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Abstract—Classification of data finds applications in various
engineering and scientific problems. When real-time operation
is desired, hardware solutions tend to be more amenable as
compared to algorithmic/heuristic solutions. This paper presents
a novel current-mode dual-threshold neuron designed and im-
plemented at 32nm CMOS technology node. Subsequently, a
current-mode double-threshold classifier is presented which is
capable of classifying input patterns of non-linearly separable
problems. Thereafter, application of the current-mode dual-
threshold neuron in the realization of the XOR function using
only a single neural unit is discussed. The proposed neuron as well
as both the applications discussed are capable of operating from
sub-1V power supplies. Computer simulations using HSPICE
yield promising results with the values of delay and power
consumption estimated to be lower than existing circuits.
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I. INTRODUCTION

Pattern classification, which is essentially the partitioning of
a ‘feature-space’ into class-labeled decision regions, has far-
reaching applications in engineering, medicine, science, and
business. Typical examples include fingerprint identification,
voice recognition, and optical character recognition (OCR),
biomedical waveform classification, DNA sequence identifi-
cation, and PCB inspection. Several algorithms and hardware
solutions to the pattern classification problem have been pre-
sented over the past [1]–[16]. When the performance criterion
is the ability to operate in a real-time environment with
minimal resources, dedicated hardware tends to outperform
software since the latter is sequential in nature. While opting
for the speed benefit of hardware realizations, a designer has
the choice of purely analog, fully digital, and mixed-mode
implementations. Amongst these, analog implementations has
been found to offer several advantages compared to digital
ones [17]–[20].

One particular class of dynamic circuits, which has the
inherent benefits of massively parallel processing, is the Ar-
tificial Neural Networks (ANNs). Such human-brain inspired
circuits have been applied to solve a multitude of computa-
tionally intensive problems viz. pattern recognition, prediction,
associate memory and control [21], [22]. In the context of

pattern classification problems, such biological-neural-network
inspired approaches appear to yield better results due to the
fact that although conventional computers are suitable for pro-
cessing numeric and symbolic computations, the human brain
has the ability to process perceptual tasks in a more efficient
manner [21], [23]. Analog implementations of ANNs can be
designed in voltage or current mode. Current-mode circuits
have larger dynamic range, wider bandwidth, ability to operate
from lower supply voltages, improved linearity, higher speed
and lower power consumption when compared to voltage
mode implementations [24]–[26]. In such circuits, currents can
be added simply by connecting current input/output terminals
of the blocks without requiring the use of extra active elements
(such as operational amplifiers. etc.) as are typically needed
in voltage-mode adders [27], [28]. Classifier circuits designed
using current-mode approaches are proposed in [4]–[7] based
on threshold circuits and Euclidean distance calculator based
circuit in [16] for template matching applications. For pattern
recognition applications, mixed mode (voltage and current
modes together) circuits are presented in [8]–[14]. A current-
mode radial basis function based classifier is proposed in [15].

In this paper, a simple current mode double threshold
classifier circuit is being introduced, which can play a role of
double threshold neuron in neural network implementations.
The double-threshold classifier circuit consists of two single
threshold circuits combined together with current output stage.
The input to the classifier circuit is a sum of current coming
from other neurons through synapses. It has two thresholds,
applied in the form of currents to the two comparator circuits.
The output current is available only for desired range of
input current, which is decided by the two thresholds. An
interesting application of double threshold neuron is realized
by implementing the XOR function using only one neural unit.

This paper is organized as follows. Section-2 contains
the details of the proposed current-mode double-threshold
neuron and its use in the realization of a current-mode pattern
classifier circuit. Verification analysis using HSPICE simula-
tions are discussed in Section-3. Comparisons with existing
works are drawn in the same section. Another application of
the double-threshold neuron in the form of a single–neuron
based Exclusive-OR (XOR) gate is presented in Section-4.
Concluding remarks appear in Section-5.



Fig. 1. (a) Double threshold block diagram and (b) transfer characteristics

Fig. 2. (a) Two dimensional pattern space (b) Double threshold unit

II. DOUBLE-THRESHOLD NEURON AND CLASSIFIER

A double threshold classifier unit is a circuit that generates
output only for the desired input signal range. The output is
available if the input falls between the two thresholds of the
circuit, otherwise it is zero. The block diagram of a double
threshold unit and its transfer characteristic are shown in
Fig. 1(a) and Fig. 1(b), respectively. The input-output (I-O)
transfer characteristics shown in Fig. 1(b) can be expressed
as:

IOUT =

{
IH forITH1 < IIN < ITH2

0 otherwise
(1)

The height, horizontal position on x-axis and width and of
the transfer characteristics can be tuned independently by use
of external control currents ITH1, ITH2 and IH .

As shown in Fig. 2, the pattern space consists of two classes:
A (denoted by cross) and B (denoted by dot). In order to
fully separate these two classes, two separate parallel lines
are drawn as shown in figure. The equation of these lines is
given as: [

w1 w2

w1 w2

] [
x1
x2

]
=

[
a
b

]
(2)

To solve the classification problem with double threshold
unit shown in Fig. 2, both inputs x1 and x2 are multiplied by
their corresponding weights w1 and w2. The resultant of each
product is then applied at the input of the double threshold
unit in the form of currents. The constants ‘a’ and ‘b’ in (2)
are the thresholds and represented in the form of currents as
ITH1 and ITH2.

The proposed double threshold circuit is shown in Fig. 3,
where the transistors M1 −M8 and M9 −M14 constitute two
threshold circuits, respectively. These are current comparator
units based on flipped voltage follower based current mirrors

TABLE I
ASPECT RATIOS OF TRANSISTORS FOR PROPOSED DOUBLE THRESHOLD

CIRCUIT AT 32 NM TECHNOLOGY

[29]–[31]. Transistors M15 −M18 provide the output current
(IOUT ) equal to IH . Transistors M2, M4, M6 and M11 are
used to apply the input current to both the threshold circuits.
The height, the width, and the horizontal position of the
transfer characteristics can be adjusted by control currents
ITH1, ITH2 and IH . ITH1 is the threshold value for the first
current comparator unit. When the input current IIN is greater
than ITH1, the drain voltage of M4 is approximately equal to
VSS . The gate of M15 is connected to drain of M4, thus it
becomes off and the current IH flows through transistor M17,
so the output current in transistor M18 is equal to IH due
to current mirroring action of transistor M17 and M18. When
the input current IIN is smaller than ITH1, the drain voltage
of M4 is approximately equal to VDD. Due to this, transistor
M15 becomes on and the whole current IH flows through it,
so the output current in transistor M18 is equal to zero due
to current mirroring action of transistor M17 and M18. For
the case when the input current IIN is greater than ITH2,
the drain voltage of transistor M14 is approximately equal to
VDD. The gate of M16 is connected to drain of M14, thus
it becomes on and the current IH flows through it, so the
output current in M18 is zero. When the input current IIN is
smaller than ITH2, the drain voltage of M14 is approximately
equal to VSS . Due to this, transistor M16 becomes off and the
whole current IH flows through M17, so the output current
in transistor M18 is equal to IH . Thus, the input-output (I/O)
transfer characteristics can be expressed as:

IOUT =

{
IH forITH1 < IIN < ITH2

0 otherwise
(3)

III. DESIGN AND SIMULATION

The performance of the proposed double threshold circuit
at 32 nm CMOS technology with supply voltages ±0.9 V is
simulated using the HSPICE simulation program. The circuit
has been simulated using PTM CMOS 32 nm process model
parameters. Table I gives the aspect ratios of proposed double
threshold circuit of Fig. 4 designed at ±0.9 V supplies with
32 nm CMOS technology.



Fig. 3. Proposed CMOS Implementation of a Double Threshold Neuron

TABLE II
COMPARISON OF CLASSIFIER CIRCUITS

Fig. 4. Simulated input-output characteristics of proposed double threshold
circuit for 32 nm technology

Simulation result of the proposed double threshold circuit
shown in Fig. 3 is given in Fig. 4 and Fig. 5. The control
currents selected are ITH1 = 50 µA, ITH2 = 80 µA and IH =

Fig. 5. Delay response of proposed double threshold circuit for 32 nm
technology

100 µA. The power consumption and the delay are 419.88µW
and 0.625ns respectively.

The classifier circuits in [4], [5], [8], [12], [15], [16], [27],
and this proposal are compared from technology parameters,



power consumption, supply voltage, response time and power-
delay product point of views in Table II. The power consump-
tion and response time of the circuit in [27] and proposed one,
given in Table II, are obtained for I1 = 50 µA, I2 = 80 µA,
and IH = 100 µA. It may be noted that smaller choices of
these currents are expected to yield much less consumption.
However, to have a meaningful comparison with the most
recent classifier presented in [27], the proposed circuit is
designed and simulated with the same supply voltages, control
currents and technology values given in [27].

IV. XOR APPLICATION

A single neuron cannot classify input patterns that are not
linearly separable. However, non-linearly separable patterns
are of common occurrence. An example of a task that cannot
be solved with a perceptron (i.e. non-linearly separable) is the
exclusive-or (XOR) problem [32] shown in Fig. 6. Using the
idea given in Section-I, we can use a double threshold circuit
to solve XOR problem. Such a device is shown in Fig. 7.

Fig. 6. A classification problem (XOR) that is not linearly separable

Fig. 7. A double threshold circuit that solves the XOR problem

As shown in Fig. 7, inputs x1 and x2 are applied to the
circuit in the form of current. ITH1 and ITH2 are the two
thresholds; each threshold is a constant term of (1) separating
the two regions. For ease of convenience, weights w1 and w2

in (1) can be taken unity. In case of XOR, the output is ‘0’
when both inputs are equal, while ‘1’ when both inputs are
different. Let say Input ‘0’ is represented by a current of 0
µA and ‘1’ by current of 75 µA. Hence, the first threshold
(ITH1) should be less than 75 µA, let say ITH1 = 50 µA.
When both input are simultaneously ‘1’ output is ‘0’, then

Fig. 8. Time response of XOR problem implemented in double threshold
circuit

second threshold can be chosen less than 150 µA (for both
high inputs, resultant current at the input is twice of 75 µA),
lets say ITH2 = 100 µA. The result of the simulation is shown
in Fig. 8, in which output ‘1’ is represented by current of 10
µA and ‘0’ by 0 µA.

V. CONCLUSION

A current mode double threshold neural classifier circuit has
been proposed that can be used as a double threshold neuron
in neural network implementations. This circuit is based on
two flipped-voltage follower (FVF) based current comparators.
It is able to operate at low supply voltages. The proposed
classifier circuit classifies data separable by hyper-planes.
The performance of the proposed circuit has been verified
with HSPICE simulation tool. The given XOR application
illustrates that this circuit can function as a classifier. The
circuits reported in literature are not suitable for low supply
voltages and not able to provide optimum delay along with
low power consumption. The proposed circuit operates at low
supply voltages and provides low delay-power product. Hence
it is suitable for real-time neural application.
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