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Abstract — This paper presents an analog integrated
circuit implementation of a cortical neuron model that
produces different spiking patterns with biological plausible
spike shape. The circuit mimics the behaviour of known
classes of cortical neurons: regular spiking (RS), fast spiking
(FS) and chattering (CH). Operation of circuit and its
simulation results for 180 nm CMOS technology with very
low power consumption is presented in this paper. The
models of various cortical neuron type are obtained in a
single circuit through the adjustment of two biasing voltages,
making the circuit suitable for applications in re-
configurable neuromorphic devices that implement
biologically plausible spiking neural network.
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I. INTRODUCTION

There is a growing interest in spike-based neural
networks using approaches inspired by neurobiology, as
they appear to provide promising solution to a variety of
complex problems, some of which might be beyond the
capacity of most powerful computers. Hence the design,
simulation and fabrication of spiking neural network VLSI
(Very Large Scale Integration)circuit have attracted
increasing research interest [1]–[5].Cortical microcircuits
are capable of performing sophisticated information
processing, handling high computational through put of
sensory perceptions, cognitive processes, control and
decision making with very low energy consumption.
Neuron is the basic component of this cortical microcircuit
which exactly mimics the operation of biological neuron
with very low power consumption is the subject of
ongoing research interest [6], [7]. Many of the model
exhibits one spiking behaviour only or they may consume
more number of transistors and power, so this might be not
adequate for the development of truly large-scale,
distributed, massively parallel networks of VLSI circuitry
which would be capable of imitating the processing of
human nervous system, as approximately 90%of the
cortex is made of nonlinear oscillatory neurons rather than
simple or single spiking pattern. Therefore attention of
researchers has focused on implementing simple neuron
circuit that are capable of providing different types of
cortical spiking behaviour by utilizing as few transistors as

possible to enable integration of large number of cells in a
single chip with low power consumption.

Circuit implementing conductance-based neuron
model[8], [9], resonate and fire model [10], Hindmarsh-
Rose neuron model [11], Morris-Licar model [12], Fitz
Hugh-Nagumoneuron model [13], integrate and fire
neuron model [14], [15]consumes large number of
transistors i.e. 20 or more than 20.Also all this models do
not produce accurate shape of the spikes generated by
biological neuron and are not capable of producing
different type of cortical spiking behaviour in single
circuit with tuneable parameters.

This paper presents the simple CMOS neuron circuit
model. The work published by Wijekoon and Dudek [7]
which uses14 transistor to design a neuron model is
modified by changing certain parameters and the model
uses 15 transistor. The circuit is capable of producing
variety of spiking patterns with spike frequency
adaptation.

II. NEURON CIRCUITRY

Fig.1. Proposed circuit for cortical neuron

The proposed circuit is loosely based on the Izhikevich
mathematical neuron model [16], which uses two
differential equations and a reset mechanism to generate
the required oscillatory behaviour. The required non-linear
oscillatory behaviour is achieved using differential
equations of two state variables and a separate after-spike
reset mechanism. Our aim is to provide a similar,
biologically plausible spike shape, using the simplest
possible circuitry of the analog VLSI implementation. The
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basic form of the model formulated by Izhikevich [16]was
retained, but the non-linear functions readily available as
device characteristics was used for implementation.

The implemented model consists of two state variables
represented by voltages across capacitors and , One
corresponds to the membrane potential (V) and other
corresponds to the slow variable (U). These two state
variables were used to obtain a variety of bursting and
spiking neuron behaviours achieved by controlling two
parameters and , i.e., voltages at nodes c and d.

The circuit comprises of 3 functional blocks. The
excitatory membrane potential building and its resetting
circuitry, the slow variable building and its resetting
circuitry and the comparator circuitry.
A. Membrane circuit

Fig.2. Membrane potential circuit

Fig. 2 illustrate the membrane potential circuit. Voltage
V is achieved by integration of 3 currents, they are:
1) Current provided by post synaptic input current.
2) Current provided by transistor which act as positive

feedback to generate spike.
3) Negative leakage current through mostlycontrolled

by slow variable U.

Once membrane potential reaches a threshold , spike
was generated. Simultaneously reset pulse was generated
by comparator with some delay, which resets the
membrane potential through the transistor to a value
set by voltage .
B. Slow Variable circuit

The slow variable potential circuit is shown in Fig. 3
Voltage U is achieved by integration (on the
capacitor ) of thecurrent provided by , minus the
current drawn by .

The capacitance value of is selected as larger than
thatof , which ensures that potential U will vary more
slowly than V. During the membrane potential spike the

comparator output generates a pulse; as a result the slow
variable potential was incremented by an extra amount of
charge through M8. The amount of increment is
determined by the voltage asshown in Fig. 4.

Fig.3. Slow variable circuit

Fig.4. Example waveform of input current, slow variable
(U), the reset pulses ( and ) and membrane potential

(V).

Fig.5. Comparator circuit
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C. Comparator circuit
The comparator circuit is shown in Fig. 5 When the

membrane potential increases above (spike detection
threshold) voltage at was decreased and was
increased, thusreset signals were generated. Once was
increased, themembrane potential was reset to which is
lower than . Consequently, voltages and return to
their restingvoltage level, completing reset pulses. The
transistor increases the comparator current during the
spike, providingthe required amplitude and duration of the
reset pulse .

III. CIRCUIT OPERATION

A post synaptic current step of 0.1 µA was applied to
circuit shown in Fig. 1. Initially the membrane potential
was increased at a higher rate than that of the slow
variable potential. At first it increased due to the input
current, but beyond a certain value the circuit’s positive
feedback resulted in the rapid increase of the membrane
potential producing the rising edge of the spike. Resetting
circuitry was activated when comparator detects that the
membrane potential reached the spike detection threshold

. The membrane potential reaches its maximum value
before the reset pulse discharges the membrane to its
resetting voltage, completing the one cycle of spike
generation.

The membrane starts increasing its potential again,
repeating the dynamics of voltage building and resetting.
Each spike also increases the slow variable potential U and
this increase in voltage occurs as long as the supra-
threshold current is sustained and the overall dynamics
produce particular spiking pattern.

IV. SIMULATION RESULTS

The circuit has been simulated in virtuoso
(version6.1.5) using standard 0.18 µm CMOS technology
parameters. The simulation results presented below were
taken from a single neuron cell. The cadence simulation of
the circuit illustrate various types of cortical neuron firing
patterns were obtain by changing the value of voltage
and .

Fig. 6 shows different responses of the circuit to a
postsynaptic input current step of 0.1 µA. Values of
tuneable parameters are provided in Table I and the
constant circuit parameters are:

=2/0.9, =2/0.9, =2/0.9,
=0.7/11, =5.3/1, =0.7/9,
=1.1/10, =1.3/1, =1/3.8,
=1.8/1.3, =1/4.2,
=2.8/1.3, =2.3/3,
=2.3/3, =2/0.18,

=400 mV, =800 mV, =1.8 V.

Fig.6. Waveform of Regular spiking, Fast spiking, and
Chattering cells. Each plot shows the transient response of

proposed circuit to a 0.1 µA current step.

V. COMPARISON OF VLSI NEURONS

In order to provide a comparison between various VLSI
neuron models, the number of MOSFETs used, the
possibility of obtaining different spiking and bursting
patterns, the pattern of the spike shape as compared with
biological neurons and the power consumption of various
circuits are listed in Table II. Amongst these models, the
proposed circuit is not only the simplest, but also most
versatile in terms of its biologically plausible behaviour,
and most energy efficient. Comparison is difficult due to
absence of power consumption data in most of the
literature. From the values shown in Table II, the I and F
neuron in Indiveri [15] consume the least power, but its
frequency of spiking is 100 Hz, much lower than the MHz
spiking rate of the proposed circuit. Therefore energy per
spike should be used as a figure of merit, as it provides a
fair comparison of power consumption with respect to
neuron’s computational ability. Power consumption is
least by proposed circuit i.e. 3–5 µW.

VI. CONCLUSION

A CMOS neuron circuit, which is capable of generating
spiking and bursting firing behaviours, with a biologically
plausible spike shape is presented. The circuit behaviour
has been verified via CADENCE simulations. The single
circuit mimics most of the electrophysiological cortical
neuron types and was capable of producing a variety of
different behaviours, with diversity similar to that of real
biological neuron cells. The behaviour of this cortical
neuron cell can be adjusted using two external basing
voltages. The circuit was implemented using 15
MOSFETS only. Furthermore, the energy consumption
per spike is extremely low, making the circuit suitable for
integration in large scale massively parallel analog VLSI
systems implementing cortical microcircuits.
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patterns, the pattern of the spike shape as compared with
biological neurons and the power consumption of various
circuits are listed in Table II. Amongst these models, the
proposed circuit is not only the simplest, but also most
versatile in terms of its biologically plausible behaviour,
and most energy efficient. Comparison is difficult due to
absence of power consumption data in most of the
literature. From the values shown in Table II, the I and F
neuron in Indiveri [15] consume the least power, but its
frequency of spiking is 100 Hz, much lower than the MHz
spiking rate of the proposed circuit. Therefore energy per
spike should be used as a figure of merit, as it provides a
fair comparison of power consumption with respect to
neuron’s computational ability. Power consumption is
least by proposed circuit i.e. 3–5 µW.

VI. CONCLUSION

A CMOS neuron circuit, which is capable of generating
spiking and bursting firing behaviours, with a biologically
plausible spike shape is presented. The circuit behaviour
has been verified via CADENCE simulations. The single
circuit mimics most of the electrophysiological cortical
neuron types and was capable of producing a variety of
different behaviours, with diversity similar to that of real
biological neuron cells. The behaviour of this cortical
neuron cell can be adjusted using two external basing
voltages. The circuit was implemented using 15
MOSFETS only. Furthermore, the energy consumption
per spike is extremely low, making the circuit suitable for
integration in large scale massively parallel analog VLSI
systems implementing cortical microcircuits.
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Table I : Values for the parameter and V and V which
were used to obtain cortical neuron firing patterns shown

in Fig. 6.
Patterns Voltage Voltage

RS 330 mV 800 mV
FS 400 mV 900 mV
CH 350 mV 550 mV

Table II: Comparison of the performances of the proposed neuron circuit and other VLSI neuron models
Neuron Model No. of

transistor
used

Types of Spiking
(FS, RS, CH & IB)

Shape of
spikes

Power
(µW)

References

Conductance-based 27 – 30+ Simple spiking Good 60 Mahowald and Douglas,
(1991)

Integrate and fire 18 – 20 Simple spiking Fair 0.3 – 1.5 Indiveri, (2003)
Fitz Hugh-Nagumo 21 Oscillatory Envelope - Linares Barranco et al.,

(1991)
Morris-Lecar 22 Oscillatory Envelope - Patel and DeWeerth,

(1997)
Resonate-and-Fire 20 Oscillatory Pulse - Nakada et al., (2005)

Hindmarsh-Rose 90 Bursting (CH) Fair 163.4 Lee et al., (2004)
Compact silicon

neuron
14 All types Good 8 – 40 J.H.B.Wijekoon and

P.Dudek, (2008)
Compact and low

power silicon
neuron

15 CH
RS
FS

Good 3 – 5 Proposed circuit
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