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TRANSCONDUCTANCE AMPLIFIER
TOPOLOGIES AND NON-IDEALITIES

Architectures and Macromodels”

e Linearized OTAs
Input impedance

e OTA Non-ldealities Frequency dependent transconductance
Non-linear transconductance
Output impedance

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

* Reference:

E. Sanchez-Sinencio and M.L. Majewski, “ A Nonlinear Macromodel of Operational
Amplifiersin the Frequency Domain”, IEEE Trans. Circuits and Systems, Vol. CAS-26,No.6,
pp 395-402, June 1979




OPERATIONAL TRANSCONDUCTANCE
AMPLIFIER
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Input Stage

Common Mode Stages
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Intermediate Stages

Output Stage

and dominant pole

A Non-Linear CMOS OTA Macromodel

A curve fitting is required to satisfy Idm=f(Vidm)

CALCULATED PARAMETER

VALUES FOR NON-LINEAR MACROMODEL

Element Value
Can 27.88 fF
Cq 72.70fF
Ry 2128.50\W
Ri=R=Rs=R,=Rs KW
Imi=gne=gn8=gm=gno Immhos
L1 125.60mA!
Lo 57.38 il
[ 2.83pF
L, Not used
Cs 2.05pF
R, 217TMW
Cy 109.88F
lam Iman=590.04 AV
lam 0 meri56.41hAIV
Ve -1.44mV




SIMULATION DATA

Parameter Simulated Value
Gndn DM Transconductance 596.04 mA/V
G em CM Transconductance 56.41 hA/V
Avin DM V/V Gain @ DC 1239.40 ® 62.2dB
CMRR CM Rejection Ratio 10565.95 ® 80.4dB
RD Output Resistance 217TM W
fo Phase Error @ 1IMHz 1.759
Wy Dom. Pole (2pfy) 2p(666.95 KH2)
W 27 pole (2pip 2p(56.16 MH2)
Ws 37pole (2pfs) 2p(77.69 MHz)
W1 Zero (2pfy) 2p(77.94 MH2)
W TICMZero (2 pl) 2p(813.67 KH2)
W 20 CMZEro (2p, ) 2p(2.77 MHz)
Zn DM Z_ ® Real part 1112.10py
Z DM Z, @® Imag. -1.58 E09
Zim CMZ, @LF 2.85E09
Z CMZ, : Phase 907

Basic OTA (three current-mirrors): Non-linearity

CURRENT-MIRROR
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ATTENUATION

> Overall Gm is reduced by the attenuation factor a

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

> Relative input noise increase by a
> Input offset is proportional to a

» Dynamic range can be modified via tradeoffs.

Balanced Nonlinearity Cancellation
Type |l :

IO(\/l’VZ) = é ai(Vli - Vzl)
i=1

=a (V- V,)+ az(vlz' V22)

+
Vin®= VI=VA +V/2 SRV
n toy +a,(V - Vy) +.

Vin~ =V2= VA -V/2
[,(V)=V(a +2aV,+3aV,+..)
+ %V3(a3 +4a,V,+10aV, +...)

1ys
For small a,,a,,a;,.. B )

I 0 @gmv
where

g, =a,+2a\V, +3a,V] +...




Balanced Nonlinearity Cancellation

Type Il
v +A —%i llM1V2) =4 & (VAR'A
i1
V2 =a,(Vy- Vo) + 2, (V- Vi) + (Ve - V3)+ ...
+ ioB ¥ . .
B — lo=loa-ip =8 (AVa- &Vy)
N i=1

Particular cases:
For matched transconductors

A =8, =g
VoV-V,
l,=2(aV +aV’+aV®+..)

Assume each OTA has the following type Il non-linearity description:

ion =AYV, (1-aV? )= aiVin — aVin.3

Vi

V2

Equal Transconductance gains can be used,
but one of then modified at the input and
output. Then the linearized output current
yields:

1
I, = Al p)\/m




Function Compensation

Let IB=F1(V)+Ilo
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The Creoss-Coupled Casd Teanscand e o
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Distortion Analysis

Supposethat i ;is anon-linear function, then

g =ig(vip)
) 2 3
o flig 1 9%y o 1 Ty 3
ig=Ip* QVin ¥ ZleVvin® * =T —3|QVin
ﬂvin 2 1IIVin 6 1.IVin

for xv;, =V sin( wt)

2. . 3. 2
1 i i i \
Tig 2, Mg | Tig

i@+ ——L — + XX Vsin( Wt) +
d D 2 3
41]Vin Q 11Vin Q ﬂVin Q
2. 3.
1 74 1 T
+ ——L e v2dn(awt)+ ——L 40 v3sin(3wt) + -
41Ivin 0 24 vy, Q
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CONTINUOUSTIME FILTERS

Transconductance

Second Harmonic
Distortion

Third Harmonic
Distortion

Third Intermodulation
Distortion

IM 3=3*HD 3

Differential Pair asa V-I converter

11



Differential Pair with Source Degeneration

1+g R
") ‘e
&
v o—] " vz ip= ¢
G) G) HD 2=0 Ideally
L L
n
HD3732n2(V -vo)?

Vin O
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FOLDED-CASCODE OTA: Design Equations

ZIWB POWER:  P=4l_(VDD+VSS)

16KkT

2
NOISE: Vi =——(1+NF)
m
i i
o v. H I_o Yo = TRANSCONDUCTANCE:
n

9o
1B 2I1B B +
CF,/ger
VSS
INPUT SWING:  V__+2V +V_>V OUTPUT RESISTANCE:
SS DSAT s IN

R » g R 2||g R 2
o mn ON mp  OP
ouTPUT SWING:  Vas* 2ot =Vour < Voo~ 2Vosate

Single stage OTA based on complementary differential pairs

VDD
P=1,(VDD+VSS)

= _Y9m Imp
™ 1+Ny 1+Np

2_ 16KkT L+ NP)

Vn

m

VSS VIN - VTN = VOUT = VIN = VTP

Need to make sure no drivers operate in the ohmic region.

OUTPUT SWING ISLIMITED:

13



OTA based on Complementary Differential Pairs

TRANSCONDUCTANCE:

G = Imn + gmp
" 1+Ny 1+Np

DISTORTION:
2
1 & V. o}
HD3@—¢— 3
32§ (Voo V. XN+

OUTPUT RESISTANCE:

N IrmfonRN " IrplopRp

Rou 2 | 2

DC GAIN:
Av = AVN

OTA Results: 0.35mm Process

Vi
Transistor | Bias current
MN 200, 200 ™A
MCN 15, 0o "A
MN 200, 200MA
MCN 30, 0o "A

Phase (Degrees)

40 } t

1E+6 1E+ E+8 1E+¢

7 1l
Frequency (Hz)

180 +—t—t++++++ +——+—++++}

160 4

For f ~100M-1GHz
Phase error <10 °

80 N "
1E+6 1E+7 1E+8 1E+9
Frequency (Hz)
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Wide Output and Good Linearity Observations

Im 1
Gpz——m ___+
RL m= Ty gmRs _1 . Rs Rs
A 9m
. v,
wo—| On Av=-GmR = IRL n |—o
+Rs
Im v,
Rs RL

N-driver Transconductor )
P-driver Transconductor

* Inorder to make A, or Gm independent of g, it is required that R, >> 1/g,,,

* LargeR,take up large area and have large parasitic capacitances
which limit the amplifier bandwidth.

* Itwould be desirable to have A, (Gm) independent of g, with small Ry
Next we introduce a wideband voltage amplifier, however asimilar approach

might be used to derive a transconductance amplifier whose Gm could be nearly
1/R without requiring alarge gm associated with driver transistor.

Wide Output Swing and Improved Linearity Amplifier

DD

m> 1

=
RL+3

out + o—

e This circuit is capable to cancel the effect of g, 0,4

*  We need to force the DC components of V, and V, to be equal, such that
the current through 2Rg is only a function of the differential input

+

Vin- Vip = Vg, thus iy becomes v,/2Rs.

Condition to satisfy

Vos * Vs = Vgg, * Vs P Vi = W
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Amplifiers with Wide Output Swing and Good Single-Ended Linearity A Circuit

Implementation.

RL.§

RL +

out + [—out -

Gnd |

Resistively loaded MOS amplifier with g,, cancellation.

Vi, +Vy, =V +Vy,
iors = (Vi - Vi )/ 2R =V, /2R
R (W/L),

Ifl b1ba << Ib2,b3 then A @R_Sm

A Bipolar Amplifier version is next shown.

This Circuit is called Gilbert Gain Cell.

§ et @ »aes10)

v

o G A S ]

Q (33;1—
_

9#)., L®. @en-.

L

Iy
+15)- (I + 1))

B1

o _lstle |
Asqee e
in B in E B
The dominant pole is placed at
Reference we =W:._

& Sons, New York 1984.

A.B. Grebene, “Bipolar and MOS Analog Integrated Circuit Design”, John Wiley
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Single-input Transconductor Implementations

(a

Single Input (a) Negative Simple Transconductor, (b) Cascode Transconductor, (c) Enhanced Trans-
conductor, (d) Folded-Cascode Transconductor, (e) Positive Simple Transconductor.

® Observethat:
Om =f(lp), the exact relation isafunction of the transistor region
of operation.
* Note that output impedance of (a) isonly 1/gy and (b) and (c)
implementations have larger output impedances.

Propertiesof Simple Transconductors

Structure/ Rout Min Vpp*
Figure

Simple/1(a) 1 "/K
0 T Ve

Cascode/I(b) 9 me ’Jm
P — 1+ m),|— +V,
0. 9. |“™k sl

Enhanced/1(c) Ag (1+ m) 216 Ve
- sat
9o Yue °
— 9a>
Folded/(@ Yas1 Yas2 2l B, Vs + V.
K Tp* Vsatlg

* The bottom devices of the cascode pairs have an aspect ratio of (W/L ),/(W/L) =n?. kis
atechnological parameter determined by themobility, and the gete oxide; Vsa,siSthe
saturation voltage for the | g current source.
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A Transconductance Amplifier with Gm = 1/R

An option to have a
transconductance
proportional to 1/R
without requiring a large

Im2

Active Frequency Compensation Transconductor

[J. Ramfrez-Angulo and E. Sanchez-Sinencio, “Active Compensaton of Operational Transconductance Amplifier Filters Using Partial
Positive Feedback,” |EEE Journal of Solid-State Circuits, vol. 25, No. 4, pp. 1024-1028, August 1990]

|
Vi o__-|—-\| —0> lo=9m(Vi- V2)
V20—— S6

Im ()= grmgal' ;+

a

J/ISS w dependson I

10 = (9mp (5)- gn\ (9PV = gmet (9)PV

é S U\
gmdf (S) = gmeifo &l- G
é Wgtd
= - W = gmeffo
Omefo = 9mPo~ ImNo  » VWt 75 G
w w
F/([l It is possible to make P N

NS
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Pesv A s P Compensi
N
¢

How to determine the value of RC ?

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

The zero generated by the RC should cancel the dominant
pole of Gm(s).

Two-integrator biquads

Gm2
™~ N
) | LT
+ |-— s

(b)

Fully differential OTA-C Biquad

Analog and Mixed Signal Center, TAMU
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OTA Specificationsin Open Loop Applications

Vi =%lgml(vi - Vo) ah]

1

Vo = (Im2Va - gm3Vo)SC @)

(1) into (2)
(sC2)Vo = ggmz%(Vi - Vo)- ngVOE
e 1 u
é 9mi9m2 u_ gm9m2
VosCo+ = ———=+0m3a=— ~ Vi
6 SO i G
ImiIm2
HL g =0 - . Imi9m2 _ GCo
Vi sCiCo+ SCOnG* Onidme s2+ s9m3 . 992
C GG

1 [9mi9m2C2 _ Cowg
Im3 G 98
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Now let’s assume the transconductance is characterized by:

- slw
Im =9moe P @mo(]_- S/Wp) forwy << wo.

Under this condition the excess phase can beexprased asf ¢ @wg /wp
Note that idedllyr _ = L.

then,
ngDlgITDZ(l' s/w l)(l- s/w 2)
Hip() == e 5
§°CiCo + sSC10p3(1- s/w ID3)+ Imp19mp2 @ - s/wpl)(l- S/sz)
® =1 106 £ 9
D(9) = °C1C2 + Cigm3 - 522U T i
Wp3 § W Wpay Wavpog
ot f @1 10 #
D(s)=s" C1C2- Si9ms3 M ¢ y + 9mo19no 2
f Wp3 WpIW p2 b i &Wpl WDZ b
Thenthe actud w g and BW 5 become
Wrz)a: 9m19mp 2
CiCp+ Y2  Cidm3
Wplpr Wp3
5
C19mp 3 - + T 191 2
BW, = —0a . "o o
a C19mo 3 1
a chZ' —_——

w p3 w p]_W p2

Letusalsoassumethatwpy = wpp = wp, thenwg, @w g, thus,

2 2
Ci9no3 - ~—0no19m2 Ci9nmo3 - ——0gm1dno 2

BW, = Woa _ Wp1 @ p
*Q g, G9ms, 1 GG,
wo Wl
2
BW, @I Smoldm2 £ 2 _BW- wly 2 -BW. 2
GG Wp1 Wl Wp1
_ Woa Lwoa
= @
% BW, “omn 2 2
C2 oa Wpl
CoWoa
Qa: gm3 - Q - Q
1- Cowoa 2Woa 1- Qowoa 1- 2W0aQ
Im3  Wp1 Wp1 Wp1

Alternatiely,Q, canbe expressedn term®f theexcessphasef € = tan

Qa @ 1- Zf Q@Q(1+2fEQ)
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Furthermore, if A, = gm R, istakenintoaccount, then

Q

Qu=—%5
1+ Q
VO
If Ayo = 500 Q
1
Q
Qa=
8 1+ 4x1030Q fo
Notethat :
50

Qa~ when Ay~
BW,~ Q- whenfg -

Qa
0996
4.902
9.6
41.667
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