Operational Transcondu

(OTA-C) and Current-Mode Fi
Structures

* OTA-C Filter Topologies

* \What iscurrent-mode and how isrelated to
Transconductance mode ?

o Current-Mode Filters

* How to use a conventional OTA asafilter by adding
capacitances at the internal nodes.
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Controlled Impedance Elements
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First-Order OTA-C Circuits
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(d) shelving equalizer, fixed hig-frequency gain, fixed pole,
adjustable zero
G,

[E—

- o L Voo SCtg,
[ "V, _gn(1+RO) UV, S(G+G) g,
I

V. sC+g,,
o

(c) Highpass, fixed high-frequency gain, adjustable pole
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(e) shelving equz:\lizer, fixed high-frequency gain, fixed zero, ) ’ ) .
adjustable pole (f) Lowpassfilter adjustable pole and zero, fixed ration
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(g) Shelving equalizer, independently

adjustable poleand zero
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(i) Phase shifter, adjustable with g,
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(h) Lowpassor highpassfilter, adjustable zero and pole,
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TWO-INTEGRATOR LOOP OTA-C .
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(a) Cascade of one lossless and one lossy integrators Fig. 7. Circuit implementation of Fig. 6(a)
A

(b) Cascade of two lossless integrators Fig. 8 Circuit implementation of Fig. 6(b)

Two integrator loops with a single feedback summer




OTA-C Two Integrator Loop Filters
Two OTAsFilter
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OTA-C Biquadratic Filter based on a Two-integrator Loop
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INTERNAL VOLTAGE SCALING

gns J-Cz

Assume the voltage V;; needsto be scaled by afactor “a’without changing the
other node voltages:

1. Theimpedance at the node under consideration must beincreasedby “a’. In
this case C1 becomes Cl/a.

2. Multiply al the transconductances leaving that node by the factor “a’. In this
case g, becomes ag,




Real example - Low Pass/Low Frequency Filter

FILTER TOPOLOGY with g, = 11.8nA/V

\Y

* Bulk driven OTAsused dueto higher inS{Jt range
Vi can beapplied totheinput of OTA 1
because theinput parasitic capacitance does not
affect the performance.

DESIGN EQNS

9 = 9m2 = Oy
c,=C,=C

Reference.- A. Veeravalli, E. Sanchez-Sinencio and J. Silva-Martinez,” Transconductance Amplifiers
with Very Small Transconductance: A Comparative Design Approach” to appear in

J. of Solid-State Circuits
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MEASURED RESULTS
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MAGNITUDE PLOT OF LOW PASS FILTER

* faq5 ~ 0.7 Hzwith
\ C =27F

\ * gm=2pC fys ~ 11.8NAN
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EXPERIMENTAL RESULTS1.2micron
technology

Input Ch1 150mVpp @ 0.2 Hz Input Ch1 150mVpp @ 0.4 Hz
Output Ch2 144mVpp Output Ch2 132mVpp




WAVEFORMS...

Input Ch1 150mVpp @ 3 Hz
Output Ch2 56mV pp

Input Chl 150mVpp @ 10 Hz
Output Ch2 11mVpp

Summary of Experimental results

PARAMETER
Filter order
-3dB Bandwidth (Hz)

HD,; @ V,=150mVpp
(dB)

Totd input noise
(mVrms)

SNR (dB)@ HD; = -
45dB

Power consumption
(M)

Power supply (V)

Total filter area (mm?)

VALUE

* HD2 ~ -33dBm~2.2%
156

70.5

8.18

+1.35

0.06




* FULLY CURRENT-MODE
Input Signal: Current
Output Signal: Current

Basic Building Blocks are:
Inverting Integrators

: . v,
Inverting (Current Amplifiers) ;@ lo
Primitive Circuit Implementations: _L

= C- MODE
Single Transistor Inverting Amplifier

Simple Current Mirror Vin v
Capacitor z, "

T- MODE

Current-Mode Implementation using OTA’s

Integrator

g

Self Loop Integrator

I
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In order to fully obtain the benefits of current-mode techniques simpler circuits
with reduced parasitics are desireable.

Primitive CM Circuits

o

Inverting Integrator

o

s
=

Amplifier (Multiplier by a constant)
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Non-Inverting Integrator
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3.3V Power supply
High frequency

Low area io
Suitable for digital process

Good ESR _ N o—l_—|

Poor linearity, efficiency (1% THD => h < 4%)
Poor voltage gain =

Low power supply (3.3V)

High frequency
Low area lg I
Suitable for digital process iﬂ, ,'0_

Very good PSR i +
Good Linearity (differential) o—l_—|
i C
L L

Excellent efficiency ( » 100%)
Poor common mode rejection

Rp M RP |—°VRP —

_ MiNTn M INTN VRN

Ii IO ]I—OVC

MiNTA MinTA v

RPO—]

C~ Ry M RN VRN R
1T =

(a) (b) (c)
(a) Tunable CMOS class AB integrator (b) Transistor Implementation with Mrn
and Mrp operating in triode region (c) Biasimplementation (diffusionor poly

resistors).
Linearity sufficient

Very high efficiency (> 100%) => AB, low power
Very high frequency

Small area

Low Power Supply

Linearity dep. on process variations

PSR poor

12



Lossy Integrator With Positive Feedback
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Current-Mode Version
1
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Generalized Current-Mode Lossy Integrator
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Transistor Level Implementation
CM Lossy (Lossless) Integrator
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Redrawmg the CM Integrator '

Fully Pseudo Differential Integrator
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Continuous - Time Current-Mode Integrator
Based On Current-Mirrors.
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b) Lossy Integrator

Im9Imz >9m,9m, -+ 9m; =Kdm, » Imy = Kdm,
i = 2k k|1-|22 Cks1
k-1 sC k“-1
1+—
Imy
e k=2
i _2 2;-1p
f73,, 3
gm4 2

IT the parasitic capacitances and the output
conductances are considered, then

i = Ki(s- z1)i1 ~ Kko(s+2)
(s+p1)E+p2) (S+p1)(s+p2)

Where
kK1=0,/Cy Ky =9y/Cy
P1=49,/Cy , P2=0n/C
y=9m9m . _Om*do

C2 9o C1

All transistors are equal, and C; and C, are the lumped
nodal capacitances associated with nodes 1 and 2. Note
that p, moves from the origin to

gmz
Wo _Cz _9msags

® = =
P1 a Tm Im C2
And
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Let's consider the input and output impedance,

iq @ f @ J2 .

' l T 1.1 JT
gmlvl o —I— ngVLgoz%gﬂh\éD go% CzTgm4V2 ’ 4%
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a) Lossless Integrator
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Current-Mode: Single and Double-Ended RullyDift.ppt

Basic Cell

(c) Transconductance amplifier (d)

Current-Mode I ntegrators Single-Ended

- (a) Losdess|ntegrator

_Om2
. oS _ Gt
|1(S) 1+T

(b) Lossy Integrator
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(c) Lossy Integrator with additional degrees of freedom

What happened with gm1 = gn;gmz ?

Second-Order Effectson a Single-Ended Current-Mode Integrator (C):

Vo @

ngo. i

[Omav2 | I'ANQmVZI

C|_[

pgmvzdf cl <le“%’“ QF gf’%?

T>g

Single-ended current-mode integrator linear model.

19(S) »

where

d1° go1/gm1, Wz2 =

+
W = 901c 902  Woi —9m1
| '

go1andgpz arethesum of thetransista outputconductanesat nodesl and2 respectivéy, G is thetotal
capacitane at nodel, andC| theintegratirg capacitorjs thetotalcapacitane at node2. The ntegrator
quality factor wil belimitedby theratioof theparasitigpoletotheintegratomunity gain frequencies,

.
Q»W_l
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Improved Balanced | ntegrators (Double-Ended)

Using the previous single-ended integrator, a double-ended integrator isobtained:
Version 1

“Vad
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and that the harmonic distortioncan be gpproximat ed by

.2
1éigu

THDg » = 500 -
87281,

Frequency Compensation

@

Gate-drain capacitance cancellation. () circuit. (b) capacitor implementation.

1 implementation ;3:1:‘[::5

W /2

_|D_

(b)

4

Passive phase compensation of current integrators.
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“9m - (Cpx +29m)

A
dm2 sC) +6qg dm3 2(C; +690)
“Om - (g(;p +290)
A o—1— X 0
cm2 C| +29m Acm3s 21 + 29m)

A Comparative Table

Casel Case2 Case3
Sm Im 9m.
Adm(o) zgo @0 wo
1
An(0) 3 % %?n
Im Im
CMRR(0) % 30 =
2
CMRR(¥)
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Improved Sensitivity

- (sCpy +(ab+b)g
Adm @ - u
SC| +69g+(1- e- ab)gy,
ab+b
Adm(O) =

609/ 9 + (1- e- ab)

Whatarethevaluesof a andb?
ab<1
sayb =9 anda =0.1

Can you suggest a better common-mode cir cuit?

Reference:
X. Quan, S. Embabi and E. Sanchez Sinencio, “Improved Fully Balanced Current-Mirror Integrator”, Electronic Letters,
vol. 34, No. 1, pp. 1-3, January 1998.

Anaog and Mixed -Signal Center, TAMU
How can you use a conventional OTA
asafilter?

How high can the w, or the WgQ of
a second-order filter be obtained?

Can we reach the limits of the
technology?

How can we use OTA multiple
outputs?

Reference: J. Ramirez-Angulo, E. Sanchez Sinencio and M. Howe, “Large foQ Second-Order Filters Using
Multiple Outputs OTAS’, Trans. Circuits and Systems |1, vol. 41, No. 9, pp. 587-592, September 1994.
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C'M & Gy ARE REAL CAPACITORS

The corresponding transfer functions are:

LP wWo
HLp(9) = x.OUI(S) - 0
mp(S) 32+E5+W(2)
Wo
K -
V8l _ "BPQ°
H BP(S)
Vinp(®) 2, W0, 2
Q 0
Where
_ |90t I — |Cm 9
= |2 =1k Q_ I AR
I [y G G
And

Andlog and Mixed -Signa Center, TAMU
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- s/wp
For W/Wp <<1 and g (9) @5

Im2
Wp = —%
P~ cm
1 9m1
GB=A,BW = R =
VO =gm1 0ROC Co

Where Rg=1/(gog+d04)

o= (22 - oo,

Sre

Kep=ghRL
foQ =GB /2p

Andog and Mixed -Signal Center, TAMU

V.
" Im(Vin- Vo% J: 9m2

Losw Integrator

lout veh Fout 213
—d —d
\T VT = G :( =
Integrator and First Output Second Output

rmCoxvlzvlf(VGs.-VT)@ E, _,,)

GB= 9m - 173
L1 2

PAR 2(‘nv(\/\/i| 1)

i.e, 2um technology fpQ~2GHz

Andog and Mixed -Signal Center, TAMU




How can we obtain Q and f (j independently tuned?
A possible solution is shown next.

+o— ¥ lo

—— |
TIVBIASL
VBIAD

/T/ Ot = - IrB=gmal- UN)
VBIAR

Where N= =9mA
I'out BP 9mB

in

<
o
>
@
1
1|
1

Andog and Mixed -Signal Center, TAMU

Summary of the Results

Im, 1
wWo =, —Wp, .[1- —
Co Pa N2
1
WPA Wo gl lu
N N+1H Z\NpH NH

DEPENDENCE OF Q AND ~ WITH N.

N fo/ MHz Q

¥ 16.45 56.66
15 16.41 40.90
7.0 16.28 27.72
3.0 15.50 13.83

Cm=20pF, Co=1pF gma =850W/V, fpy=75MHz and fpp =2MHz
Where WpH is the high frequency pole of mirror M4, M4P.
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Implementations of g e

— Two equa OTAs with different bias to satisfy the
N =gma / gmp or different (W/L)s.

— One OTA: Toinject acurrent |y to thedrains of the

differential pair. Thisyields different currents
through the load transistor M2 and M2P.

Conseguently, we can have independent Q tuning.

The actual implementation is discussed next.

5@9-: D& %
ol

1’ Wi
gmt = V2mCox !

\)m-r

| 4
Wo 0
9m2:\/2mocox 2%@_' |xg
Recall

2 _ 9mi9m?2 2_CmOmi
wg=TmEm2 g 2 -=m Iml
(COCm) Co Im2




Experimental Results

Mk 15 070 000 Mz .

-3
asm

I

LogMag

10 a8

7asv /\

|
|

Start: 200 000 Hz . Stop: S0 000 00a

|
1/
HH

-103

Experimental frequency response of low pass filter tuned for fo =
MHz, @ = 200.

Mice 45 174 250 Hz

5.5
aBm

e / AR
saiv / \

\

Start: 100 000 Hz Stop: 20 000 0O F

-aa.5

Experimental low pass response showing variable fo-

Appendix: Derivation of Expressions

0
ma _Wpa
N = o =
Img Wpg
Wp = gmAW ?-ig
Co PA& NZg
ten'lx——-tan'l1
X
1 X3 X5 X7
tan x:x-?+?-7+
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