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Abstract: Two transconductors composed of two
square-law CMOS cells are introduced in this paper.
The analysis of the cells is given. The transconductors
operate in the saturation region with a fully balanced in-
put signal. Simulations were done for 0.8um n-well pro-
cess using BSIM3 model parameters. The first circuit
has a trade-off between low voltage operation and low
power dissipation. The circuit has a cutoff frequency of
170MHz and Py;s=1.17TmW for a bias current of 120uA.
The second transconductor has aimed to overcome the
trade-off and to improve the performance; the circuit
has a cutoff frequency of 236MHz and Py;;=1.74mW for
the same bias current, however, it is possible to reduce
the bias current, since the trade-off The transconductors
have a THD of less then -56dB and -60dB, respectively,
for IMHz, 0.5V peak-to-peak sinusoidal input. A com-
parison between the two circuit performances is given.

1. Introduction

The need for robust low voltage low power CMOS ana-
log VLSI circuits is tremendously growing. The major
driving force for this growth is the need for one-chip so-
lution for systems with combined analog and digital cir-
cuitry. Many applications which require reduced supply
voltage and low power consumption are based on ana-
log/digital mixed mode signal processing VLSIs, such as
low voltage low power transconductors.

An elegant way to achieve a linear transconductor, start-
ing with transistors in strong inversion and having a
square-law behavior, is to use the difference of squares
principle (1]. This principle states that given the vari-
ables A and B, the difference of the squares (A4 + B)*
and (A — B)? is linear in A or B, that is

(A+B)* - (A-B)? = 44B (1)

This principle can be used to obtain a linear relationship
between the difference in the gate-source voltages of two
transistors and the difference in their output currents.
The realizations given in [2-5] are based on using MOS
transistors operating in the saturation region.

A certain class of analog/digital mixed mode signal pro-
cessing VLSI circuits are basicly composed of several
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cells which have a square-law characteristic. Recently,
several new low voltage low power CMOS square-law
composite cells with two high impedance input termi-
nals were proposed [6, 7] to achieve accurate signal pro-
cessing with low power dissipation. Understanding the
basic principles of the low voltage low power cells will
lead to a better understanding of the circuits built with
these cells.

Two new transconductors using the above mentioned
principle are introduced in this paper. The operation
of the linear transconductors and the CMOS square-law
cells that are used to build the circuits are described
in Section 2. Section 3 provides initial results of the
circuits. Section 4 concludes the work.

2. Description of the Circuits

The low input impedance at the source limits the ap-
plicability of a single MOS transistor. A solution would
be to use the CMOS composite cell [2], given in Fig-
ure 1(a). However, it is not suitable for low voltage
designs due to its high equivalent threshold voltage,
Vreq =| Vrp | +Vrn. Also, the necessity of the twin-well
process to eliminate the body effect is a drawback from
the process point of view, because it is not a standard
CMOS process.

Fig. 1. a) Conventional composite transistor, b) Low voltage com-
posite cell, ¢) Low power composite cell

The low voltage cell given in Figure 1(b) [6] has been
presented in order to overcome the drawbacks of the
composite transistor. The cell requires only an n-well
process. Transistors M,,; and My are the basic CMOS
pair transistors. M, and Ig form a level shifter circuit
to decrease the value of the threshold voltage. Mpem



is the group of PMOS transistors forming the current
mirror to ensure that the currents flowing through tran-
sistors M,; and M, are equal. by taking the current
through M,,; and pushing it through Afp,.

The drain currents I4, through I;3 shown in Figure 1(b)
are expressed as

Kni .. .

Iy = 2"1 (Vg = Vi = Vra)® (2)
K .

Iy = 2"2 (V, = Ve = Vra)? (3)
K

Iyz3 = ._éﬂl_(vy - Vs— | VTp |)2 (4)

Using the fact that Iy = I3 and Ig + lg2 = I, equa-
tions (2) through (4) can be rewritten in the form of

21 3
Vo-Ve = Knd1 + Virn (5)
o(Ig — 1 .
Vy—-Ve = (—1;{;2—'11 + Vrn (6)
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V,=Ve = [zt Vel (7)
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The drain current equation for the low voltage CMOS
square-law composite cell can be written as

K 2
;q (Vys - VTeq)

where K., and Vr, are the equivalent transconductance
parameter and the equivalent threshold voltage, respec-

tively, expressed as

Iq

(8)
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It is clear that the threshold voltage is the function of
the drain current, I;. Hence, the threshold voltage is
varying with the input voltage causing distortion. In
the case where g >> I4, the threshold voltage equation
can be simplified as

21
Vi = |Vip| =\
n

which is now a constant value and much less than the
equivalent threshold voltage of the conventional compos-
ite transistor. Thus, the cell is suitable for low voltage

(11)
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applications. However, I is set to a much larger value
than I to minimize the dependence of V7., on the drain
current I;. This causes high power dissipation at qui-
escent conditions. Thus, the cell has a trade-off n-well
between low voltage operation and low power dissipa-
tion. Note, however, that the circuit no longer needs a
twin-well process.

The low voltage low power CMOS square-law composite
cell [7] illustrated in Figure 1(c) has been designed to
overcome the trade-off of the low voltage cell.
Transistors M,; and Mp; are the basic CMOS pair tran-
sistors. The feedback loop formed by transistors My,
Mps, Mps and M5, and the bias current Ip always
keeps the drain current of transistor Mo equal to Ip.
This makes the voltage drop Vy2 (or Ve — Vrn) of tran-
sistor M2 constant.

The drain currents Iy through I3 shown in Figure 1(c)
are expressed as

Knl

In = = (Vy = Vi = Vra)® (12)
Kn 2]

Id2 = —2_2(Vy - V:c - VTn).‘ (13)
K

Is = =~ (Vy=Vem | Vi )’ (14)

Since Iy = I43 = Iy and I3 = Ig, the above equations
can be rewritten as

o1

V,-V, = K:l + Vin (15)
21

V,-V, = K,Z + Virn (16)
oI )

V,-V, = F:”+ | Vi | (17)

Substituting equations (15) and (17) in equation (16)
will yield the drain current equation given in equation
(8) where V.4 is expressed as

2Ig
Ky

VTeq | VTp l - (18)
Equation (18) shows that the circuit no longer has to
satisfy Ig > I, as I can be increased regardless of I.
The trade-off between low voltage operation and low
power dissipation for the previous cell has been over-
come in this circuit.

The transconductors introduced in this paper are built
with the parallel connection of two of these cells. The
low voltage transconductor and the low power transcon-
ductor will have the same drawbacks and/or achieve-
ments of their source cells. Hence, the trade-off between



low voltage operation and low power dissipation will re-
main for the transconductor built with the low voltage
cell, as well as the transconductor built with the low
power cell overcomes this drawback.

The transconductors are described next.

2.1 The Linear Transconductors

The transconductor using the low voltage cell is illus-
trated in Figure 2.

oL

Mn2

LMpcm

vi Mp] I I Mp

5———]———1

T b i
Mnl’

IB

AN

Fig. 2. Transconductor using the low voltage CMOS square-law
composite cell

The circuit operates in the saturation region with a fully
balanced input signal. It is preferable that analog cir-
cuits operate in the fully balanced mode, mainly because
fully balanced circuits ensure high power supply rejec-
tion, improve linearity and increase dynamic range. The
input voltages and the control voltage are applied to the
NMOS and PMOS pair, respectively. The output differ-
ential current equation is derived by using the difference
of squares principle:

L—L = Keg(Vysr — Vreg)’ = Keq(Vys2 — Virey)®
h—I = Ke(Vi+Vou = Vs = Vieg)?
— Keg(Vi—Voum = Vi = Vieg)?
L= = 4K (Vom — Vs = Vre)Vi (19)
Hence, the transconductance is given by
Gm = 4Keq("fCAI -V, - VTeq) (20)

where K., and V., are the equivalent transconductance
parameter and the equivalent threshold voltage, respec-
tively, Voar is the common mode voltage and V; is the
control voltage. Note that, having the control voltage
Vs in equation (20) allows the transconductance of the
circuit to be electronically tuned.

As mentioned above, the circuit has a trade-off between
low voltage operation and low power dissipation, as in
the original cell. The transconductor described next
overcomes this drawback.

Figure 3 shows the transconductor built with the low
power square-law cell.
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Fig. 3. Transconductor using the low voltage low power CMOS
square-law composite cell

The circuit operates in the saturation region with a fully
balanced input signal. The transconductance of the cir-
cuit is derived by taking the difference of the output
currents of each cell, as given for the previous transcon-
ductor. The transconductance is given by

Gm = 4K.(Vor — Vi = Viey) (21)

which is similar to equation (20). However, the
threshold voltage equation written as Vreg =| Vip |
—-v/2Ig/Kp> no longer includes the drain current,
hence, the drawback of the previous transconductor no
longer exists.

3. Results

Both circuits have been simulated using 0.8pum n-well
process BSIM3 model parameters. The DC transfer
curve and the frequency response of the transconduc-
tor using the low voltage cell is given in Figure 4(a) and
Figure 4(b).
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Fig. 4. a) DC transfer curve, b) Frequency response of the
transconductor using the low voltage CMOS square-law composite
cell

For a bias current of 120uA, the cutoff frequency is
170MHz with a power dissipation of Py;;=1.17mW. The
transconductance value is g, = 133.38uA4/V. The cir-
cuit has a THD of less than -56dB for 1MHz, 0.5V peak-
to-peak sinusoidal input, without considering statistical
process variations.



The results of the transconductor using the low power
cell is shown in Figure 5.
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Fig. 5. a) DC transfer curve, b) Frequency response of the

transconductor using the low power CMOS square-law compos-
ite cell

For a bias current of 120pA, the cutoff frequency is
236MHz with a power dissipation of Pyio=1.740mW,
however, it is possible to reduce the bias current, thus,
to reduce the power dissipation. The transconductance
value is gm = 165.16pA/V and the THD is less than
-60dB for 1MHz, 0.5V peak-to-peak sinusoidal input.

Figure 6 shows the power dissipation versus frequency
response for the two transconductors. As mentioned
above, the low power transconductor can accomplish a
higher bandwidth, yet have a less power dissipation since
it is possible to reduce the bias current. It can also be
seen from Figure 6 that for the frequency range of up to
180MHz, it will be advantageos to use the low voltage
low power transconductor, however, for higher frequen-
cies both circuits do not differ too much in terms of
power dissipation. The comparison of the THD of both
circuits result as expected. The first transconductor uses
the approximation of Ig 3> Ig; this will effect the THD
of the circuit and make it higher, while this approxima-
tion no longer exists for the low power transconductor.

4. Conclusion

Two transconductors composed of two square-law cells
have been introduced in this paper. The transconduc-
tors operate in the saturation region with a fully bal-
anced input signal. The first circuit has a trade-off be-
tween low voltage operation and low power dissipation,
with a cutoff frequency of 127MHz and Pys=1.17TmW
for a bias current of 120pA. The second transconduc-
tor overcomes this trade-off and improves the perfor-
mance; the circuit has a cutoff frequency of 236MHz and
Pyi;=1.740mW, for a bias current of 120uA. It is also
possible to reduce the bias current, since the trade-off
between low voltage operation and low power dissipa-
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Fig. 6. Power dissipation versus frequency response for both
transconductors

tion no longer exists. The low voltage and low power
circuits have a THD of -56dB and -60dB, respectively,
for 1IMHz, 0.5V peak-to-peak sinusoidal input. A com-
parison between the two circuit performances is given.

5. Acknowledgment

Financial support from TUBITAK (The Scientific and
Technical Research Council of Turkey) and from Texas
Instruments, Inc. are gratefully acknowledged.

6. References

[1) R.F. Wassenaar, Analysis of Analog CMOS Circuits,
Oxford University Press, 1996

[2] E. Seevinck and R.F. Wassenaar, "A versatile
CMOS linear transconductor/square-law function cir-
cuit”, IEEE Journal of Solid-State Circuits, Vol.SC-22,
pp- 366-377, June 1987

[3] A. Nedungadi and T.R. Viswanathan, ”Design of lin-
ear CMOS transconductance elements”, IEEE Transac-
tions on Circuits and Systems, Vol.CAS-31, No. 10, pp.
891-894, October 1984

[4] J.S. Martinez, M.J. Steyaert and W.M.C. Sansen,
A large-signal very low-distortion transconductor for
high-frequency continuous-time filters”, IEEE Journal
of Solid-State Circuits, Vol.26, No. 7, pp. 946-955, 1991
[5] F. Krummenacher and N. Joehl, "A 4MHz CMOS
continuous-time filter with on-chip automatic tuning”,
IEEE Journal of Solid-State Circuits, Vol.5C-23, pp.
750-758, 1988

[6] A. Motamed, Low-Voltage Analog VLSI Circuits and
Signal Processing, Ph.D. Dissertation, The Ohio State
University, Columbus, 1996

[7] A. Hyogo, C. Hwang, M. Ismail and K. Sekine,
"LV/LP CMOS square-law composite transistors for
analog VLSI applications”, IEEJ 1’st International Ana-
log VLSI Workshop, ECT-97-59, pp. 139-143, USA,
May 1997



	Main Page
	GLSVLSI99
	Front Matter
	Table of Contents
	Author Index




