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Abstract: Current integrated circuits realising
neural networks take up too much area for imple-
menting synapses. The paper presents a one-
transistor (1T) synapse circuit that uses a single
MOS transistor, which is more efficient for VLSI
implementation of adaptive neural networks, com-
pared to other synapse circuits. This 1T synapse
circuit can be used to implement multiply/divide/
sum circuits to realise an adaptive neural network.
The feasibility of using this circuit in adaptive
neural networks is demonstrated by a 4-bit
analogue-to-digital converter circuit, based on the
Hopfield modified neural network model, with an
analogue LMS adaptive feedback. DC and tran-
sient studies show that 1T synapse circuits with an
analogue adaptive feedback circuit can be used
more efficiently for VLSI implementation of
adaptive neural networks.

1 Introduction

Recently, VLSI implementation of neural networks [1, 2]
has received widespread attention, due to better speed
performance for the model realised by hardware com-
pared to that realised by software. In most neural
network ICs, most of the chip area is occupied by a large
number of complicated synaptic connections. For
example, Graf [1] uses four switches and two resistors to
construct a synapse, and nearly 90% of the chip area is
occupied by the synapses. Although, in other applications
[2-5], simpler synapse circuits have been proposed, they
are not concise enough for efficient VLSI implementa-
tion. It has been pointed out that the number of neurons
in a chip determines the storage capacity of a neural
network, no matter what learning rules have been used
[6]. In reality, the number of neurons that can be placed
in a neural net (NN) chip is limited by the size of the
synaptic connection area. A method for reducing the size
of the synapse circuits has been the major task in design-
ing neural network ICs. In this paper, a concise synapse
circuit using a single MOS transistor will be described. It
will also be shown that the multiply/divide/sum circuit
implemented with this 1T synapse circuit has a good lin-
earity within the output dynamic range for the neural
networks with an analogue adaptive feedback circuit.
The feasibility of using this 1T synapse circuit will be
demonstrated by a 4-bit analogue-to-digital converter
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circuit, using the Hopfield modified neural network
model [7] with an LMS adaptive feedback.

2 The multiply/divide/sum circuit

In the Hopfield modified neural network model, a neuron
performs a sigmoid function of its input, which is the
summation of other neurons’ outputs multipled by the
weights stored in the synapses. Many synapse circuits
have been proposed and implemented. Until now, the
synapse circuit realised by a resistor has proved to be the
most efficient. However, realisation of a large number of
resistors requires special processing technologies [8].
Fundamentally, the resistor synapse is used to transform
the neuron’s output voltage into an input current for
another neuron with a weight. Here, a single MOS tran-
sistor with a zero threshold voltage, which can be easily
realised by adjusting the doses of the channel implants in
a CMOS fabrication process, operating in the triode
region has been used to replace the resistor for the
synapse circuit. This 1T MOS synapse circuit performs as
a programmable resistor, with its conductance deter-
mined by the W/L ratio and the gate voltage. Fig. 1
shows the multiply/divide circuit built with the 1T
synapse circuits. With an NMOS synapse circuit at the
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Fig. 1 Sum/multiply circuit

input and a PMOS one in the feedback path, the circuit
provides a good linearity property for multiply/divide
operations. Fig. 2 shows the SPICE simulated character-
istics of the multiply and divide operations. For one
input x, with a swing between —1 V and +1 V, another
input y, with a positive swing, and the other input z, with
a negative swing, the output v, = kxy/z has a swing from
—1V to 1 V. Within the output dynamic range, both the
multiply and divide operations have an acceptable linear-
ity for adaptive neural network applications.

3 The analogue adaptive circuit

Adaptation has been broadly used in signal processing,
control and telecommunication systems [9]. Usually, the
adaptive neural networks, proposed in trainable pattern
recognition [10], are realised by either computer software
or digital circuits, with analogue-to-digital and digital-to-
analogue conversions required. During the training
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period, many iterations are required for convergence of
the weight functions, which determine the conductances
of the synapses [6]. These data conversion requirements
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Fig. 2  Characteristics of the multiply and divide operations
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severely limit not only the complexity of the patterns that
can be trained but also the storage capacity of the neural
networks. Fig. 3 shows an analogue adaptive feedback
circuit. This analogue adaptive circuit is derived from the
digital LMS algorithm [9] w,,; = w; + (¢/x?)e, x, where
W+, Is the next value of the weight vector; w, is the
current value of the weight vector; x, is the current input
vector; o is a parameter to adjust the convergence speed;
and ¢ is the error, which is defined as the difference
between the desired output and the analogue output [9].
The transistor MN, is a synapse circuit, with the
source end connected to the input — x and the gate con-
trolled by a weight function w. With the —d connected to
the positive input, the operational amplifier OA, pro-
duces the error, which is the difference between the
desired output, and the product of the input and the
weight. Then, the error is integrated through the OA,
circuit as the new weight for the synapse circuit. During
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the training period, the switch SW is on, and the weight
w converges to a value such that xw = d. Based on the
analogue adaptive feedback circuit, the weight function is
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Fig. 3  A4nalogue adaptive circuit

written as

‘ 2
w(t) = wo + 1o L (% - R[(w + x)x — % %:D (1)

o = 5Bo B/C

where wy, is the initial value of the weight vector, and w(t)
and x(t) are the current values of the weight and the
input, respectively; f, and p are the beta for the tran-
sistors MN,, MN,, respectively; C is the integrator capa-
citor; and R is the conductance of the transistor in the
negative feedback path of operational amplifier —— OA .
Fig. 4 shows the SPICE simulation results of the weight
and the percentage error, in terms of the maximum error
during the training period, of the analogue adaptive
circuit designed for two different values of y,, which are
determined by the corresponding circuit parameters. A
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Fig. 4 Weight and error of the analogue adaptive circuit during the
training transient for two different values of y
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larger u, results in a quicker response. However, a larger
#o may also lead to instability. Generally speaking, in
spite of the nonlinearity of the adaptive circuit, the
weight converges to its final value within a few micro-
seconds [11]. Fig. 5 shows the available swings of the
input x and the weight w, for different d. A smaller d
provides larger swings at the input and the weight. For

IEE PROCEEDINGS-G, Vol. 138, No. 6, DECEMBER 1991



neural net applications, the available swings at the input
and the weight of the adaptive circuit are sufficient.
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Fig. 5  Voltage swings of the input x and the weight for different values
ofd

4 The ADC circuit

To show the applicability of the 1T synapse circuit, with
the analogue adaptive feedback, a 4-bit ADC circuit
using Hopfield’s modified neural network model [7, 12]
has been implemented, with the 1T synapse circuits as
shown in Fig. 6. P-channel and N-channel MOS devices
with zero threshold voltages have been used in the
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Fig. 6  4-bit ADC circuit using Hopfield's modified neural net model
with the analogue adaptive mechanism

IEE PROCEEDINGS-G, Vol. 138, No. 6, DECEMBER 199]

synapse array. In fact, the synapse array can still work
with MOS devices having nonzero threshold voltages for
the ADC with the analogue adaptive feedback.

The conductance T;; of each synapse circuit is deter-
mined by the formulas described below. The derivation of
T; is based on the circuit point of view instead of the
minimum entropy method [7]. Consider the Hopfield
modified neural model in an analogue-to-digital conver-
sion circuit, as shown in Fig. 6. Synapses T are connected
between the neuron’s input u; and neuron’s output V; ;..;,
the input signal x, and the reference voltage — Vx. For an
input u; greater than zero, the neuron produces an output
V;, = — Vgg, which is 1. For u; less than zero, the neuron
produces an output V; =0, which is 0. Since the input
impedance of the neuron is very large, the input u; to the
neuron can be expressed as follows:

u‘:Zj#i’njVj‘f Tax — Tai Vi
' ZT;’;‘+ Tii + Ty

Consequently, the characteristics of the neuron can be
modelled as

ZTijVj*'Txix" TeiVe >0 Vi= — Vg

2

Jj#i
Y TVi+ Tux — TeVa Ve <0 ¥, =0
i

For an N-bit neural net ADC, applying a linearly
increasing waveform from 0 V to Vj, at the input x, there
are two cases associated with the active and passive
changes in the neuron outputs, which are defined below.

4.1 Active-change case

As the voltage at the neuron input u;, which is pro-
portional to the signal input x, is larger that the thresh-
old voltage of the neuron, the neuron output changes
from ‘0’ to ‘1’ -— this is defined as the active change. For
example, as the output pattern changes from ‘0111’ to
*1000°, the third-bit output has an active change. In fact,
an active change in the ith-bit output will trigger passive
changes in the output of all less-than-ith bits. Hence, for
V; j<i = 0, the ith bit output may have an active change.
4.2 Passive-change case

An active change in one bit may trigger another bit’s
output to change from ‘I’ to ‘0’, which is defined as the
passive change for that bit. For example, as the output
pattern changes ‘0111” to ‘1000°, the zero-, first- and
second-bit outputs have passive changes triggered by the
third-bit active change. When evaluating the character-
istics of the ADC circuit, only the decisive active change
should be considered. In the following, the neuron’s 1/O
characteristics and the associated active change will be
used to derive the formula for 7;;, T,;, Tg;.

First, consider the first active change for each bit. For
the zero bit, as x reaches A, which is defined as V},/2%, the
output pattern will change from ‘0000’ to ‘0001’. In this
case, Tz, Vgx = T,ocA. For the first bit, as x = 2A, the
output changes from ‘0010’ to ‘0011". Under this situ-
ation, Ty Vag + Tr,Vr = T,; 2A. For the second bit, as
x is 4A, the output switches from ‘0011’ to ‘0100, and
Y <2 Ta; Vs + Tz Va = To3 4A. Similarly, we may obtain
the formula for the ith bit, as follows:

Z 7;’1' VBB + TR.‘ VR = ’RiziA (%)
j<i
Now, consider the active changes after the first change

for each bit. For the zero bit at the second active change,
as x reaches 3A, the output pattern changes from ‘0010’
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to ‘0011°. Now the characteristic equation is as follows:
Ty, Ve + Tro Vx = T,0 3A, which can be rearranged:

Tor Vg = Too2A 4

At the third active change, as x = 5A, the output changes
from ‘0100 to ‘0101". Consequently, Ty, Vg + Tro Vi =

T.0 5A, which can be further rearranged to give
Ty, Vag = To4A (%)

At the fourth change, since x = 7A, the output switches
from ‘0110’ to ‘0111°, and (T, + Ty)Vas + Tro Ve =

Assuming that for j < iT;; = (1/ V) T4 2A,

1 -1 1 .
STy - T,AY 2 = T,AR — 1) (10)
j=i Vs j=0 Vs
To = [Tu2A — T,AQ — 1)] (11
VR
Further assuming that T;=T;, (1/Vap)Tu2A=

(1/Vpp)T,;2'A. Consequently, 7,2/ = T,;2" and T,; = K2'.
So, we have derived the following formulas:

T.o 7A, which is (Ty; + Ty2)Vss = Teo 6A. Note that this r—cXa (12)
equation can be derived from the last two equations. = Vy
Consequently, we may obtain the following formula: :
TojVes = To2A j#0 (6) T;=C—— 2
Based on the formula for the zero bit, the formula for e
other bits at each active change can be obtained. T..—C 1 2i
. Ri —
TiVes = Ta2A j>i ™ Vx
Therefore where Vg is the swing of the neuron output, Vy is the
. swing of the input x, and N is the number of bits.
— i With a 5§ V supply connected to all gates, the synapse
Ty = — A — " .
B v |:T"'2A ]Z:iT” szjl ® circuits can be programmed by properly choosing the
W/L ratios for their specified T. Fig. 7 shows the layout
= 1 T YA j>i 9) of the synapses array based on a 2 um, l-layer metal,
T Vs 1-layer polysilicon, N-well CMOS process, for the ADC
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Fig. 7 Layout of the synapse array for the ADC using adaptive neural net
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using adaptive neural net. The T;; synapses are permuted
vertically from left to right, followed by the Tg; synapses
and the T; synapses. Power supplies for Vg5 and Vj,,, are
connected from the bottom right. Inputs to the synapses

Voo

Yes 1 1

[ —= Vour

are from neuron outputs V,, V;, V, and V; at left. The
outputs of the synapse array are u,, u,, 4, and u;, at the
right. Input signal x and reference voltage — Vy are also
from the right. The hatch area shows the polysilicon
layer, which is used for gates of the synapses and cross-
overs. The synapase array occupies a silicon area of
140 ym x 140 um. The overall layout of the synapse
array is simple and efficient, which shows the strength of
the 1T synapse circuit for neural net VLSL

The neuron performing a sigmoid function with a
large gain is realised by the CMOS operational amplifier,
with an output stage serving as a level shifter and an
output drive, as shown in Fig. 8a. The small signal DC
gain of the neuron circuit is about 3000, which is high
enough that the energy maxima and minima locate at the
corners of the hypercube where all the neuron outputs
are ‘0 and ‘I’ exactly [13]. The compensation capacitor
Cc of 29 pF is used to provide a stable frequency
response. The unity gain bandwidth is about 1 MHz. Fig.
8b shows the layout of the neuron circuit. It occupies a

Vss silicon area of 200 yum x 240 um. The power dissipation
a of the neuron circuit is about 2 mW. Owing to the varia-
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Fig. 8  Neuron circuit

a diagram
b layout
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tions during the fabrication process, the neuron circuit
may have an unpredictable, nonzero threshold voltage,
whose effects can be removed by adjusting the weights of
the synapses connected between the input of the neuron
and the reference voltage — Vg, controlled by the adapt-
ive circuit during the adaptation period [14, 15].

Fig. 9 shows the transients of the ADC with the adapt-
ive 1T synapse circuit during the training period. As
shown in Fig. 9, initially, the synapse weights are set at
3 V. When the adaptation is on, switches SW,—SW, are
closed, and a repetitive training pattern of a linearly
increasing waveform is imposed at the input x. The
adaptive strategy used here is to adjust the Tg; of four
bits, such that the nonideal effects associated with the
neuron circuits can be reduced and the ADC character-
istics for the overall input swing can be optimised. After
four repetitions of the input pattern, the four weights
associated with synapses T, T,;, T, and T, converge
to their final values. Then, switches SW,-SW, are
opened, and the A/D converter begins to work with the
adapted conductances stored in the capacitors Cy—C;.
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Fig. 9  Transients of the ADC with the adaptive synapse circuit during

the training period

weight waveform
- - —— input waveform

Together with the 1T synapse circuits, the analogue
adaptive feedback circuits have been used to compensate
for the nonzero thresholds associated with the synapses
and the neurons.

Fig. 10 shows the DC performance of the ADC with
the adaptive 1T synapse circuit. Fig. 10a shows the
neuron output voltages (V,, V|, V,) against input (x)
curves at DC for output swings from 0 to —5 V and from
0 to —1V, respectively. The resolution of the A/D con-
verter, with the analogue adaptive circuit within the input
dynamic range (0-4 V), is much more uniform than the
ADC without it. Fig. 10b shows the binary values of
neuron outputs against input (x) curves, with and
without the analogue adaptive feedback circuit. Without
the adaptive feedback circuit, the 4-bit ADC with the 1T
synapse circuits shows an unacceptable performance.
With the adaptive feedback, the I/O transfer curve is
linear.

So far, the adaptation of synapses for removing the
nonzero neuron offsets has been considered. In fact, the
nonlinearity in the conductance of the MOS transistor
and the nonideal neuron outputs, which affect the T;;,
synapses can be critical in the performance of the neural
nets, too. Consequently, the T;; synopses need also to be
trained individually. We may expand the adaptation
period to cover the individual training of every synapses,
other than offset correction related synapses.
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Fig. 10 DC performance of the ADC

a neuron output voltage (V,, V;, V,) against input voltage x

b binary values of neuron outputs against input (x) curves of the ADC, with and
without the analogue adaptive circuit
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5 Conclusion

The 1T synapse circuits with an adaptive feedback, which
are more efficient for VLSI implementation of adaptive
neural networks, have been described. The versatilities of
using 1T synapse circuits with the adaptive feedback
have been demonstrated by the 4-bit analogue-to-digital
converter circuit.
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