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A Four-Quadrant CMOS Analog Multiplier for Analog Neural Networks

Navin Saxena and James J. Clark

Abstract— A four-quadrant CMOS analog multiplier is pre-
sented. The multiplier uses the square-law characteristic of an
MOS transistor in saturation. Its major advantage over other
four-quadrant multipliers is its combination of small area and low
power consumption. In addition, unlike almost all other designs
of four-quadrant multipliers, this design has single ended inputs
so that the inputs do not need to be pre-processed before being
fed to the multiplier, thus saving additional area. These properties
make the multiplier very suitable for use in the implementatior
of artificial neural networks. The design was fabricated through
MOSIS using the standard 2 pum CMOS process. Experimental
results obtained from it are presented.

I. INTRODUCTION

ECENTLY, analog multipliers have found use in the

area of artificial neural networks [3]-[6], [14]. These
massively paralle] analog systems have demonstrated potential
for solving a wide range of difficult problems, and thus analog
computing techniques have become more widespread. Along
with this, the use of analog multipliers has also increased.
However, while high linearity is the prime issue for the
multipliers in conventional applications like modulation, de-
modulation, frequency translation, etc., neural systems require
their multipliers to be small and modular, and have low power
consumption.

In the past, several designs of analog CMOS multipliers
have been proposed [1}, [2], [7]-[13], [15]-{19]. However,
most of these multipliers were designed with the conventional
applications in mind. Of these, the multipliers in [1], [8],
[12], [13], [15], [16], [18] use resistors, which are area-
intensive in VLSI layout, and hence are unsuitable for neural
network applications. Some multipliers use switch-capacitor
techniques [7], [19], but the area of the capacitors cause the
multipliers to become large. The multipliers in [2], [10], [17]
have differential inputs, requiring the values being fed to the
multiplier inputs to be generated from the actual values that
have to be multiplied by shifting and/or inverting them. This
makes the design non-modular because the user has to be
aware of the biasing conditions and has to pre-process the
values to be multiplied before feeding them to the multiplier.
Only the multipliers in [11], [9] were designed specifically
for neural systems. However, the one in [11] is limited
to two quadrant operation only, while the multiplier in [9]
has differential inputs and output, which requires additional
hardware and consequently more silicon area. In contrast, the
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four-quadrant multiplier presented in this paper has single
ended inputs. Thus, it can be more easily integrated as a
module in a large system. Also, its area is much smaller than
all of the four-quadrant multipliers mentioned above. These
properties, along with its low power consumption, make it
very suitable for use in the implementation of large systems
like neural networks.

In this paper, the principle of operation and design of
the multiplier is first described. In this section, the design
of the multiplier, as well as how to arrive at the range of
operation of the multiplier, is described. In the next section, the
experimental results are presented. A summary of the achieved
results is presented in conclusion.

II. PRINCIPLE OF OPERATION AND DESIGN

The basic principle of operation of the proposed multiplier
is based on the well-known identity:

N+ V2)2 = VE - Vi =2VVa.

In our multiplier, the squaring is achieved using the square
relationship between the gate-to-source voltage and the drain
current on an MOS transistor in saturation. The following sub-
sections describe the circuit design and the range of operation
of the multiplier.

A. Design of the Four-Quadrant Multiplier

The circuit diagram of the multiplier is shown in Fig. 1.
It consists of two current mirrors and five n-MOSFET’s,
M _5, which have the same aspect ratios. We assume that
the five transistors are in the saturation region of operation.
Also, their sources and substrates are tied together so the
body-effect is not important. According to the square-law
characteristic of an MOS transistor in saturation, the drain
currents I; and I, flowing through transistors M; and Mj,
respectively, are given by

I = K(Vi1 — V4 — Vr)? )
I = K(Ving — Vo — V1)? @

where V;,; and Vi, are the inputs to the multiplier, V; is a
bias voltage (see Fig. 1), Vr is the threshold voltage of the
transistors, and K is the transconductance parameter, which
is the same for the transistors because their aspect ratios
are same. Because of current mirror C, the current flowing
through transistor M; is the same as that through transistor
Mj, and since all other parameters are the same for the two
transistors, their gate to source voltages must be equal. Hence,

Vps = Vini + Vine — Vo = Vs €)]
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Fig. 1. Circuit diagram of four-quadrant multiplier.

where, Vps is the drain voltage of My and Vg3 is the gate
voltage of M3. The currents I3 (using (3)) and I, flowing
through transistors M3 and My are given by:

Iy = K(Vin1 + Vinz - Vo — V1)? (€]
I = K(-V, - Vr)? &)

where we assume that V; < —Vp. Current mirrors C; and Co
feed currents I; and I respectively onto the output node.
Thus, the output current I, is given by:

Lw=L+L—-I3—1,.

On substitution of I, I3, I3 and I, from (1), (2), (4), and (5)
into the above equation we obtain

Iout = —2K‘/in1‘/in2- (6)

Thus, (6) gives four-quadrant multiplication for single ended
inputs.

In this design, the two inputs are not symmetrical because
the source at V;,» has to sink current while the source at Vi,
does not. If we have a current mirror that gets current I; from
current mirror C; and sinks the same current from the node
at Vin2, the source at Vi,s will not have to sink current since
the current flowing in and out of the node will be the same.
However, this will result in a slight increase in the area and
power consumption of the muitiplier.

B. Range of Operation
For an nMOS transistor to be in saturation, two conditions
have to be satisfied:

1. Vpg should be greater than Vgs — Vi

2. Vgs—=Vr >0
where, Vps and Vg are the drain-to-source voltage and gate-
to-source voltage, respectively, of the transistor. For transistors
M; and M,, the first condition can always be satisfied by
design. For the second condition to be satisfied,

Vin1, Vinz > Vo + Vr. )]
For M3 to be in saturation,
Vin1 + Vinz = Vo — Vr > 0. ®

For M, to be in saturation,
Vi < -Vr. &)

since the first condition can always be satisfied by design. M5
is always in saturation because its gate and drain are connected.
However, the drain voltage of M; should be such as to keep
the transistors in current mirror C in saturation. If C; and Cy
are cascode current mirrors, the drain voltage of My, Mps, has
to satisfy the following condition,

VD5 < Vpp — VT — 26V, 10)

where, 6V is equal to Vgs — Vr for the transistors in the
current mirror. For a given current, V' depends on the aspect
ratio of the transistors in the current mirrors. Putting (3), (8),
and (10) together, we get:

%+VT<V'inl+Vvin2<VDD_26Vmax+‘/b“VT (1

where 6Viax is the maximum value of §V. Conditions de-
scribed by (7) and (11) limit the range of operation of the
multiplier. ’

An example would explain how the range of operation can
be obtained from these biasing constraints. Let Vpp be 5
V, V, be —2.4 V and 8V, be 0.1 V. From the fabrication
parameters, we find V to be 0.8 V. Substituting these values
in (11) we get |Vin1 + Vin2| < 1.6 V. Thus, for symmetric
four-quadrant operation, we have |Viny, Vinz| < 0.8 V.

If one of the inputs is always positive (say 0.8 V. > Vi,; >
0 V), then by changing V; to —~ 2.0 V, we can make the
multiplier operate for |Vipe| < 1.2 V. If both the inputs are
always positive, then by changing V; to — 0.8 V, we can
operate the circuit for the input range 1.6 V. > Vi1, Vipe > 0
V. Similarly, the range can be changed to 0 V. > Vi1, Vipo >
~1.6 V, if both the inputs are negative. In this manner, by
changing the bias voltage V;, we can operate the circuit at
various input ranges. This fact can be used to increase the
overall range of the multiplier by changing V;, depending on
the sign of the input voltages.

III. EXPERIMENTAL RESULTS

The circuit shown in Fig. 1 was fabricated with a 2 um
p-well standard CMOS fabrication process through MOSIS.
Fig. 2 shows a photograph of the fabricated chip. The active
chip area in 97 gm X 110 gm. The sources of all the n-MOS
transistors are connected to their local substrate by putting
them in individual p-wells wherever necessary. The W/L ratio
for the five transistors is 4 pm/20 um and cascode current
mirrors were used.

For obtaining the dc-characteristics of the multiplier, the
bias voltage V;, was chosen to be —2.4 V. Vp for each
nMOSFET was approximately 0.8 V. The supply voltage,
Vbp was 5 V. The dc transfer characteristics of the multiplier
are shown in Fig. 3, where Vi,; is varied between —1 V
and 1 V, for various values of Vi,», which was also varied
between —1 V and 1 V. As is expected, the muitiplier shows an
approximately linear characteristic except when |Via1 + Vins| >
1.6 V, which is represented by the upper-left and upper-right
part of the graph.
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Fig. 2. Photograph of analog multiplier chip.
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Fig. 3. Output characteristic of four-quadrant multiplier.
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Fig. 4. Output characteristic of multiplier for positive inputs only.

To demonstrate how the input range can be adjusted, we
make the bias voltage V, equal 0.8 V and measure the dc
characteristics of the circuit with both inputs varying from
0 to 1.6 V. The dc characteristics are shown in Fig. 4.
Thus the input range of the multiplier has been shifted from
[Vint, Vin2| < 0.8 V0 0 V < Viny, Vips < 1.6 V.

The non-linearity of the multiplier is investigated by mea-
suring the total harmonic distortion (THD) of the circuit. A
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Fig. 5. Total Harmonic Distortion (THD) analysis of multiplier output.
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Fig. 6. Modulated output, one input 2 kHz and the other 85 kHz.

sine wave of 2 kHz is applied to Vi,; and the other input
voltage is kept constant. Fig. 5 shows the THD as a function
of the peak-to-peak voltage of Vi, for a constant Vi, of 0.8
V. As can be seen from the graph, the THD is less than 2%
for the given range, except when the peak-to-peak voltage of
Vin1 exceeds 1.6 V. In that case, the linearity is decreased
because the condition for saturation, Vi, + Vine < 1.6 V, is
not satisfied. Even when the p-p voltage of Vi;; is 2 V, the
THD is less than 3%. While this accuracy is modest, it is
sufficient for most neural network applications.

We investigate the behavior of the circuit as a modulator
by feeding it a sinusoidal voltage of 2 kHz and peak-to-peak
voltage of 0.8 V at one input, and another sinusoidal voltage of
frequency 85 kHz and of peak-to-peak voltage 1 V at the other
input. The current at the multiplier output is passed through a
current-to-voltage converter and displayed on an oscilloscope.
Fig. 6 shows the modulated output as seen on the oscilloscope.

The —3 dB bandwidth of the multiplier was measured to be
115 kHz. The simulated —3 dB bandwidth was 4.5 MHz. The
anomaly is explained by the fact that during measurement,
the multiplier was driving a pad, which slowed it down
considerably.
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The maximum power consumption for the multiplier within
its operating range was approximately 1 mW, which is towards
the lower end for the four-quadrant multipliers mentioned
in this paper. The power consumption in the multiplier is
proportional to the aspect ratio of the five transistors, M;_s,
all other parameters remaining constant. Hence, we can further
reduce the power consumption of this circuit by decreasing the
aspect ratio of the transistors. It is possible to reduce the aspect
ratio, and hence the power consumption, by about 45% without
affecting the major characteristics of the circuit including its
area and range of operation. This fact was confirmed by SPICE
simulations.

The input offsets were measured to be less than 15 mV.
They can be attributed to random mismatches of the threshold
voltages of the input transistors. The maximum output offset
was less than 2% of the output range. It can be attributed to
several factors. First are second-order effects such as mobility
degradation and channel-length modulation, which we ignored
in the calculation of the output current. If we include the
second order effects in our calculations and use typical values,
we can determine the output offset due to them. This offset
can be reduced by changing the aspect ratio or gate voltage of
transistor My. The other factor contributing to output offset is
random mismatch between the transistors. Transistor mismatch
can be reduced by increasing device sizes and using common-
centroid geometry, but these will result in an increase in area
of the multiplier.

IV. CONCLUSION

A new MOS four-quadrant multiplier with single ended
inputs has been presented. The active area of the multiplier
is 97 pm X 110 pm, which is smaller than the other four-
quadrant multipliers mentioned in this paper by a factor of
at least 8. This is achieved mostly because the number of
transistors in the multiplier is small, and also because the
dimensions of the transistors were chosen to be small and
thus compromising some of the input-range and the linearity.
Since the inputs are single ended, the pre-processing stage,
required in multipliers with differential inputs, is eliminated,
which saves additional area. The input range can be adjusted
using a bias voltage. In the four-quadrant range of operation,
both the inputs can be varied between —0.8 V and 0.8 V.
The total harmonic distortion is less than 2% in the region
of operation. The power consumption is less than 1 mW. The
small area and low power consumption make it suitable for
use in the implementation of artificial neural networks.
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