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ABSTRACT

Recently there has been interest in continuous—time
Operational Transconductance Amplifier (OTA) filters with
characteristics - controlled by g, C products rather than
RC products. Advantages of these circuits are simplicity, a
low component count, and tunability. A major problem of
these circuits has been a limited linear input range. This
paper describes a novel OTA design which has a differen-
tial input range of nearly 6V and the capability for multiple
inputs. The output current is a linear combination of N in-
puts and the transconductance of each input is controlled
by a bias voltage. In addition to design considerations, ap-
plications of the multiple-input feature are discussed.

I. Introduction

Recently there has been interest in the use of Opera-
tional Transconductance Amplifiers (OTAs) in continuous-
time analog filters. A major problem of existing OTAs
is that the linear range of the differential input voltage 1s
very limited. In exisiting bipolar OTAs (1], the output cur-
rent saturates when differential input voltages of more than
r 30mYV are applied. This paper describes a novel OTA de-
sign which has a wide linear range and the capability for
multiple inputs.

The conventional OTA has an ideal transfer function
I, = G(Vy — V»), where the transconductance, G, is con-

trolled by an externally applied dc bias current. It 15 useful
in filter circuits because it is easy to make an integrator
by connecting a grounded capacitor to the output node so
G 7
that VO = (%)I = E—é(Vl - Lz)
Fig. 1 shows a common second-order OTA filter circuit

[2! which has the transfer function
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Since the transconductances, Gy and G, are controlled by
externally applied bias currents, the characteristics of the
filter can be tuned to compensate for component variations
and can be time-varying for adaptive applications. This
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Fig. 1 A 2™ order lowpass OTA filter.

is an advantage over monolithic RC-type circuits because
resistor and capacitor values ( which are noted for poor
absolute accuracy, e.g. resistor variations of +30%), are
fixed when the chip is fabricated and they are not easily
trimmed. Simplicity and low number of components is an-
other advantage of OTA filters.

The input stage of a conventional OTA is either an
emitter coupled or source coupled differential amplifier bi-
ased so that both devices are in the high-gain region.

When large differential input voltages are applied, the
input stage saturates. This causes distortion and the tail
current becomes ineflective at adjusting the small-signal
transfer characteristics. The saturation problem can be re-
duced by using voltage dividers to reduce the signal seen by

the differential pair as suggested in the literature, but this

approach has significant limitations: an increase in circuit

complexity, loading problems in preceeding stages due to

the inherent low impedance of the voltage divider, and a
possible decrease in the signal to noise ratio. The circuits
discussed in the following sections offer alternatives to the
high-gain differential amplifier input stage for the OTA.

I. Development
A. The Cascode Circuit

When a MOSFET is biased in its active (ohmic) regio®
the drain current is given by

I;=B12(Vys — Vo) — Vao} Vs,
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Fig. 5 A four-input cascode OTA. {(COTA)

II. Experimental Results
The circuits discussed in the following paragraphs were
{abricated in a double-metal 1.5um CMOS process.

A. The Cascode OTA
Fig. 5 shows a multiple-input cascode OTA (COTA)

constructed from two multiple-input cascode elements and
a current mirror. The DC transfer function for this circuit
is given by I, = —gm(Vi + Vo — V3 — Vi), where gm =
261(Vs — Vr2).

The measured DC transfer function Ioutvs.Vaiss (Vaiss =
Vi—Vs,and Vo = Vy = Vs, Vpp = 5V, Vo = —5V).is
shown in Fig. 6. The percent nonlinearity for the V3, = 1.5V
curve is plotted in Fig. 7 and shows a 1% linear range of
5.5V which is much larger than the range available with
most existing OTA circuits which have appeared in the lit-

erature. o )
The frequency reponse of this circuit is good. No high—

frequency rolloff was observed below 4.5 MHz, the gain—
bandwidth of the opamp used in the measurement.

C. Common-Mode-Rejection

The COTA has a common-mode-rejection-ratio, de-
fined by CMRR = Gaiff/Geom, of only 40dB which is very
poor compared to conventional OTAs. It is not clear yet if
this is an inherent problem of this circuit or due to a mis-
match in sizes or bias conditions. This limitation will be
addressed in a future paper.

III. Applications of the MIOTA
~ In this section, potential applications of the multiple-
input capability of the MIOTA will be discussed.

A. General Summation

In integrated circuits the conventional opamp-resistor
Summing amplifier may be impractical because of the non-
ll.nearity, poor accuracy, and limited range of values of re-
Sistors available in integrated circuits. This is a good appli-
thion for the MIOTA. The weighting factors can be easily
trimmed by the bias control voltages. Although the MIOTA
output is a current, this can be readily converted to a volt-
age, if necessary.

369

CRSCODE OTA ~= CONTROL OF TRANSCONDUCTANCE

10uA

-tov fav
Fig. 6 DC transfer function of the COTA.
COTA D€ VB=..a CHIFE 37127868 Re80K V1=V3=Vsg
%
-!.W — +18v

Fig. 7 Linearity error of Fig. 6 for V, = 1.5V.

B. Linear Control Circuits
State-variable linear control circuits which generate

transfer functions of the form Q(s) = N(s)/D(s) can be
constructed using integrators, gain—elements, and summa-
tion circuits. [4] The MIOTA is well suited for use in these
circuits because it implements all three of these functions.

C. Filters

Many filter circuits can be viewed as simple cases of

the basic control circuits. Even in circuits which are not
one of these special cases it often happens that two or more

OTAs feed current into a common node. Fig. 8 shows 2
second—order multiple-OTA filter circuits (a,c. ) from [3]
along with implementations using MIOTAs. In particular,
note that the general biquad circuit of Fig. 8(d) requires
5 conventional OTAs but only 2 MIOTAs. With separate
cascode control voltages, the individual transconductances
can all be adjusted independently wheras with common cas-
code stages, joint control such as is needed for constant-Q
w, adjustment is possible.
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Fig. 2 The cascode transconductance stage.
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Fig. 3 Connection of transconductance stages

where = “—sz—w and Vr is the threshold voltage. If Vg,

is held constant, Iy can be written as

Ii = (28Vas) Vgs — BVas (2Vr + Vas) 1)

ot

(2)

1y = ngs + Ioffset-

where

Ioffset = w/—:"1/(15(2‘/7’ + ‘/ds)-
1, is a linear function of the input voltage V,, and the
transconductance is given by

g = 28Vys. (2a)

The cireuit of Fig. 2, commonly called the cascode
configuration, will bias the MOSFET M1 in this way. When
M2 is saturated and W2/L2 > W1/L1, M2 will act to keep
V.1 constant. Since Vo1 &~ Vi — Vipg, the transconductance
is controlled by the voltage V; and can be approximated by
g = 26(Vy — V). M1 will be biased in the active region
when Vge1 > Vgs1 +Vry. Thisgives a potentially large linear
range.

Since V3 is held nearly constant, additional input de-
vices with independent drain current control can be added
to the node labled 1 in Fig. 2. The output current, I,, will
be the sum of the individual currents as shown in Fig. 3(a).
The circuit of Fig. 3(b) allows for independent weighting of
the individual transconductances through the voltage con-
trol parameters Vy;, Viz and V3.

In summary, five important characteristics of the cas-
code circuit of Fig. 2 are (1) a large linear input voltage
range, (2) voltage control of the transconductance by the
parameter V; (or Vi, Vi, and Vi3), (3) the capability for
multiple inputs, (4) high input impedance and {5) high out-
put impedance.

‘

B. Frequency Response
The gate-drain capacitance of a MOSFET in its active

region, Cgq = %WLCM, is much larger than the overlap
capacitance of a saturated MOSFET. The parasitic capaci-

for multiple inputs.

tance Cy41 causes a right-half-plane zero which must be at

high frequencies if the circuit is to be stable under negative

feedback. The location of this zero is approximated by
91

ZRHP = 77—
(}gdl ’

(3)

where g; is given by (2a). Substituting gives

,U'Vdsl
L}

ZRHP = (4)
It follows that the length of the input transistor should
be kept small so that the RHP zero will occur at a high
frequency.

Since good linearity requires W2/L2 > W1/L1, there
is a irade off between linearity, frequency response, and
area. If Ly is small, W2/L2 must be large in order to
maintain good linearity and the area of M2 may become
large.

C. The Multiple-Input OTA Structure

Fig. 4 shows a simple architecture for a multiple-input
OTA (MIOTA) constructed using two multiple-input cas-
code elements and a current mirror. The output current of

the device is the difference of the sum of the ”+” currents
and the ”-” currents.[1] When the device is symetric, the

offset currents of (2) cancel.
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Fig. 4 Block diagram of an OTA.
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two MIOTA filter circuits and their

conventional equivalents.

D. Discrete Gain Control
Discrete gain control can be achieved by applying the

input signal to several inputs via a switching network. A
great deal of flexibility is possible depending on the number
and weighting of the inputs and how they are switched.

F. Majority Gate Logic

The summation property can also be used to create a
form of majority gate logic, —‘voting’ circuits in which the
output value is the value held by the majority of the inputs.

If a MIOTA with an odd number of input pairs is
used and all the inverting inputs are tied to a voltage Via,
halfway between logic 1 and logic 0, then the output cur-
rent will be positive when more of the inputs are 1’s and it
will be negative when more of the inputs are 0’s. Assuming
that the output load is capacitive, the output voltage will
eventually saturate at the correct logic value.

G. Summary

From the above discussion, it should be apparent that
the multiple-input feature of the MIOTA can be imple-
mented functionally by connecting the outputs of several
tonventional OTAs in parallel. However, for independent
control of the transconductances of each input, one conven-
tional OTA is required for each input. In multiple input sit-
uations, significant silicon area reductions are possible using
the MIOTA. If the structure of Fig. 3(b) is used, each in-
Put requires a silicon area of approximately 100 x 150um. If
the multiple—input structure of Fig. 3(a) is used, the cost
of each additional input is just the area of the added in-
Put devices. In addition to the multiple input features, the
MIOTA offers improved linearity over most conventional

OTAs.

IV. Conclusions
An OTA design which addresses the differential input
limitation of existing OTAs and has the unique feature of
multiple inputs has been presented. Tradeoffs between lin-
earity, area, and frequency response were discussed and ap-
plications of the multiple-inputs were considered.

The important advantages of the MIOTA are:

1. a wide linear range; a 5.5V range for +5V supplies,

2. multiple inputs; I, = Ef\;l a: Vi,

3. voltage control of the transconductance,

4. increased design flexibility due to the multiple-inputs.
The main disadvantages of the MIOTA are:

1. alow CMRR, and

2. interaction of the frequency response and the transcon-

ductance.
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