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A Linear CMOS OTA and Its Application toa 3 3V
20M Hz High-Q g~ C Bandpass Filter -
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Abgtract : A design of alinear and f ully- balanced operational transconductance amplifier (OTA) with improved high
DC gain and wide bandwidth is presented. Derivative from a single common-source field effect transistor (FET) cas
cade and its DC I-V characteristics,the third-order coefficient gs has been well compensated with a paralel FET op-
erated in the triode region ,which has even-odd symmetries between the boundary of the saturation and triode region.
Therefore [for high linearity ,a smple solution isobtained to increase input signal amplitude in saturation for the ap-
plication of OTA continuous-timefilters. A negative resistance load (NRL) techniqueis used for the compensation of
parastic output resstance and an achievement of a high DG gain of the OTA circuits without extra internal nodes.
Additionally ,derivationsfrom theideal - 90° phase of the gn- Cintegrator mainly due to afinite DC gain and parasit-
ic poles will be avoided in the frequency range of interest. HSPICE smulation shows that the total harmonic distor-
tion at 1Vyp islessthan 1 % from a sngle 3 3V supply. As an application of the VHF CMOS OTA ,a second-order
OTA-C bandpass filter isfabricated usng a 0. 181 m CMOS process with two kindsof gate-oxide layers,which has a

chieved a center frequency of 20M Hz ,a 3dB-bandwidth of 180k Hz ,and a quality factor of 110.
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1 Introduction

In recent years, development of sophisticated
analog and digital circuits fabricated on a single
chip has resulted in the implementation of a Sngle-
chip mixed analog/ digital system. Active filters
have been implemented with various degrees of in-
tegration. Many design techniques have been pro-
posed for realizing monolithic continuoustime fil-
ters. For high-frequency application,the transcon-
ductance-capacitor (gn-C) approach is well-known
where the basic block is a continuous-time integra
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tor. Excess phase shiftsin the integrator will have
great influence on the frequency response of high
frequency filters. A linearized operational transcon-
ductance amplifier (OTA) cell is designed and op-
timized for integrator phase error cancellation °'.

In order to achieve high output res stance and
to increase the voltage gain of the OTA ,a negative
conductance is used to cancel its positive output
conductance, which can also compensate for the
loss introduced by the finite output impedance of
the OTA implemented in the continuous-time fil-
ter ,thus the quality factor (Q) isincreased. Nega
tive redstance load (NRL) realized high-gain OTA
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with large gain-bandwidth-products (GBW) and a
voided excess phase shifts from ideal - 90° phase
of the integrator'® ® . Compared with other com-
monly used gain enhancement techniques,NRL has
fewer poles and consumes less power. In this pa
per,a smple OTA has been proposed with en-
hanced DC gain and improved linearity.

2 Highrgain OTA with NRL

The design of analog signal processng sys
tems is increasngly based on OTAs because of
their fast speed in comparison with conventional
low output
(OpAmp) ,and their bias dependence transconduct-

impedance operational amplifiers
ance tenability. However ,the range of linear opera
tion of OTASs has been restricted serioudy ,and has
been investigated in the literature for severa dec
ades®™ . In this paper we combine a novel tech-
nique proposed in Refs. [11,12] to linearize thein-
put differential pair with NRL to reduce nornzero
integrator phase shift due to the internal low im-
pedance and parastic capacitance of the OTA. Fig-
ure 1 showsthe proposed OTA which consstsof a
negative resistance load (M5,M6,M7,M8) and a
differential transconductance cell (M1, M2, M3,
M4 ,M33,M44) that isfirstly proposed by Youn
et al. ™ to improve the linearity of low noise am-
plifiers. The nonlinearity of a circuit mainly comes
from the nonlinearity of MOSFETs which can be
characterized by Taylor expanson in the range of
interest :

y() = ax() + @xX () + gx’ () + (1)
where x(t) and y(t) are the input voltage V¢ and
channel current lass of MOSFETS,respectively. For
small x,y(t)= g x,indicating that g can be the
small signal gain. g, gz are the successive deriva
tivesof DC |-V characteristics. The third-order co-
eficient gz isthe major source of the harmonic dis
tortion of differential O TA s because the diff erenti-
al structure cancelsout al the even order harmon-
ics. M33 and M44 play the roles of eliminating gs.

Figure 2 shows the output drain-source cur-
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Fig.1 Proposed OTA with NRL

rent and its 3rd-order coefficient g of the smple
cascade circuit. The MOSFET I-V curve (Fig. 2)
shows asymmetry in the saturation and triode re-
gion of the 3rd-order derivative. According to this
characteristic of the cascade circuit ,we can add a
MOSFET working in the triode region to cancel
out the nonlinearity of the original MOSFET. For
realization ,a branch circuit (M3 and M33) parallel
with MOSFET M1 is used to compensate the non-
linearity of the original cascade circuit ,where M33
is operatedin the saturation region and M3 isoper-
ated in the triode region when the amplitude of the
input signal issmall. M2 ,M44 ;and M4 are matched
to M1,M33 ,and M3 ,respectively.
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Fg.2 M1 I-v DCcurve and its 3rd-order derivative

Figure 3 shows the three-order derivative of
M1 and M3 regpectively ,where M1 firstly comes
into the saturation region and then M3 follows M1
into the saturation region. However ,when the in-
put sgnal islarge,M3 enters the triode region and



1894

26

M1 is still in the saturation region. At the vicinity
of the common mode input voltage (CMIV) ,the
3rd-order derivatives of M1 and M3 can cancel out
each other ,therefore the linearity of the OTA has
been improved with a decreased 3rd-order derivar
tive. Figure 4 shows the transconductance ( gm)
smulation result of the linearized OTA with NRL.
As Vq varies from 0 to QO 3V, gn adjustment in
range from 30. 8 to 22 23I s is obtained for sngle
power supply of 3 3V.
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Fig.3 3rdorder derivatives of M1 and M3
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Fig.4 OTA output currents and gn at different Vq

Anideal transconductance amplifier is an infi-
nite bandwidth voltage controlled current source
with an infinite input and output i mpedance. How-
ever ,the output impedance of a real gn cell is al-
waysfinite and the real gm cell isthen a two-pole
system and the dominant poleis no longer at zero.
Meanwhile, a nonzero integrator phase shift
caused by internal low impedance and parastic ca
pacitance will make the actual frequency response
deviate from the idea case,especially for high-Q
system which will become unstable in the extreme
case if the excess phase shift is not reduced. Re-

cently ,a number of researchers have investigated
techniques based on red stance
load™***! . We can represent the building block cir-
cuit of Fig.1 with its small-sgnal macro-model in-
cluding paradtic output redstance R, in parallel
with a negative resstance R, ,which is shown in
Fig. 5. From the macro-model ,we can obtain the

trander function of the OTA ,

the negative

Vou Om
A9 = =- (2)
Vin —Ii;+‘é‘+s(0+cp)

where G ,G are the load capacitor and parasitic car
pacitor ,respectively ,R. ,R, will be described in the
following description.

‘EI ngmG)qu] RN¢ GT G

Fig.5 Smal signa equivaent circuit of Fig.1

It
=

out

Usng the standard square-law model of MOS
devicesin the NRL subcircuit of Fig.1,the differ-
ential output current can be described as

ot = loun = lowp = - 2k (Vad - Va) (Voup - Voun)
(3)
where k, = 0. 34, CxW/ L isthe OTA parameter.

Then the output equivalent transconductance

is
Omn = m = - 2kp(Vdd - Va) (4)
N out
Thus ,the negative resstance Ry can be written as
Re = 1 gm =- 12k (Ve - Va) = - —L—
Oms - Oms
(5)

where gms ,gms are the tranconductances of M8 and
M5 ,regectively. If at the output terminal the sum
of output resstancesis close to the negative res st-
ance, theoretically infinite output resstance and
voltage gain will be obtained. From the circuit of
Fig. 1 ,output transconductance approaches the sum
of M1,M33,M5,and M8, when al of the four
MOSFETs work in the saturation region where M3
works in the triode region. Thus the output con-
ductance of the OTA can be approximated as,
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Re = 1/ gu = 1 (6)

Qdst + Qds33 + Qdss + Qds

From Eq. (2) ,we canobtaininfinite DC gain of the
OTA under the condition R, = - R.. However ,if
R, < Rn ,the system will be unstable due to a right-
half-plane pole, known as“ overcompensated” .
From Egs. (4) and (5) ,the unstable state can be a-
voided if and only if the following inequation
hol ds.

-1
2k R @

Figure 6 shows the AC response of the proposed
OTA circuit with sweeping Va voltagefrom 3 25 to
3 3V. For amplicity ,gain and phase dope curves
versus different Va voltages are shown in Fig. 7.
According to Egs. (4) and (7) ,the negative trans-
conductance has a direct proportion nexus with the

Va 2 Vi -

difference between supply voltage Vuw and Va;the
result plot shown in Fig.7 is a bilateral symmetry
curve at Va =3 28V.When Va >3 28V ,the system
will remain stable due to the negative phase
dope'*®' . HSPICE smulation shows the output re-
sstance is 171MQ and gain is 83dB at CMIV =
1 65V and Va =3 28V.
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Fig.6 OTA output gain and phase with NRL

The smulated total harmonic distortion
(THD) for the proposed circuit of Fig.1is depic
ted in Fig. 8. HSPICE smulation shows that the
THD isless than 1% when the input voltage ran-
ges within 1Vyp, and CMIV ranges from 1 65V to
2 65V . The marker diamond ,real line ,dashed line,
and marker plus sgn represent THD curves at

CMIV of 1 65,2,2 35,and 2 65 respectively.
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Fig. 8 OTA total harmonic distortion for different
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3 HighrQ bandpassfilter design

Figure 9 shows the structure of a single biquad
bandpass filter while OTA gm and gms implement
an active gyrator and gm ,G and C form an inte-
grator™ . The equivalent inductance Le of gyrator
is given by

Lo = g ®)
and the center frequency W is given by

1 _
@ =" Joc ©

An approach to compensate the finite output inr
pedance of OTA is to parallel a negative gnm cell
with the gm cell. The resulted output impedance is

R = —b— (10)
® - O
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where goi isthe output impedance of the i-th OTA ,
gm- iStheoutput impedance of the negative gm cell
itself . For high Q application ,the tranger function
can be approximated as

\V4 Sgm G
H = Yo =
(9 Vin f+9CGR + gregne/ GG
(11)
Qvalueis
Wo
= =W =
Q BW b G Ro g2 3 Ro (12)

Figure 10 shows the HSPICE s mulated amplitude
frequency and phasefrequency response of the
bandpass filter implemented by the proposed linear
OTA with NRL. The smulation was performed at
20M Hz center frequency and quality factor was 110
where C., G are equal to 0. 29pF.

b

Fig.9 Biquad bandpassfilter
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Fg.10 Biquad bandpassimplementing negative res st-
ance load OTA

4 Conclusion

This paper has presented the desgn and im-
plementation of the high-gain linear OTA which
can operate at a very high frequency and low power
supply voltage. The resulting bandpassfilter exhib-
itsa high-Q,large voltage gain,and good linearity
at the several tens M Hz region.

References

[1]

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Jaime E. Introduction to the design of transconductor-capaci-
tor filters. Boston: Kluwer Academic Publishers,1992
Schaumann R ,Van Vakenberg M E. Desgn of analog filters.
Oxford:Oxford University Press,2001

Nauta B. A CMOS transconductance C filter technique for
very high frequencies. IEEE J Solid-State Gircuits, 1992 ,27
(2) :142

Steyaert M SJ,Sansen W. A 10. M Hz 68dB SNR CMOS
continuous-time filter with on-chip automatic tuning. IEEE J
Solid-State Gircuits, 1992 ,27(12) :1843

Khorrambadi H, Gray P R. High-frequency continuoustime
filters. IEEEJ Solid-State Gircuits,1984 ,19(6) :939
Karslayan A | ,Achaumann R. Mixed- mode automatic tuning
scheme for highr Q continuous-time filters. IEEE Circuits,De-
vices and Systems Proceedings,2000 ,147(1) :57

Hori S,Maeda T,Yano H ,et a.A widely tunable CMOS Gn-
Cfilter with a negative source degeneration resstor transoc-
ndurctor. Proceedings of 29th European Solid-State Grcuits,
2003 :449

Manetakis K, Toumazou C. A 50M Hz high- Q bandpass CM-
OSfilter. IEEE Gircuits and Systems International Sympos-
um,1997:309

Krummenacher F,Joehl N. A 4M Hz CMOS continuoustime
filter with on-chip automatic tuning. IEEE J Solid-State CGr-
cuits 1988 ,23(3) :750

Chen Mingdeng, Slva-Martinez J ,Rokhsaz S,et a. A 2-Vpp
80-200M Hz fourthrorder continuoustime linear phase filter
with automatic frequency tuning. IEEEJ Solidt Sate Qrcuits,
2003 ,38(10) :1745

Cao Ke,Yang H Z,Wang H ,et a.Desgn of low-voltage low
noi se amplifiers with high linearity. Chinese Journal of Semi-
conductors,2004 ,25(11) :1364(in Chinese) [ , ,

.. . ,2004 ,

25(11) :1364]

Youn Y S,ChangJ Hg,Koh KJn et a.A 2GHz 16dBm 1I1P3
low noise amplifier in 0. 234 m CMOStechnology. IEEEJ Sol-
id-State Gircuits,2003 ,38(1) :452
Jie Yan,Geiger RL.A negative conductance voltage gain en-
hancement technique for low voltage high speed CMOS Op-
Amp desgn. Proceedings of 43rd |EEE Midwest Symposum,
2000,1:502

Sczepanski S. V HF fully-differentia linearized CMOS trans
conductance element and its applications. |IEEE International
Symposum on Circuits and Systems,1994 ,5:97

Nauta B. Anadog CMOSfiltersfor very high frequencies. Bos
ton: Kluwer Academic Publishers,1993
Liu Hengsheng,Aydin I. A high frequency bandpass continu-
oustimefilter with automatic frequency and Q-factor tuning.
IEEE Internationa Symposum on Crcuits and Systems,
2001,1:328



10 WangBinetal.: A Linear CMOSOTA and Its Application to a 3 3V 20M Hz High-Q 1897

( , 100084)
. 0. 18 m CMOS , 33V
v HSPICE 40dB , 20M Hz ,3dB 0. 18MHz, Q 110.
EEACC: 1270E; 2570D
: TN432 A : 0253-4177(2005) 10-1892-06
( 190207001 ,90307016) , ( :2003A A171390)
. Email :w-b02 @mail s. tsnghua. edu. cn
CMOS

2005-03-04 ,2005-06-08 € 2005



