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Abstract

A Jow-voltage (<3V) CMOS four guadrant mul-
tiplier is introduced which has an almost rail-
to-rail  differential-input-swing  with a low signal-
distortion(<1% for 100kHz signal). The proposed cir-
cuit 1s composed of a pair of rail-to-rail differential-input
V-1 converters and a pair of voltage-followers. This
topology of multiplier results in a high frequency capa-
bility with low power consumption. In a 1.2u4m n-well
CMOS process, the 3dB frequency of the multiplier is in
arange of 103MHz. Measured total power consumption
1s around 0.52mW with supply voltage 2V. The multi-
plier can operate at a minimum supply voltage of 1.8V

1. Introduction

The analog multiplier is one of the important build-
ing blocks in VLSI communication systems. which can
be applied to frequency mixers, variable gain amplifiers.
adaptive filters, phase-locked loops and many other sig-
nal processing circuits. The Gilbert cell is the most
popular multiplier first implemented in bipolar tech-
nology. Low-voltage, low-power analog CMOS design
solutions are necessary for high performance mixed-
signal ICs. Restricted by the MOSFET characteris-
tics, CMOS multipliers usually need extra linearization
circuits which may degrade the performance. There-
fore, some of CMOS multipliers [1]-[9] are not very opti-
mal for low-voltage low-power applications. Other low-
voltage multipliers [10]-[16] can operate at low supply
voltage. The performances are however limited to small
swing range, signal distortion and high power consump-
tion.

This paper presents a low-voltage CMOS four quad-
rant multiplier capable of achieving linear rail-to-rail
mmput swing and having low-signal distortion with low
power dissipation. The operation of the circuit is in-
troduced in Section 2, second-order effects, nonlinearity
and frequency performance are discussed in Section 3.

2. Circuit Description
This multiplier is composed of a pair of V-] converters
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and a pair of voltage follower. The V-1 converter [17]
is shown in Fig.1. Usually. a simple differential pair is
used for voltage-current conversion, its large differential-
input swing is limited by the threshold voltage of the
core transistors and by the saturated drain-source volt-
age of current sinks or sources with lower power sup-
ply. While the amplitude of fully differential input sig-
nal increases to saturate either input transistors in a
differential pair. the linear relation of Tout=9mVa no
longer exists because of cut off or weak inversion op-
eration of either transistors. This results in a narrow
window for large differential-input voltage in low sup-
ply voltages (<3V). To resolve this problem, a novel
voltage-to-current converter is shown in Fig.1. Consid-
ering high frequency signal processing, the core tran-
sistors, M1 and Mla, should be maintained in satu-
ration region. Four transistors (M4, Mda, M3, M5a)
are stacked with transistors M1, Mla. Assuming that
M4, Mda, M5, AbBa are biased in triode region, then
Vie of M1, Mla is kept very close to Vpp-Vsg. For in-
stance, with Vpp-Veg=3V, by setting common-mode in-
put voltage properlv, M1, Mla can operate in saturation
region with Vug ari ar1a2Vem£1.5-1%,, as differential-
mput voltage increases or decreases by almost 1.5V. So
the lincar voltage-current relation can be kept within al-
most £1.5V differential input. A feedback loop M2, M3,
(M2a, M3a) biases the gates of M4 to maintain triode
operation of M4. M5 functions as a voltage-controlled
resistor, the combination of M2, M3 is a voltage atten-
uator(see eq.1).
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Vorro, M2a =

where K=+/RKnnm/Knps.

In common-mode signal processing. the triode opera-
tion of M4, M4a is established bv the source voltages of
M2, M2a and long channel length of the core transistors
M1, Mla. So sizing the aspect ratio of M2, M3 can keep
the gate voltages of M4, Md4a high enough for triode op-
eration with long channel length transistors of M1, M1a.
Based on the same current flowing through triode M4
(Mda) and saturated M1 (Mla). source voltage of M1

(1)



(M1a) are pushed close to Vsg. Therefore. the source
(drain) voltages of M1, Mla (M4, Mda) can be as low
as tens of millivolt. So body effect can be reduced, even
ignored.

In differential-mode signal processing, the feedback
loop always keeps the source voltages of M1 to
follow the input signal but attenuated, so assume
Verrt mia=AVing, - =AVom + ‘r[/{) '111/) Ais an
attenuation coefficient of feedback loop, A<1{17]. The
drain voltages of M5, Mja are very close to 1pp by
triode-biasing of 13 and V, tunes g,, of voltage-to-
current conversion. Vi, Vi would deliver 17, V5 to
cenerate a differential input voltage signal at the gate
of M2. M2a and differential currents in their drains.
By mirroring these differential currents through M3,
M3a, M6, M6a and subtracting them, a linear I, =/,2-
I,; can be obtained. So achieving almost rail-to-rail
differential-input-swing is dependent on the common-
mode input voltage setting and the threshold voltage.

The output current equation can be deduced as fol-
of M5, Mba.

lows;
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Assume threshold voltages of all NMOS are the same
as 1y, without body effect, K, K], are transconduc-
tance parameter of NMOS for M1, Mla and M2, M2a,
and K, for M5, Méa, V=V + V5 1s nonlinear term.
The term V,; appearing in denominator can be com-
bined with Vpp as %(2"”1)1) — 1] -~ ¥,). This term can
be ignored in eq.2 because of very small second-order
term of triode region equation compared with the first-
order term.

(2)

Towt = Ip2a = Ingo
oK1 = AV, — (1= DV (Vi — 4V3,)
2K + 1KV — Vip))
x Vg (3)

The other nonlinear term appears in numerator of
eq.3, this term can be minimized by a factor of (14 K)*
by sizing the ratio of M2, M3(M2a, M3a). Also as 17,
V, are very close to positive supply voltage, the value
of V1+V2 is approximately of 2(Vpp — Vsg). So the
nonlinear effect is weak with the attenuation coefficient
(1+ K)?. For example, at 3V supply voltage. the varia-
tion of V;+ V5 is below 0.8% within 2V p before dividing
by (1 + K)? in simulation. Later, experimental results
also validate this assumption.

The proposed multiplier is shown in Fig.2. Two
V-1 converters are parallelly connected with a pair
of voltage followers, M,s, M. The sources of the
voltage followers and the sources of the core transis-
tors, M1, Mla, M1’, Mla’, are counnected together.
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Since Vgsarimiaanariar are very close to Vpp-Vgs.
Vias arsfoarsg can reach almost power-supply voltage.
The output current can be easily derived. Assume that
K,, I, and K are the transconductance parameters
of M1,1a,17,1a’, M2.,2a,2’2a’ and Msfsf’, the threshold
voltages of all NMOS are the same as V3,

. . . . 21y
Vi- ‘13 = "gsl - ‘}Jsi% = J» L <4)
K,
o, VT = SAOERVAS
Squaung this oquatum Iysy can be derived as
K, . . K1
Inyy = ](‘1"‘ )7+ K, Vi) el
I\ 1"
n
(5)
Similarly, a5, is expressed as
I\’n - - N ]\r 1/\[
Inie = =2 (151 Vi) + },ﬁf
(6)

and Iary-Iag1, 18 thus given by,

K,
2
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Since from triode modo Lqu(mons of M5. Mbda, Ia1-

][\]1(1"([&]’( ‘lp) )(‘ y I)',
Ba(Vy + 12 =21 + K, 'z“'z\—L
oty = no o)
I\'p( ‘fp) - Voo + + *
(8)
Realizing that Vi=Vop-Vs, L-Iy=1Ipg-
11\12,.:3(11.;}77‘5(‘}11 = 4Vn) (Ve = 1), =1+l and

from the equations of V-1 converter, thus,

L1 KA (V4 Ve = 203) o Koy /23502
e
2(1+I‘) [A ( tp) ‘D[)+ Ve +‘ ]
x (Vi —4Vin) (Ve = 1) (9)

Similarly, Is-Iy=1Ips00-Iaro 18 obtained. Then the to-
tal output current, (Iy + I3) — (I> + I4), is obtained by
the subtraction of I,; and I,s.

[{711(1 ( nl ™ 4‘[11)
21+ K)2[K, (V) — Vi) = Vpp + =142
(V1 = ¥) (Vs - Vi) (10)
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As it can be observed from eq.10, the output current
It 1s a multiplication function of two differential input
voltage V7 — ¥ and V3 — V5. The nonlinearity of the



TABLE 1

Measured consumed static power

2\
0.52mwW

3V
3mW

Voo

multiplier is determined by that of the V-I converter
and the minimization of nonlinearity can be achieved
accordingly.

Fig.3, 4 show measured DC characteristics of the mul-
tiplier at a supply voltage of 3V, 2V, Measured Spec-
trum of the multiplier is shown in Fig.5 with setting one
input of multiplier at constant DC value. In measure-
ment, measured THD is around 0.9% with 1V 100kHz
sinusoidal input signals at 3V power supply voltages.
Table I specifies the consumed static power at different
supply voltages.

3. Circuit Analysis :

Second-Order Effects and High-Frequency Analysis

In practical circuit implementations, linearity error
could result from mobility reduction, channel-length
modulation and body effect. The former two effects de-
pend on the process quality, the last can be reduced by
connecting sources and bulks of transistors. Since the
source voltages of MI1. Mla are very close to ground
node, the body effect can be reduced without source-
bulk connection. Theoretically, it is assumed that all
NMOS devices have no body effect, practically, source-
bulk connected M2.2a, M2'.2a’ can increase linearity.
Nevertheless, a p-well fabrication technology is neces-
sary for source-bulk connection.

The simulation result presents 3dB-frequencies at
around 103MHz. The simulation shows that the out-
put current mirrors would mainly dominate the high-
frequency performance.

4. Conclusion
A 1.8V low-power CMOS high-speed multiplier has
been presented. The multiplier can be used in an ana-
log VLSI cell library for low-voltage. low-power high
dynamic-range and high speed applications, such as IF
variable gain amplifiers and adaptive filters.
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