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Technique to improve CMRR at high frequencies

in CMOS OTA-C filters
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Abstract. In this paper a technique to improve the common-mode rejection ratio (CMRR) at high frequencies in the OTA-C filters is proposed.

The technique is applicable to most OTA-C filters using CMOS operational transconductance amplifiers (OTA) based on differential pairs.

The presented analysis shows that a significant broadening of CMRR bandwidth can be achieved by using a differential pair with the bodies

of transistors connected to AC ground, instead of using a pair with the bodies connected to the sources. The key advantages of the technique

are: no increase in power consumption (except for an optional tuning circuit), a small increase of a chip area, a slight modification of the

original filter. The simulation results for exemplary OTAs and a low-pass filter, designed in a 0.35 µm CMOS process, show the possibility

of broadening the CMRR bandwidth several times.
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1. Introduction

OTA-C filters are frequently used in mixed-signal systems on

a chip (SoC) [1, 2]. These filters provide a necessary signal pre

and post processing in a mixed analogue-digital environment,

where the analogue signals have to be limited in frequency

before and after the analogue to digital and digital to analogue

conversions. Such an environment imposes extremely difficult

working conditions for the analogue filters due to the pres-

ence of a high level, broadband noise generated by the digital

sub-circuits. The digital noise, which propagates along a sili-

con substrate, can significantly degrade the dynamic range of

the analogue filters [3, 4]. One of the most commonly used

method to reduce the substrate noise interference is based on

application of the fully-differential filters, capable of reduc-

ing the influence of the common-mode (CM) component of

the noise. However, the effectiveness of the noise suppres-

sion by such filters is limited in magnitude and frequency. At

low frequencies, the maximum attenuation is mainly limited

by the degree of matching of the symmetrical signal paths.

By careful design of such filters a relatively high attenua-

tion (> 60 dB) can be achieved in this frequency range. At

high frequencies, the filter working conditions further deteri-

orate because of the CMRR frequency response degradation

[5, 6], which typically occurs at frequencies greater than sev-

eral MHz. The aforementioned problems cause a relatively

poor attenuation of substrate noise with a frequency spectrum

which may reach the GHz range.

The problem of CMRR bandwidth optimisation has not

been widely analysed in the literature so far. There are just a

few circuit proposals for broadening the CMRR frequency re-

sponse, [7, 8] for differential amplifiers using bipolar junction

transistors (BJT), and [9] for a CMOS technology. However,

none of these proposals can improve CMRR at tens of mega

hertz. To address this important problem a new technique to

improve CMRR characteristic at high frequencies is proposed

in this paper.

Most circuit designers are convinced that there is no sig-

nificant difference in CMRR characteristic of the two con-

figurations of a differential pair, with the transistor bodies

connected to their sources or connected to AC ground. The

analysis presented in this paper shows that the latter configura-

tion, under certain conditions, allows substantial improvement

of the CMRR bandwidth.

The remaining part of this paper is organized as follows.

Section 2 presents an analysis and comparison of CMRR char-

acteristic for two configurations of a differential pair, and ex-

plains the main idea of the proposed improvement technique.

Section 3 discusses the application of the improvement tech-

nique to the OTA-C filters. The last two sections present sim-

ulation results and the final conclusions.

2. CMRR improvement technique

2.1. CMRR frequency characteristic of a differential pair.

In most cases a differential pair with the bodies of transis-

tors connected to their sources (configuration BS) is used. To

explain an important advantage of using the alternative con-

figuration with the bodies connected to the AC ground (the

configuration BG), the CMRR characteristic of both configu-

rations are analysed and compared.

The analysis of CMRR of a differential pair has been

carried out in [5, 6, 9], however the differential pair in

BG configuration with mismatched transistors has not been

analysed in detail. Therefore, a general configuration shown

in Fig. 1 is considered. Additionally, a low impedance load

of the differential pair is assumed, which directly corresponds

to a cascode or a folded cascode configuration. A small signal
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Fig. 1. Considered configuration of a differential pair

model of such a circuit is depicted in Fig. 2, where each

transistor is represented by: the gate gm1(2) and the body

gmbs1(2) transconductances, the output conductance gds1(2),

and the internal capacitances Cgs1(2), Cgd1(2), Cbs1(2). In fur-

ther considerations, CMRR is defined for the CM input volt-

age vCM = (vG1 + vG2) /2 and the differential-mode (DM)

output current iDDM = iD1−iD2, because this kind of rejec-

tion has the greatest impact on the substrate noise attenuation

in mixed-signal systems. Based on the small-signal model, the

differential output current Iddm(s) can be determined as

Iddm(s) = Id1(s) − Id2(s) = (gm1 − gm2)Vgs(s)

+ (gmbs1 − gmbs2)Vbs(s)

− (Cgd1 − Cgd2) sVcm(s)

− (gds1 − gds2)Vbs(s),

(1)

where

Vbs(s) = −
gm1 + gm2 + sCi

gm1 + gm2 + gs + s (Ci + Cs)
Vcm(s), (2a)

Vgs(s) =
gs + sCs

gm1 + gm2 + gs + s (Ci + Cs)
Vcm(s) (2b)

and Ci = Cgs1 + Cgs2, gs = gss + gmbs1 + gmbs2 +
gds1 + gds2, gmbs1 = ηgm1, gmbs2 = ηgm2. Depend-

ing on the differential pair configuration, gmbs1(2) = 0

Fig. 2. Small-signal model of the basic differential pair for CM signal

for BS or gmbs1(2) 6=0 for the other case. Cwell represents the

capacitance between the silicon substrate and the well where

both transistors are located. In practical implementations of

the differential pair there is always some degree of imbalance,

due to technology variations, the mismatch of dimensions of

the transistors, transistors non-linearity [10], or the existence

of an input offset voltage vG1 6= vG2 [5]. To model such a

situation it is assumed that the transistors M1 and M2 are

mismatched, which is modelled by

gm1 = gm + ∆gm, gm2 = gm,

gds1 = gds + ∆gds, gds2 = gds,

Cgd2 = Cgd + ∆Cgd, Cgd1 = Cgd.

(3)

The mismatch of the internal capacitances of the transis-

tors is restricted to ∆Cgd, because only capacitances Cgd1

and Cgd2 have the greatest influence on CMRR at low and

medium frequencies [6]. The frequency characteristic of the

differential output current (1) at this frequency range can be

approximated by

Iddm(s) = Iddm1(s) − Iddm2(s)

∼= A
1 + s/ωz

1 + s/ωp

Vcm(s) − s∆CgdVcm(s),
(4)

where the expressions for A, ωz , and ωp are given in Table 1

for small mismatches between the transistors ∆gm/gm ≪ 1,

∆gds/gds ≪ 1, ∆Cgd/Cgd ≪ 1, and for a biasing current

source of high resistance gss ≪ gds. As indicated by (4),

the differential output current consists of two components,

Table 1

Approximations of A, ωz , ωp for two configurations of the differential pair

Parameter BS configuration (η = 0) BG configuration (η 6= 0)

A (∆gm/gm − ∆gds/gds) gds (∆gm/gm − ∆gds/gds)
gds

1 + η

ωz
2gds

Cs

2gds

Cs − ηCi

ωp
2gm

Ci + Cs

2gm

Ci + Cs

Cs Css + Cwell Css + Cbs1 + Cbs2
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Iddm1(s) related to ∆gm, ∆gds mismatches, and Iddm2(s) as-

sociated with ∆Cgd mismatch. The main component Iddm1(s)
has a single zero ωz and a pole ωp. The upper limit of CMRR

at low frequencies is equal to gm/A, which is a ratio of the

gains for DM and CM input signals. As shown in Table 1

(1st row), this limit is almost the same for both considered

configurations of the differential pair (η < 1), and it depends

on ∆gm/gm and ∆gds/gds mismatches. The zero frequency

ωz determines the -3dB drop of the CMRR frequency charac-

teristic, because gm ≫ gds and therefore ωp ≫ ωz (compare

Table 1, and [6]). It is important to notice that for BG config-

uration, the zero frequency depends on the difference between

Cs and Ci, and, as a result, can be shifted to high frequencies,

if the following condition is satisfied

Cs = ηCi. (5)

With (5) fulfilled, the degradation of CMRR at high fre-

quencies can be significantly reduced. The exemplary char-

acteristics of the components of the output current (4) are

presented in Fig. 3 for both considered configurations, and

with the condition (5) satisfied. In this figure the dashed lines

refer to Cgd1 = Cgd2 case, whereas the solid lines repre-

sent a 1% mismatch (Cgd2 = 1.01Cgd1). The plots show

that value of ∆Cgd limits the location of the dominant zero

ωz for the BG configuration. The BS configuration is almost

insensitive to small mismatch ∆Cgd, because the effect of

the current Iddm2(s) is masked by the effect of the zero ωz ,

which is located at relatively low frequency. The character-

istics for BG configuration show that increasing of ωz can

be achieved only if Iddm1 > Iddm2. To estimate the signif-

icance of ∆Cgd mismatch, let us consider typical require-

ments for VHF transconductors, namely: CMRR = 60 dB

with ωz = 100 MHz [11], and assume typical MOS tran-

sistor parameters Cgd = 200 fF, gm = 550 µS for this fre-

quency range. For this exemplary case, Iddm1 > Iddm2 if

∆Cgd/Cgd < 0.44% (calculated based on CMRR = gm/A,

A > ∆Cgdωz). In practical implementations of a differential

pair the mismatch error, ∆Cgd/Cgd can be reduced to 0.05%

[5] by careful design of a circuit layout using the common-

centroid technique. Therefore, as long as the required CMRR

is limited to 60–70 dB with the bandwidth below a hundred

of MHz, the ∆Cgd mismatch has a much smaller impact in

comparison to the dominant zero ωz .

Fig. 3. Frequency characteristics of components of the differential

current given by (4)

2.2. Influence of CMOS process variation on CMRR of

a differential pair in BG configuration. The CMRR im-

provement for a differential pair in the BG configuration

relies on the fulfilment of (5). To examine the influence

of the process variation on CMRR, a typical 0.35 µm

CMOS process is considered. In Table 2, the relative de-

viation (ηMC max − ηMC min)/ηTM between the maximum

and minimum values of η, obtained using the Monte Car-

lo (MC) analysis, with respect to the typical mean (TM)

value ηTM are shown for three exemplary body voltages

VB . It is seen that, in the worst case, η may differ by

7.2% (VB = 1 V). This variation can be completely com-

pensated by a proper change of VB , because the tuning

range is η(VB = 1) − η(VB = 0)/η(VB = 0.5) = 25.6%
in this case. The deviations (ηWS max − ηTM )/ηTM , and

(ηWP max − ηTM )/ηTM are also calculated for extremes of

technology parameters, specified by the corners: WS – the

worst case for a speed condition, and WP – the worst case

for a power condition. Table 2 shows that for such cor-

ners, η may vary up to 25.3% (WP, VB = 1 V), whereas the

Table 2

Deviation of η due to a 0.35 µm CMOS process variationa

VB

ηMC max − ηMC min

ηTM

ηWS − ηTM

ηTM

ηWP − ηTM

ηTM

ηTM

0 V 4.3% 23.9% −21.9% 0.2271

0.5 V 5.6% 25.0% −23.0% 0.2530

1 V 7.2% 16.3% −25.3% 0.2918

Range of η tuning:

η(VB = 1V ) − η(VB = 0)

η(VB = 0.5V )

18.3% 20.9% 25.6%

a Calculated for n-channel MOS transistor with W = 50 µm, L = 1 µm, ID = 50 µA, vG = 1.65 V.
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minimum tuning range is 18.3% (WS). This means that vari-

ation of η can be only partially compensated with a residual

error of 25% − 18.3%/2 = 15.6% in the worst case (WS).

The realizable improvement of CMRR is also limited by tol-

erances of Cs and Ci. To determine this limit, the ratio IF of

ωz for both configurations is calculated

IF =
[ωz]BG - config.

[ωz]BS - config.

=
1

|∂Cs/Cs0| + |∂Ci/Ci0| + |∂η/η0|
,

(6)

where it is assumed that Ci = Ci0 + ∂Ci, Cs = Cs0 + ∂Cs,

η = η0+∂η are actual values, and ∂Ci, ∂Cs, ∂η represent de-

viations from the nominal values, which are related by Ci0 =
η0Cs0 (5). Using (6), one can easily determine that a 10% tol-

erance of the capacitances ∂Cs/Cs0 = ∂Ci/Ci0 = 0.1 leads

to improvement of CMRR bandwidth equal to IF ∼= 3.7 times

for the BG configuration under an assumption of TM corner

with ∂η/η0 = 7.2%. If a tuning of η is additionally applied

(∂η/η0 → 0), the improvement increases to IF ∼= 5 times.

For the worst case of the technology corners and applied tun-

ing (∂η/η0 = 15.6%), the improvement becomes IF ∼= 2.8.

The above considerations show that for the typical mean (TM)

case the CMRR bandwidth can be extended at least several

times, even without tuning of η.

3. Application of the CMRR improvement

technique to the OTA-C filters

3.1. Basic concept. The fulfillment of (5) requires that Ci,

the capacitance seen between the gate and source of M1 or

M2, was equal to Cs/η, where Cs is the capacitance between

the common sources and ground. For typical CMOS technolo-

gies, η = 0.1...0.35, which means that Ci
∼= 3...10Cs. Such

a relation is not normally satisfied in designs of OTA, where

Cs
∼= Ci. To meet the required condition, additional capaci-

tors Cc must be connected between each gate and source in

the input differential pair of OTA, as shown in Fig. 4. As a

result, the input differential capacitance of such a modified

OTA increases by Cc/2. The increased input capacitance is

not a problem in most configurations of the OTA-C filters

[5, 12, 13], where OTAs are connected in cascade with their

Fig. 4. Basic concept of application of the CMRR improvement tech-

nique to the OTA-C filters

outputs loaded by capacitors Ck−1, Ck, . . ., as illustrated in

Fig. 4. In such topologies the OTAs with increased input ca-

pacitances can be effectively exploited. To preserve a DM

frequency characteristic of OTA-C filter, each original capac-

itance Ck0 in its topology must be decreased by the OTA

input capacitance, which means that the new capacitances be-

come Ck = Cko −Cc, k = 1, 2, . . .. In such a modified filter,

DM frequency characteristics remain unchanged, because the

additional capacitors Cc are connected to the virtual ground

(the common sources) and as a result they add up to the fil-

ter capacitances. The only change in the filter operation is a

small reduction of the effective capacitance for CM, which

may slightly modify the stability conditions for the common-

mode feedback (CMFB) circuits.

3.2. Application of the CMRR improvement technique to

other OTA configurations. The proposed CMRR improve-

ment technique can be applied to any type of OTA based on

a differential pair, as for example, the source degenerated [1]

or the cross-coupled [11, 14] structures, presented in Figs. 5

and 6. In the case of the circuit in Fig. 5, each differential

pair must be compensated by the individual capacitors Cc1

and Cc2, properly adjusted to different dimensions of tran-

sistors M1 and M2 according to (5). The circuit in Fig. 6

requires only Cc1 due to the fact that both differential pairs

are in parallel for AC signals.

In order to investigate the effectiveness of the proposed

improvement technique, the CMRR characteristics for select-

ed OTAs were simulated assuming the input offset voltage

vG1−vG2 = 3 mV, and ∆Cgd/Cgd = 0.1% for the transistors

Fig. 5. Improved cross-coupled differential pair with differentiated

biasing currents
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Fig. 6. Improved cross-coupled differential pair with a floating volt-

age source

in the differential pairs. The results are plotted in Fig. 7, for

the compensated and uncompensated (Cc = 0 , Cc1,2 = 0)

variants of OTA. The characteristics labelled C refer to the

basic differential pair (Fig. 1), whereas those labelled A and B

refer to the circuits in Figs. 5 and 6, respectively. As shown in

Fig. 7, the frequency of zero ωz is increased: from 8.8 MHz

to 187 MHz for the basic differential pair, from 16.6 MHz to

97 MHz for OTA in Fig. 5, and from 11.7 MHz to 87 MHz

for OTA in Fig. 6. All the simulations were curried out for

the nominal compensation capacitances, calculated based on

(5), and TM technology corner. The greatest improvement

(over 20 times) is obtained for the basic pair, whereas for the

linearized OTAs the improvement is limited to a factor of

7.4 times, in the worst case. As explained in Subsec. 2.1, the

limitation in CMRR improvement for the linearized OTAs

is caused by the ∆Cgd/Cgd mismatch, which for these cir-

cuits cumulates from two differential pairs. The summary of

parameters of the simulated OTAs is listed in Table 3. The

influence of a technology variation is illustrated in Fig. 8,

where TM, WP, and WS corners are compared for circuit in

Fig. 7. Comparison of CMRR characteristics for: A circuit in Fig. 5,

B circuit in Fig. 6, and C circuit in Fig. 1

Fig. 8. Comparison of CMRR characteristics of the basic differential

pair for technology corners: TM, WP, WS

Fig. 9. Comparison of CMRR characteristics of the basic differential

pair for selected tolerances of the compensation capacitors

Fig. 1. The frequency of the zero ωz for the compensat-

ed (CC = 203 fF) and uncompensated (CC = 0) vari-

ants are: 8.8 MHz and 187 MHz for TM, 8.8 MHz and

240 MHz for WP, and 9.6 MHz and 86 MHz for WS.

Figure 9 presents the influence of tolerance of the com-

pensation capacitors for the TM corner. As a reference,

the characteristic for the uncompensated (CC = 0) dif-

ferential pair is depicted. The other plots correspond to:

Table 3

Parameters of simulated OTAs

Parameter Basic differential paira OTA in Fig. 5b OTA in Fig. 6c

gm 193 µS 171 µS 169 µS

CMRR(0) 60.7 dB 74 dB 66 dB

fz 8.8 MHz 16.6 MHz 11.7 MHz

Improved fz 187 MHz 97 MHz 87 MHz

Input differential capacitance 141 fF 252 fF 200 fF

M1, M2 M1 = 25 µm/1 µm
M1 = 18 µm/1 µm,

M2 = 23 µm/1 µm

M1 = 23 µm/1 µm,

M2 = 23 µm/1 µm

Cc1, Cc2 Cc1 = 203 fF
Cc1 = 127 fF,

Cc2 = 230 fF
Cc1 = 230 fF

M3 = 40 µm/1 µm, M4 = 60 µm/1 µm, M5 = 60 µm/1 µm, M5a = M6a = 30 µm/1 µm, M5b = M6b = 60 µm/1 µm
aIBIAS = 1.1µA, bIBIAS = 3.5µA, cIBIAS = 5µA
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0%, ±10%, and ±20% tolerances. The zero frequency ωz

is equal to 25 MHz and 5.7 MHz, respectively, for the worst

case of the compensated, and the uncompensated circuits. The

obtained results show that by using the proposed technique,

a considerable broadening of CMRR bandwidth is achievable

even under typical tolerances of the compensation capacitors

and technology variation.

3.3. Application of tuning to the CMRR improvement.

The degree of the CMRR improvement can be significant-

ly increased by applying tuning of η to actual value of the

capacitances ratio Cs/Ci. Such a tuning can also compensate

change of η due to a technology variation, as discussed in

Subsec. 2.2. To explain the principle of operation of the pro-

posed tuning technique let us evaluate the phase shift ϕ(ω)
between the CM input voltage Vcm(ω), and the source voltage

Vs(ω) = −Vbs(ω) define by (2a), which equals to

ϕ(ω) = ∠Vs(ω) = tan−1

(

ω (Ci + Cs)

gm1 + gm2 + gs

)

− tan−1

(

ωCi

gm1 + gm2

)

∼=
ω (Ci + Cs)

gm1 + gm2 + gs

−
ωCi

gm1 + gm2

∼=
ω

2gm (1 + η)
(ηCi − Cs) .

(7)

The last component in (7) was derived assuming that

ω < ωp. As indicated by (7) the condition (5) will be au-

tomatically fulfilled if the phase shift ϕ(ω) is nullified. Thus,

the tuning system can be accomplished using the master-slave

topology [15, 16] presented in Fig. 10. In this system the

master OTA is tuned according to the principle (7), using the

phase detector which controls the body voltage VB . Due to

all the slave OTAs in a filter are tuned by the same voltage,

they will be also tuned to the optimal working conditions.

Fig. 10. Proposed automatic tuning system

4. Simulation results

To verify the effectiveness of the improvement technique and

operation of the automating tuning, the second order low-

pass OTA-C filter, presented in Fig. 11 (gmA = 100 µS,

CA = 9 pF, CB = 4.5 pF), has been simulated. The OTA

shown in Fig. 5 is applied in this filter. The CMRR frequency

characteristics were determined for TM, WP, and WS tech-

nology corners. The input offset voltage of 3 mV and the ca-

pacitance mismatch ∆Cgd/Cgd = 0.05% are set for all OTAs

in the filter. The tuning circuit presented in Fig. 10 is used

to automatically adjust VB . As the results of simulations, de-

picted in Fig. 12 show, the CMRR frequency characteristics

are almost flat in the frequency range of up to 200 MHz. The

tuning circuit is able to compensate for the technology vari-

ation, which results in only 5 dB degradation of CMRR for

the WP corner.

Fig. 11. OTA-C low-pass filter used in simulations

Fig. 12. Comparison of CMRR characteristics of the filter in Fig. 11

The characteristic for the uncompensated OTA (CC1,2 =0)

is also shown for reference. The filter with the compensated

OTA reveals about 10 dB better CMRR at 100 MHz, and over

20 dB improvement at 200 MHz.

5. Conclusions

The presented technique for CMRR improvement is simple

and applicable to most OTA-C filters, requiring only slight

modification of the filter structures. The technique uses ca-

pacitive compensation which is different than used so far [11],

because it directly compensates the dominant zero in the char-

acteristic of a differential output current for the CM input

signal. The previously known techniques are based on neu-

tralization of a feedforward path via Cgd capacitances [11] for

DM, which does not effect the CMRR frequency characteris-

tic. The presented analysis and simulation results show that

even in the simplest variant of the technique, with no tuning

circuit, it broadens the CMRR bandwidth several times under

a CMOS process variation and the typical tolerance of circuit

components.
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