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Transconductor Design



Review from Last Lecture

Transconductor Design

Transconductor-based filters depend directly on the g,, of the transconductor

Feedback is not used to make the filter performance insensitive to the
transconductance gain

Linearity and spectral performance of the filter strongly dependent upon the
linearity of the transconductor

Often can not justify elegant linearization strategies in the transconductors
because of speed, area, and power penalties



Review from Last Lecture

Signal Swing and Linearity
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Review from Last Lecture

Linearity of Amplifiers

VDD
T

Vin — D\/l1 M, :] [ Vin 1

Strongly dependent upon linearity of transconductance of differential pair



Review from Last Lecture

How linear is the amplifier ?
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Consider the fit line:
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Review from Last Lecture

What input range is possible when using the tall
current to program the OTA ?
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« Input signal swing decreases linearly with decreases in g,,

* One decade reduction in g, results in one decade decrease in signal swing
* One decade reduction in g, requires two decade decrease in I;

» Very limited tail current programmability with basic MOS OTA



Review from Last Lecture

Signal Swing and Linearity of Bipolar Differential Pair
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1% linear = .56V,



Review from Last Lecture

What input range Is possible when using the tall
current to program the OTA ?
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* Input signal swing not affected by I
« Multi-decade adjustment of g,, with |+ without degrading signal swing



Review from Last Lecture

Signal Swing and Linearity Summary

 Signal swing of MOSFET can be rather large if
Vg IS large but this limits gain

 Signal swing of MOSFET degrades significantly if
Vg IS changed for fixed W/L

 Bipolar swing is very small but independent of g,

* Multiple-decade adjustment of bipolar g, Is
practical

* Even though bipolar input swing is small, since
gain is often very large, this small swing does
usually not limit performance in feedback
applications



Does the MOS or BJT transconductor have larger
iInput signal swing?

5555555

Depends upon how much adjustment range is desired



Simple single-ended OTA




Simple single-ended OTA

Vo =1, -1, 0
N |1=,31(V — Vy _VTn)
Vo - M 1=, (Vo =V V)
vxjwl 2_ﬂg(v RVERVAS:
M lout l, = ,34( vy + Ve + Vg )2 _

Taking the square root of the two |, equations

VY]WZ \/%1\/T = (VG — Vx _VTn)

B 1
Vss \/IB:Z\/T:<VX_\/”‘+VTP)

Adding these two equations, we obtain

[\/;2 \Fj = (Ve = Vin + V= Vi)

flmllarly, for the last two equations, obtain
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Simple single-ended OTA
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Squaring the last two equations we obtain

2
Vijwz I1 - 185 (VG _Vin +VTp _VTn>
Ver — M, 2
a IZZIBG(VGl+\/in+VTp_VTn)
Vss
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Simple single-ended OTA

Voo ly = (S5 - :Ba)vi?]
-
Ve # M, + Vi, (2/35 |:VTn — V= Ve } + 2[5 [VTn — Vi + VGl:|)
2 2
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Vi, j—_’ If size devices so that B;=4 and V=V, this simplifies to
Ms lo = Vi, (4185 |:VTn - VTp —Ve ])
vvjwz
Vor | M, Note this behaves as a linear transconductor !
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Vss

« Since both M, and M are driven, this is a power-efficient
method for generating a given g,,

» Behavior will degrade with bulk-dependent threshold
voltages of n-channel devices

« Would like to generate V5 and Vs, independent of V,



Bias Generators

Bias voltage generators are widely used to bias cascode devices and
other transistors in an IC

Key goal is often to have bias voltages independent of V, to avoid
coupling supply noise into linear circuits



Potential Bias Generators

Consider the following four circuits:
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Potential Bias Generators

Vour2(T)

Inverse Widlar

Inverse Widlar

Vouri(T)

MS M4 Ms M4

Voura(T) __| Voura(T) |

. Vour(T) Vouri(T) Wi d |ar
Widlar 3

Start up circuits not shown" ?

If g, IS neglected, it can be shown that all devices are operating in the
saturation region, the output voltages are independent of V

Note all have a positive feedback loop !



Regenerative Feedback Loops Can Provide Some Very
Useful Properties but Can Also Offer Some Surprises !!

Theorem: If the small signal loop gain of the positive feedback
loop is less than unity at an equilibrium point of the return map,
then the equilibrium point is a stable equilibrium point and if the
loop gain is larger than unity at an equilibrium point the
equilibrium point is an unstable equilibrium point.



Consider the Inverse Widlar Bias Generator

|VDD
-k
V3
Mlj_“ M,
M3

Can be viewed as two common-source amplifiers in a loop

Aa | Asg

Same observation about the other 3 structures



Vp Independent Bias Generators

Consider the two Inverse Widlar bias generators (start-up ckts not shown)
VDD
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Note: Outputs V5 independent !

where @ =




Vp Independent Bias Generators

Consider the two Inverse Widlar bias generators (start-up ckts not shown)

My

VDD

—

e

Ry

it
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Vouri(T)

Vour2(T)

Vouri(T)

Must still check for stationarity of operating point, stability, and start-up



Consider Inverse Widlar with Transistor M, first

PFB Loop
Break Point
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Vp Independent Bias Generators

Check for stationarity of operating point

\/DD
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* Observe loop gain is always less than 1
« Soitis a viable circuit for a bias generator



Vp Independent Bias Generators
Check for stability

VDD
Voo |
hm— [
3
V
3 Vours(M) Cli — CVOUTz(T)
2
L { e
Vouri(T) Vour(T)
M3 c
M3l 3
N

» Circuit has 3 poles
 May use RH criteria
» If unstable, adjust one of the capacitors



Vp Independent Bias Generators

Check for startup

Vour2(T)

Vouri(T)

Create Return Map
A V,OUT
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Must have single intersection point (desired point) with slope at unity
gain crossing less than 1 over PVT variations

Add/modify startup circuit if necessary (usually necessary with this structure)



Consider Inverse Widlar with Transistor Resistor
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Vp Independent Bias Generators

Check for stationarity of operating point

PFB Loop \V}
VDD / Break Point I|DD

/ Vour
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V
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* Observe loop gain is always larger than 1
« So it not a viable circuit for a bias generator



Basic Bias Generator Circuits

Only two of these circuits are useful directly as bias generators!

Inverse Widlar

Not stable
equilibrium point !
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equilibrium point !



Transconductance Linearization Strategies

b1y y o2

Recall with Rg=0

Widely used source degeneration




Transconductance Linearization Strategies

V1 V2 >
# Ml Mﬂ P V51 - |[>le1 = Vsz - IDZRSZ

¢ ID2 |D1:B(V1_VSI_VT)2 )

I, :B(Vz — Vs, _VT)2

Vs Ipy +1p, =17 )

With a straightforward analysis, we obtain the expression
1
Vo = \/%(\/ I = Ipy _\/IDl)+ Rs(I+ = 2lp,)

The first term on the right is the nonlinear term of the
original source coupled pair and the second is linear in I,

The larger the second term becomes, the more linear the
transfer characteristics are
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Transconductance Linearization Strategies
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The transconductance of this structure can be readily
derived to obtain

s

This can be expressed as

-1
oV,

Aoy

Q—pt

— a\/d B

m=
Ol

_ 1 __ BVes
Q-pt {2 +2RS} 1+2/VeeRs

Bl



Transconductance Linearization Strategies




Transconductance Linearization Strategies

There are a host of transconductance linearization strategies that have
been discussed in the literature

Some are shown below

Many are strongly dependent upon a precise square-law model of the
MOS devices and do not provide practical solutions when the devices are
not square-law devices

Analysis or simulation with a more realistic model is necessary to validate
linearity and practical applications of these structures



Transconductance Linearization Strategies

How good is the square-law model that we have been using for predicting
filter performance?

It is reasonably good when analyzing structures whose linearity characteristics
are not strongly dependent upon the device model

The circuits considered to date are not particularly linear so the square-law
model probably does a pretty good job of predicting their performance

More accurate models are usually unwieldy for hand analysis



Transconductance Linearization Strategies
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Fig. 1 Linearised CMOS transconductance circuit

ELECTRONICS LETTERS 3rd July 1986 Vol 22 No. 14 729



Transconductance Linearization Strategies

From CAS 2006 P 811 Jose Silva



Transconductance Linearization Strategies
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Linearity Enhancement with Source Degeneration



Transconductance Linearization Strategies

Linearization with active source degeneration



CMOS transconductance amplifiers, architectures and
active filters: a tutorial

E.Sanchez-Sinencio and J.Silva-Martinez

Abstract: An updated version of a [985 tutonal paper on active filters using operational
transconductance amplifiers (OTAs) is presented. The integrated circuit issues involved in active filters
(using CMOS transconductance amplifiers) and the progress in this field in the last 15 years 1s
addressed. CMOS transconductance amplifiers, nonlinearised and linearised, as well as frequency
limitations and dynamic range considerations are reviewed. OTA-C filter architectures, current-mode
filters, and other potential applications of transconductance amplifiers are discussed.
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Linearity compensation with cross-coupled feedback



Single-ended input TAS




Differential input OTAS
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Differential input and output OTAS



Parasitic Capacitances and Floating Nodes

R>
ANV

VOUT

ST - V
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There is invariably a parasitic capacitance
associated with every terminal of every element
in afilter

These parasitic capacitances can be significant
in integrated filters

These can be combined into a single parasitic
capacitance on each node




Parasitic Capacitances and Floating Nodes

R>
ANV

B VOUT
AT sz j+ Cpgj:

A floating node is a node that is not connected to either a zero-
impedance element or across a null-port

Floating nodes are generally avoided in integrated filters because the
parasitic capacitances on the floating nodes usually degrades filter
performance and often increases the order of the filter

Some filter architectures inherently have no floating nodes,
specifically, most of the basic integrator-based filters have no floating
nodes



Parasitic Capacitances and Floating Nodes
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Parasitic Capacitances and Floating Nodes
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No floating nodes !



Signal Swing in OTA Circuits

The signal swing for the basic bipolar OTA is limited to a few mV for
reasonably linear operation

This limited signal swing limits the use of the OTA

The following circuit (with maybe a 100:1 or more attenuation) can be
used to increase the input signal swing to the volt range and although it
involves quite a few more components, the functionality can be most

significant

Program range is not affected by adding the attenuators




E. L. Geiger and E. Sanchez-Sinencic, "Active Filter Design Using Operational Transconductance Amplifiers: A Tutorial”
IEEE Circuits and Devices Magazine, Vol. 1, pp.20-32, March 1983,

Active Filter Design Using Operational
Iransconductance Amplifiers: A Tutorial

Randall L. Geiger and Edgar Sanchez-Sinencio



Programmable Filter Structures

It will be assumed that the transconductance gain can be programmed with
either a dc current or a dc voltage

o _% Vou
; T(s)= gmgr sC

/\C

N
Programmable First-Order Low-Pass Filter
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Programmable Filter Structures
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Stay Safe and Stay Healthy !







