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a b s t r a c t

A simple and area-efficient differential Gaussian circuit is presented for machine learning dedicated

hardware implementations, where Gaussian functions are needed, e.g. for artificial neural networks (as

transfer function), support vector machines (as kernel function) and fuzzy logic (as membership

function). The proposed Gaussian circuit consists of only 4 transistors. Simulations in the 0.18-mm

CMOS UMC technology show that the proposed circuit is more accurate, less susceptible to the process

variations and requires less on-chip area when compared to state-of-the-art.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Many artificial intelligence (AI) and machine learning methods,
including modern classification, regression and reasoning algo-
rithms, use the Gaussian function, e.g. artificial neural networks
(as transfer function), support vector machines (as kernel function
[1]) and fuzzy logic (as membership function) [2]. Even though these
algorithms are commonly implemented in software, a dedicated
hardware implementation offers several advantages such as real-
time execution [3], implementation of very large systems consisting
of millions of nodes [4,5], massively parallel execution [6], excep-
tionally fast response, etc. An overview of the advantages of the
specialised hardware implementations can be found in [7]. In this
paper, the design of a new Gaussian circuit suitable for implementa-
tion in very-large-scale integrated circuits is investigated.

The state-of-the-art implementation of the Gaussian circuit
(named Gilbert Gaussian circuit) was recently proposed in [8]
(Fig. 1(a)). They have shown that for AI and machine learning
applications it is not needed to have the programmable sharpness
g of the Gaussian function. Instead, they control the sharpness by
scaling the circuit input voltages. This enables the use of simpler,
more accurate and robust Gaussian function circuits. This simplifi-
cation is also used in this paper, i.e. the sharpness is presumed to be
controlled by scaling the differential inputs to the Gaussian circuit.

Some Gaussian circuit implementations are not differential,
e.g. [9–12]. Differential solutions are usually more applicable in

low-power, low-voltage systems or in a very-large-scale inte-
grated circuits because they are less susceptible to noise and
external disturbances and therefore, in this paper we will focus on
the differential version of the Gaussian circuit. The discussion
about the importance of reduction of the influence of noise when
evaluating Gaussian functions can be found in [13].

There are several important factors that must be considered
when designing a Gaussian circuit:

� The circuit must be area-efficient because machine learning
algorithms, such as e.g. support vector machines can consist
of millions of kernel (Gaussian) functions. The decrease in
the Gaussian circuit cell size can significantly reduce the
overall chip area and therefore, reduce the overall cost and
increase yield.
� The circuit must be accurate. Although some inaccuracies can

be compensated by the training algorithm [8], if the circuit is
accurate, the training procedure can be simplified and the
overall accuracy is improved [14,15]. The importance of accu-
rate evaluation of the Gaussian function is analysed in [13].
� The influence of process variations must be minimal because

the training algorithms rely on the consistent shape of the
Gaussian function within the chip.

2. Circuit implementation

The proposed circuit, shown in Fig. 1(b), consists of 4 transistors.
The drain of the transistor M1 is connected to the source of the
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transistor M2, while the drain of the transistor M3 is connected to
the source of the transistor M4.

There are four distinct situations that are related to the shape
of the Gaussian function:

� When V� is low (e.g. close to 0 V) and when V þ is high (e.g.
close to power supply voltage VDD): the transistors M2 and M3
are in high impedance state and the current IOUT is approxi-
mately equal to zero.

� When V� is high (e.g. close to power supply voltage VDD) and
when V þ is low (e.g. close to 0 V): the transistors M1 and M4
are in high impedance state and the current IOUT is approxi-
mately equal to zero.
� When V� and V þ are equal (e.g. close to VDD=2) the current

IOUT has the highest value. The amplitude of IOUT can be varied
e.g. by changing the width and length of the transistors. The
circuit is designed to be used with a multiplier, as proposed in
[8], to scale the resulting Gaussian function as needed and
therefore, the most critical parameter is the accuracy of the
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Fig. 1. (a) Gilbert Gaussian circuit [8]. (b) Proposed area-efficient differential Gaussian circuit. (c) Proposed circuit output characteristics and comparison with the ideal

Gaussian function. Current source IIN is usually implemented using a current mirror. A practical way to distribute IOUT is to connect the output of the circuit (marked as the

dashed line) to a current mirror.
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