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• Architectures  and Macromodels *

• Linearized OTAs

• OTA Non-Idealities

• Applications, i.e., OTA-C 
Filters, Oscillators, and VGA

Input impedance
Frequency dependent transconductance
Non-linear transconductance
Output impedance

{

TRANSCONDUCTANCE AMPLIFIER 
TOPOLOGIES AND NON-IDEALITIES

* Reference :
E. Sánchez-Sinencio and M.L. Majewski, “ A Nonlinear  Macromodel of Operational 
Amplifiers in the Frequency Domain”, IEEE Trans. Circuits and Systems , Vol. CAS-26,No.6, 
pp 395-402, June 1979
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OPERATIONAL TRANSCONDUCTANCE
AMPLIFIER
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A nonlinear macromodel for CMOS OTAs Gomez, G.J.; Embabi, S.H.K.; Sanchez- Sinencio, E.; 
Lefebvre, M. Circuits and Systems, 1995. ISCAS '95., 1995 IEEE International Symposium on
Volume: 2 , 1995 Page(s): 920 -923 vol.2
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Element Value
Ccm 27.88 fF
Cd 72.70 fF
Rd 2128.50Ω

R1=R2=R3=R4=R5 1KΩ
gm1=gm2=gm3=gm4=gmo 1mmhos

L1 125.60µH
L2 57.38µH
C3 2.83pF
L4 Not used
C5 2.05pF
Ro 2.17MΩ
Co 109.88fF
Idm gmdm=590.04µA/V
Icm g mcm=56.41ηA/V
Vos -1.44mV
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S I M U L A T I O N   D A T A

Parameter Simulated  Value
Gmdn           DM Transconductance 596.04 µA/V
Gmcm               CM Transconductance 56.41 ηA/V
Avdm            D M  V / V  G a i n  @  D C 1239.40 → 62 .2dB
CMRR      CM Rejection Ratio 10565.95 → 80 .4dB
R

o
             Output Resistance 2.17 M Ω

φe              Phase  Error  @ 1MHz 1.75o

ωp1           Dom. Pole (2 πfp1) 2π(666.95 KHz)

ωp2            2
nd pole (2 πfp2) 2 π(56.16 MHz)

ωp3           3
rd pole (2 πfp3) 2 π(77.69 MHz)

ωz1           Zero (2 πfz1) 2 π(77.94 MHz)
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        1 st CMZero (2 πf

zcm1
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zcm2
) 2π(2 .77  MHz)

Z
idm

          D M  Z
in
 → Real part 1112.10Ω

Z
idm

          D M  Z
in
 → I m a g . -1.58 E09

Z icm           CM Z in  @ LF 2.85 E09
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L i n e a r i t y
c o n s i d e r a t i o n s

OTA Linearizat ion 
Techniques

Attenuat ion
Balanced 

Nonl inear i ty 

Cancel lat ion

Funct ion 

Compensat ion
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ATTENUATION

Ø Overall Gm is reduced by the attenuation factor

Ø Non-idealities of the attenuation network affect the 
overall transconductance amplifier performance 

Ø Relative  input noise increase by   

Ø Input offset is proportional to

Ø Dynamic range can be modified via tradeoffs.
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Balanced Nonlinearity Cancellation
Type  II

...)()()(

)(),(

3
2

3
13

2
2

2
12211

21
1

210

+−+−+−=

−= ∑
∞

=

VVaVVaVVa

VVaVVI ii

i
i

Particular cases:

+

-

ioA

+

-

ioB

A

B

V1

V2

)(
1

000
i

bbi
i

a
i

aiba VaVaiiI −=−= ∑
∞

=

For matched transconductors

...)(2 5
5

3
310

21

+++=

−≡

==

VaVaVaI

VVV

aaa ibiai

+

-

ioA

+

-

ioB

A

A

V1

V2

b

b

1/b3

Equal Transconductance gains can be used, 
but one of then modified at the input and 
output. Then the linearized output current 
yields:
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Function Compensation
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CONTINUOUS-TIME FILTERS
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Differential Pair with Source Degeneration
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Ideally
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FOLDED-CASCODE OTA: Design Equations 
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OTA based on Complementary Differential Pairs

vin vipi0p i0n

IB IB

IB IB

VSS

VDD

VCP

VCN

P

mp

N

mn
m N1

g

N1
gG

+
+

+
=

TRANSCONDUCTANCE:

VNV AA ≈

( )( )

2

TGS

in

1NVV
V

32
1

3HD 










+−
≅

DISTORTION:

DC GAIN:

2

Rrg

2
Rrg

R PopmpNonmn
out ≈

OUTPUT RESISTANCE:

OTA Results: 0.35 µm Process

vin
v ipi0p i0n

IB IB

IB IB

VSS

VDD

VC P

VCN

1E+6 1E+ 7 1E+8 1E+9
Frequency (Hz)

0

20

40

G
a
in
 (
d
B
)

Transistor W, L Bias current

MN 200,  0.6 µm 200 µA
MCN 15,    0.6 µm 0     µA
MN 200,  0.6 µm 200 µA
MCN 30,    0.6 µm 0     µA

1E+6 1E+7 1E+8 1E+9
Frequency (Hz)

80

100

120

140

160

180

P
h

a
se

 (
D

eg
re

e
s)

For f ~ 100M-1GHz
Phase error < 10 °



15

Wide Output and Good Linearity Observations
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• In order to make Av or Gm independent of gm, it is required that Rs >> 1/gm

• Large Rs take up large area and have large parasitic capacitances 
which limit the amplifier bandwidth.

• It would be desirable to have Av (Gm) independent of gm with small Rs

N-driver Transconductor
P-driver Transconductor

Next we introduce a wideband voltage amplifier, however a similar  approach 
might  be used to derive a transconductance amplifier  whose Gm could be nearly 
1/R without requiring a large gm associated with driver transistor.

W i d e  O u t p u t  S w i n g  a n d  I m p r o v e d  L i n e a r i t y  A m p l i f i e r
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• This circuit is capable to cancel the effect of gm1, gm4

• We need to force the DC components of Vx and VY to be equal, such that 
the current through 2RS is only a function of the differential input 

 ,dinin vvv =− −+ thus id becomes vd/2RS.

• Condition to satisfy

Yxgsgsgsgs VVvvvv =⇒+=+
3421
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Resistively loaded MOS amplifier with gm cancellation.

Amplifiers with Wide Output Swing and Good Single-Ended Linearity A Circuit 
Implementation.
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Single Input (a) Negative  Simple Transconductor,  (b) Cascode  Transconductor,  (c) Enhanced Trans-
conductor, (d) Folded-Cascode Transconductor, (e) Positive Simple Transconductor.
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Ib IbIb
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1:1
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M2

M1

A
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• Observe that:
gm = f(Ib), the exact relation is a function of the  transistor region 
of operation.

• Note that output impedance of (a) is only 1/gds and (b) and (c)
implementations have larger output impedances.

Single-input Transconductor Implementations

Properties of Simple Transconductors

Structure/
Figure
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* The bottom devices of the cascode pairs have an aspect ratio of (W/L )1/(W/L)2=m2. k is
a technological parameter determined by the mobility, and the gate oxide; Vsat,IB is the
saturation voltage for the I B current source.
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An option to have a 
transconductance
proportional to 1/R 
without requiring a large 

gm2
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A Transconductance Amplifier with Gm = 1/R

Vo+Vo-

Active Frequency Compensation Transconductor
[J. Ramfrez -Angulo and E. Sanchez-Sinencio, “Active Compensaton of Operational Transconductance Amplifier Filters Using Partial

Positive Feedback,” IEEE Journal of Solid-State Circuits, vol. 25, No. 4, pp. 1024-1028, August 1990]
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How to determine the value of RC ?

The R is implemented with a transistor operating in the 
triode (ohmic) region.

The zero generated by the RC should cancel the dominant 
pole of Gm(s).
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Analog and Mixed Signal Center, TAMU
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OTA Specifications in Open Loop Applications
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Now let’s assume the transconductance is characterized by:
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