (A = 100), 4 —
with the proposed integrators in Fig. 3 (A = 100)

The following relations are valid

91\[(&)) ~ 'Y_N ~ HP(O)

Op(w) ~vp  Hy(0) )
10k (W) _ |yl _ Hp(0)

Op(w) vp  Hgk(0)

The index N refers to the Nagaraj-88 integrator, K —
to the Ki#3-89 integrator, and P — to the proposed
integrator.

3 60 HZ NOTCH SC FILTER WITH
DIFFERENT VLT INTEGRATORS

The circuit schema of a 60 Hz high-pass notch SC fil-
ter using the Nagaraj-88 integrators is shown in Fig. 5 [3].
The sampling frequency is fg = 128 kHz. The relative ca-
pacitor values are A=G =1, B=10, C =11.58, D =
50, E = 43.6, K = 10.23568, o = 1.43 and 8 = 1.9.
Both of the integrators in the original structure (Fig. 5)
have been consecutively replaced by the Ki#3-89 inte-
grators and by the proposed in Fig. 3 integrators where
Chp1 = Cha = 1 was chosen. Figure 6 shows the simulated
magnitude responses of the notch filter designed with the
three VLT integrators for Ay = As = A = 1/u = 100.
The biquads based on the Nagaraj-88 and on the Ki#3-89
integrators exhibit nearly the same notch frequency shift
because the integrators have comparable gain errors for
f/fs > 0.0005. The much lower notch frequency shift for
the biquad with the new integrators is due to the smaller
gain error. Table 3 summarizes the actual notch frequen-
cies, the notch frequency shifts, and the attenuations at
fz and 60 Hz.

The steady state output voltages of the notch filter de-
signed with the Nagaraj-88, with the Ki#3-89, and with
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the new integrators for A = 100 are correspondingly:

lim Vp(n) = 4.353Vos; + 0.436 Voss ,

n—oo

lim Vp(n) = —1.032Vos; 4+ 0.091 Vos,,
n—o0

lim Vo (n) = 0.096Vos; — 0.115 Vos, .
n—oo

4 CONCLUSIONS

A new area-efficient gain- and offset-compensated very
large time constant SC integrator has been presented and
compared with previously proposed uncompensated and
compensated integrators. It has been shown to have gain
and phase errors and offset voltage error that are much
smaller than those of the other very large time constant
integrators.

The feasibility of the new integrator has been demon-
strated by designing a 60-Hz notch filter. The resulting
biquad has better performance than the same filter based
on the Nagaraj-88 and Ki#3-89 VLT integrators.
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