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Reduction of Operational Amplifiers Finite Gain Effects
in Switched-Capacitor Low-Pass Notch Biquads

Nikolay Radev and Kantcho Ivanov

Abstract: An combined approach for reducing the errors in the notcffemcyf,, in
the pole frequencyyp, in the quality factoQp and in the amplitudél, at the pole fre-
guency of switched-capacitor low-pass notch biquads isqmted. At first, the con-
ventional integrators in the biquads are replaced with -gand offset-compensated
integrators. Subsequently, the errdit/ f,, Afp/ fp, AQp/Qp andAH,/Hy are min-
imized by modifying the values of the integrating capaaisand of the appropri-
ately chosen zero-forming and pole-forming capacitanddg effectiveness of this
approach is demonstrated by designing two low-pass notyakli topologies which
realize the same transfer function.

Keywords: filters, gain- and offset- compensation, operational afiepdi, switched-
capacitor integrators

1 Introduction

One of the important nonideal properties which influencepgormance of the
switched-capacitor (SC) circuits is the finite dc gaiof the operational amplifiers
(op amps). In filters, the finite gain causes errors in bothatmplitude and the
phase responses [1, 2]. From the point of view of simplifyamgplifier design and
improving high-frequency capability several gain- andeff compensated (GOC)
SC building blocks (integrators, gain stages, sample-aoid-circuits) have been
reported in the literature. The phase erfifiw) of the GOC integrators is pro-
portional to /A? (in a conventional integrator this is a simple inverse deleee
1/A). In most of the GOC integrators proposed the reduction irsetearor was
obtained at the expense of increased gain errao)m(

Manuscript received March 20, 2006.
The authors are with Dept. Theory of Electrical Engineerifgculty of Automatica, Technical
University of Sofia, 8, Kliment Ohridski Blvd., 1000 Sofia, IBariai vanovkp@ u- sof i a. bg

465



466 N. Radev and K Ivanov:

The SC low-pass notch (LPN) biquads are commonly realized)usfeedback
loop containing one inverting and one noninverting conieratl integrators.

The gain errors of the integrators affect the notch frequefycand the pole
frequencyf, of the biquads, while the phase errors affect the £gfactor Q,, the
pole Q-factor Qp, the attenuatiofd, at the notch frequency and the magnitudie
of the biquad transfer function at the pole frequency.

A combined approach for minimization the effects of op ampg€digain in
switched-capacitor bandpass biquads has been preserigid in

In this paper the approach proposed in [3] is adapted foraieduhe errors in
the notch frequency,, in the pole frequencyf, , in the quality factorQp, and in
the amplitudeH, at the pole frequency of SC LPN biquads with low but precisely
known and stable op amps dc gain [4]. The effectiveness @abproach is verified
for two LPN biquad topologies which realize the same tranfsfiaction.

2 Proposed design approach

Thez-domain transfer function of the LPN biquads has the gerferai

N(z) | 1+azl+az?

H(2) = D(z) " 1+byzl4bpz?

(1)

which for any pairs of complex conjugate zeros and poles eamWritten as

1-2R,cos6,z 14+ Rz 2
H(2) = 1L R2,2°
1—-2RpcosBpz 1+ R5Z~

(2)

Here, R; is the radius and, is the angle to the zerdR, and Q, correspond to
the pole radius and angle, respectively. From (2) the fahgwrelationships for
the notch frequency; , the zeroQ-factor Q, , the pole frequency, and the pole
Q-factorQp can be derived:

s [ » /s

f,= o 07+ (InRy)?, Q,=-— R, (3)
and . (/1
__s 2 2 - _ Tp/Ts

where fs is the sampling frequency.
For small ratiosf,/ fs, f,/fs and highQ-factors the frequencief, f, and the
Q-factorsQ,, Qp are approximately given by

f Vit +a
foroV1tata, QY- T= (5)

l1-a
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and
f VI1bitb,
for v/ Ibirbe Qo = = ©)

For standard design of LPN biquads the op amps gain valueasatened to be
infinite. Then, the coefficients in (1) are functions of theaeitances only and
Q; — = (a2 = 1). In this case, from (5), (6) and (1) the logarithmic sengitg of
the f, fp, Qp and of the amplitudéi,, at the pole frequency to the capacitances can
be obtained.

The proposed combined approach for minimization of theretkd,/ f,, Af,/ fp,
AQp/Qp, AHp/H, and for enhancement @, consists in the following consecutive
steps, in which the calculations are made for the nominalesa} of the op amps
dc gainA:

Step 1 First, to reduce the effect of op amp imperfections ( dc gaiand
offset voltageVos) the conventional integrators in the LPN biquad considered a
replaced with Nagaraj-86 [5] and Ki-89 [6] GOC SC integratoFhese simple bi-
phase integrators form an excellent GOC integrator-pathevit using extra clock
phases or holding circuits to satisfy the sampling cond#ioThe reduced phase
errors of the GOC integrators provide a reduction in thersrf®,/Qp, AH,/Hp
and enhance the quality factQ.

Step 2 The gain errom(w) of the integrators is equivalent to an element value
variationAC; of the integrating capacitanCe. If the finite dc gaimd, is known, the
value ofC; can be replaced wit@ = Ci(1+ m) in the two integrators of the GOC
biquad, thereby essentially reducing the gain errafe) [7]. This prewarping
technique automatically provides a reduction in the notelqdency erroAf,/f,
and in the pole frequency erréif,/ f, of the biquad considered.

Step 3 For some LPN biquad configurations the compensation in Stem@t
sufficiently effective. In this case the errossfg/f,)> and @f,/fp)2, obtained in
the previous step, can be further reduced by modifying ome-foeming capaci-
tanceC; and one pole-forming capacitanCg;. The new capacitance valuésand
Cp,, are the solutions of the equations

(8) (%),
(&9 (4) s
%pl (Cpl fp 2' ( )

The sensitivitieﬁ'(fZ andS(f:”’)1 are calculated using (5) and (6) for the initial values
of the capacitances and infinite op amp dc gain.

and
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Step 4 The errors £Q,/Qp)2 and (AH,/Hp)- obtained in Step 2, or the errors
(AQp/Qp)3 and AH,/Hp)3 obtained in Step 3, can be further minimized by mod-
ifying one another pole-forming capacitanCg. This capacitance is chosen such
that the following relations hold:

Qp fp
ST

P2

<1, (Sépz <1 9)

The new capacitance valm-g2 is calculated from the equations

C/
()= () @

p C;JZ > <AHP>
— 1) =—(— . 11
%’2 <sz Hp /, £

The terms(AQ,/Qp)r and (AHp/Hp)r on the right hand sides are the errors
(AQp/Qp)2 and(AHp/Hp)2 obtained in Step 2, or the erroiAQp/Qp)z and(AHp/Hp)3
obtained in Step 3.

The following two cases are considered:

and

a) The capacitanc@;)2 is the solution of equation (10), i.e.,

G {wsc/m | W

P2

b) The capacitanc€y, is the average of the solutions of (10) and (11), i.e.,

Co=Cp2 {10.5 {(AQngQp)r | (B Hp)r} } (13)

< S8

3 Application of the proposed approach

The approach proposed is illustrated by means of two LPNauldapologies. For
comparative purposes the two bigquads are designed to hdfsame specifications:

fo=1kHz f,~25kHz, Q,= 30, H,= 28dB fs=125kHz

Fig.1 shows the circuit schema of the Martin and Sedra’s-tyijpéN biquad with
conventional integrator [8]. The relative capacitanceigalareC,=2.027,CF1=1,
CB1=1, CB»=1,C,=59.207,CF»=29.945 andCF3=10.687.
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Fig. 1. Martin and Sedra’s type-I LPN biquad with convenéibimtegrators.

The idealz-domain transfer function is

2 CRCR | ,-1
CFs z _[2_011023}2 +1

(14)

Coz2_ [2+CC—822—%]?1+CC—B;+1

The frequencied, and f,, and the quality facto®, are approximately given by
- fs JCRCR . s CBiCF,
2~ 2n\ CCRs P™ 2m\/ C1(C,+CBy)

Q, ~ C81CF2(C2 + CBz)
P C1CB2 '

(15)

It was found that for nominal op amps gaifig = Ag, = 100 the deviations of,
fp, Qp andH,, from the ideal case are:

(AQp/Qp)e = —47.33%  (AHp/Hp)c = —47.25%

The zeroQ-factor and the attenuation tareQ, = 12818 andH,. = —56.78dB.
According to the approach proposed the first integratiorhie tonventional
biguad (Fig.1) is replaced with the Nagaraj-86 integratat the second integrator-
with the Ki-89 integrator. The resulting filter is shown irgk2, whereCy; = 1 and
Cn2 =Co.
The performance parameters of the GOC biquaddr= Ag, = 100 are

(Afy/f))1 = —1.4033% (Afy/fy)1 = —2.0818%

(AQp/Qp)1 = —1.4044%  (AH,/Hp)1 = —1.1374% (16)
Qu=13000 Hpy=-9691dB, H(2500H2 = —45.87dB.
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Fig. 2. Martin and Sedra’s type-l LPN biquad with GOC intdgra.

First, for reducing the error@\f,/f,)1 and(Af,/ fp)1 of the GOC biquad, the inte-
grating capacitances; andC, are modified according to the expressions [9]

, CF1+CBy +Ch, 1\ 1!

- _ 1+ — 17

@ (Cl Ao, >< +Aol> )
and L
p CB,+CF,+CFs 1\

—(c,— 1+-——) . 18

o= (0o PHTEER) (11 1) a9

For Ag, = Ao, = 100 one obtain€] = 1.977228 andC, = 58.208594. The
corresponding performance parameters of the biquad are

(Afy/f.)2 = —3.2510°%, (Afy/fp)2 = —2.07510 3%,
(AQp/Qp)2 = —0.98282%  (AHp/Hp)2 = —0.98410% (19)
Q, =12867 H,,=—96.68dB, H(2500H2 = —84.35dB.

From (15) and (14) one finds

CB;

2C, +CB» f
§Ez = < —_-0.9917Q %%2 = —m

— —8.305103,
2(C,+CBy)

S5, = —1.00162

Nearly the same error®dQ,/Qp)2 and (AH,/Hp)2, on one hand and nearly the
same sensitivitie§§2 andﬁg2 on the other hand suggest that the erféQ@,/Qp)2
and (AHp/Hp)2 can be further reduced by modifying the capacita®®&. The

choice of this capacitance is based also on the low semysiin’bz.
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The new capacitance val@B, is given by the expression

1—%}- 20)
5,

One obtain<B, = 0.9900895. The corresponding performance parameters of the
biquad are

CB,=CB;

(Af,/T)3 = —3.17110%%, (Afp/fp)s =6.355103%,
(AQp/Qp)3 = —5.92810 %%, (AHp/Hp)3 = 6.87310 7%,
Q. =12867 H,, = —-9668dB, H(2500H2 = —84.35dB.

The capacitanc€B, can be made equal to the unit capacitance. Then, the new
values of the capacitanc€s, CF, andCF; are

C, =58791247 CF,=30.244742 and CF3=10.793974

By rounding-off the values of the capacitances to the thigi @fter the decimal
point we finally obtain

C1=1977, CFR =1, CB;=1 GCy=1 C,=58791
CBy=1, CF,=30245 CF3=10794 Cp, =58791

Table 1 summarizes the performance parameters of the GOGnMerd Se-
dra’s type-l LPN biquad with rounded-off capacitances aath yariationAq, =
Ao, = 100+ 8.

Table 1. Performance parameters of the GOC Matrin and Setnaé-I
LPN biquad with rounded-off capacitances

[ A [ 92 | 100 [ 108 |
(AT,/T)[%] || —0.1164] 6.88410 3 | 0.1122
(Afp/fo)[%] || —0.1699| 00128 | 0.1690

(AQp/Qp) [%] || —0.2156 | 1.727.10° | 0.1734
(AHp/Hp) [%] || —0.1860| 6.11310°% | 0.1596

Q 10906 | 12865 | 14997
H(f,)[dB] ~9526 | -9668 | —97.99
H(2.5kHz)[dB] | —6842 | —8129 | —66.31

The GOC-version of the conventional Huang and Sansen’s Ligdad (Fig.5
from [10]) is shown in Fig.3. The relative capacitance valage:C; = 2.02,Cis=
27.79,CF; =1,CB; =1,CB,=1,C, =5.633,CF, = 2.79,CF; = 1,C,, = 1 and
Ch, =Co.
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Fig. 3. Huang and Sansen’s LPN biquad with GOC integrators.

The performances parameters of the GOC biquad\ipr= Ao, = 100 are

(Af,/ )1 =—1.6892% (Afp/fp)1=—2.3416%
(AQp/Qp)1 = —0.2035% (AHp/Hp)1 = 0.058%
Qy =6622 H; =-9104dB, H(2500H2 = —44.02dB.
For the modified values of the integrating capacitar€es- 1.970297 andC), =
5.539703 the performance parameters of the biquad are
(Af,/ ;)2 = —0.28253% (Afp/fp)2 = —0.25599%
(AQp/Qp)2 =0.07455% (AHp/Hp)2 = 0.0660%
Q. =6625 Hp=-9091dB, H(2500H2 = —-5852dB.
The errors(Af,/ f;)> and(Af,/ fp)2 can be further reduced by modifying the zero-
forming capacitanc€F; and the pole-forming capacitan€8,. The new capaci-
tance value€F; andCBj are the solutions of the equations

o (CH Y _ (Bl) g (CBL [\ _ (bF

(21)

(22)

FL\CR

One obtain€CF; = 1.0056506 andCB] = 1.0051199, for which the performance
parameters of the biquad are

(Af,/f;)3=396110 2%, (Afy/)3=1.79210 3%,

(AQp/Qp)3 =0.3300% (AHp/Hp)3 =0.3972%
Q, =6629 H, =-9092dB H(2500H2) = —88.19dB

(24)
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The errors(AQp/Qp)s and (AH,/Hp)s can be reduced by modifying the capac-
itanceCB,. The new capacitance val@@B) is the average of the capacitance
(CB5)q, and(CB))H, calculated from the equations

(CBY)g» ~CB2\ _ &)
&5, (—CBz > <Qp 3 (25)

(CBYH,—CB2\ _ (AHp
$Bz< CB, — | == H—p 3. (26)
This results irCB, = 1.0036366.

Table 2 summarizes the performance parameters of the GOQg-ual Sansen’s
LPN biquad with rounded-off capacitances and gain vamad§ = Ao, = 100+ 8.

and

Table 2. Performance parameters of the GOC Huang and SarnsdeN'
biquad with rounded-off capacitances

[ A [ 92 [ 100 [ 108 ]
(Af,/ ;) [%] —0.0800 [ 0.0682 [ 0.1949
(Afp/ o) [%] —0.2032 | 2.13310°% | 0.1777

(AQp/Qp) [%] || —0.22606| —0.062 | 0.0603
(AHp/Hp) [%] | —0.0791 | 00622 | 0.1653

Q 5619 6631 7728
H(f,) [dB] ~8950 | -9093 | —9225
H(25kHz)[dB] | —67.44 | —77.25 | —64.24

4 Conclusion

A combined approach for reducing the effects of op amps fuoéie in switched-
capacitor low-pass notch biquads has been presented. fBotiefness of the ap-
proach proposed has been demonstrated by two low-pass loigieéd topologies
which realize the same transfer function. The filters withdified capacitances
have approximately an order smaller of magnitude relativers
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