The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th " 08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

An Integrated Circuit Design of a Silicon Neuron and its Measurement Results

Munehisa Sekikawa,'* Takashi Kohno} and Kazuyuki Aihara'*
' Aihara Complexity Modelling Project, ERATO, JST, Japan
! Institute of Industrial Science, The University of Tokyo, Japan

Abstract

A MOSFET-based silicon neuron model and its
measurement results are described in this paper. This
model is designed based on a mathematical structure
that is characterized by phase plane analysis and bi-
furcation theory. The circuit is fabricated through
MOSIS TSMC 0.35 pum CMOS process. Measurement
results reveal that our circuit shows fundamental abil-
ities of excitable cells such as a) a resting state, b) an
action potential, c¢) a threshold, and d) a refractori-
ness.

1 Introduction

Neuromorphic engineering is a new interdisciplinary
discipline that takes inspiration from biology, physics,
mathematics, computer science, and engineering to
design artificial neural systems, such as vision sys-
tems, head-eye systems, auditory processors, and au-
tonomous robots, whose physical architecture and de-
sign principles are based on those of biological nervous
systems. Silicon neuron, which is a kind of neuromor-
phic hardware, is an electrical circuit that is designed
to reproduce various phenomena in biological neurons.
Conventionally, silicon neurons have been designed by
means of two major design principles: phenomenolog-
ical method [1, 2] and conductance-based method [3, 4].
The former principle is employed to reproduce some
phenomenological properties of biological neurons that
are specially focused on by the designers. Silicon
neurons designed in this concept can be quite com-
pact, however, it realize only some properties that are
thought to be essentially important. The latter is em-
ployed to reproduce the electrophysiological proper-
ties of biological neurons accurately. Silicon neurons
designed in this concept are expected to be able to re-
produce various phenomena observed in the biological
neurons, however, circuits tend to be complex, and it
is difficult to analyse mathematically because of the
intrinsic complexity.

Kohno and Aihara proposed a new design method-

©CISAROB 2008 477

| W [
o
o n] I I

Figure 1: Photomicrograph of prototype chip which
implements neuron circuit.

385 um

ology for silicon neurons: mathematical-model-based
method [5]-[7]. Tt allows us to reproduce mathemat-
ical structures in the biological neuron model with
silicon-friendly characteristic. In this paper, we de-
sign a silicon neuron by means of this methodology.
Phase plane analysis and bifurcation analysis allow us
to construct a biologically plausible electrical neuron
model that has a simple phase plane structure by us-
ing some electrical-device-friendly function. We de-
signed our silicon neuron using MOSFETs and some
capacitors. The circuit was fabricated through MOSIS
TSMC 0.35 pm CMOS process. The response to sin-
glet pulse stimuli reveals that our silicon neuron has
an action potential and a threshold. Moreover, a re-
fractoriness is observed when we stimulated the silicon
neuron with doublet pulse stimuli. These results con-
firm that that the silicon neuron inherits the critical
properties of biological neurons.

2 Circuit setup

Figure 1 depicts a photomicrograph of a prototype
chip in which our neuron circuit described below is im-
plemented. The circuit is fabricated through MOSIS
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Figure 2: Abstract figure of MOSFET-based silicon

neuron.

TSMC 0.35 pm CMOS process. Power supply voltages
of the chip are Vpp = 1.65 V and Vgg = —1.65 V. All
MOSFETSs of our circuit operate in the subthreshold
region and then the V-I characteristic becomes expo-

nential.
exponential characteristics of the MOSFETs.

We designed our silicon neuron taking the

Figure 2 shows an abstract figure of the silicon neu-
ron. It consists of 78 MOSFETSs and 3 capacitors. The
circuit is based on the generalized Hodgilin-Huxley for-
malism [9]. In this figure, m-block and n-block corre-
spond to fast and slow ionic currents, respectively. C,
denotes the membrane capacitance and y is the mem-

brane potential.
stimulus current Iz, .

MOSFETs Mg and My product a

The governing equations for the silicon neuron are

as follows:
Cy® = Iny(m) = In(n) = gy(y) = Lo + Lstim
Con®? = fu(y) — gm(m)
Cn?ﬁ = fn(y)_gn(n)a

(1)

where functions f.(y)’s, g«(%)’s, and IL.(x)’s are sig-

moidal curves of difference pairs:

1
fy) = Imax*1+exp( U%h*(y)
hi(y) = 51*1_6Xp( ol 6*)
1+exp( U—"T(U 5*)
iy — s (En)
e (A 00)
1
L(y) = IOT*I—&—exp( (g Iofr, ))a
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Figure 4: Schematic of (a) conductance function g, (x)
and (b) voltage-current converter I, ().

where « is the subthreshold slope factor and Uy is the
thermal voltage. Figure 3 illustrates a schematic of
function f.(y). We can change the characteristics of
this function by varying parameters eI, and Imaz,.
Figure 4 (a) and (b) illustrate a schematic of conduc-
tance function and voltage-current converter, respec-
tively. Circuit parameters, which are listed in Table 1,
are determined via phase plane analysis and bifurca-
tion analysis.

3 Experimental results

Figure 5 represents a phase plane structure of our
silicon neuron. The parameter sets for the labora-
tory experiment are listed in Table 2. The red and
green line denote n-nullcline and y-nullcline, respec-
tively. The intersection of these nullclines is equilib-
rium point. The point is stable in this parameter sets,
so our silicon neuron realize a resting state.

We present the response to singlet and doublet
pulse stimuli whether our silicon neuron has the fun-
damental abilities of excitable cells that are proposed
by Zeeman [8]. The properties are summarized as fol-
lows:

1. A stable equilibrium point of the resting state ex-
ists.
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Figure 5: Phase plane structure for Vstim = 0. Null-
clines were fitted by least square algorithm.

2. An action potential can be generated as response
to an external stimulus, and the amplitude of the
response is absolutely larger than that of the stim-
ulus.

3. A threshold of the stimulus magnitude exists for
the generation of an action potential.

4. A refractoriness exists after generation of an ac-
tion potential.

Figure 6 plots response to singlet pulse stimuli in
laboratory experiment. The width of singlet pulse
is 1.0 ms and the amplitude Vstim is varied from
0.43 V to 0.47 V. When the strength of the stimu-
lus is small, the membrane potential returns directly
to the resting state. If the strength is large enough
then an action potential is observed. This figure shows
that a threshold voltage for our silicon neuron is near
Vstim = 0.45 V.

We then analysed responses of the silicon neuron to
doublet pulse stimuli. Figure 7 shows the responses
to a pair of pulse stimuli with an interval of 10.0 ms.
The width of both pulses is 1.0 ms. The amplitude
of the first stimulus Vstim1 is 0.47 V and the second
strength Vstim?2is varied from 0.43 V to 0.47 V. When
the first amplitude and the second one is the same, the
silicon neuron is less responsive to the second stimulus.
This indicates that our silicon neuron is in a refractory
period at time is 10.0 ms.

The above-mentioned results indicate that our sili-
con neuron inherits properties, which are fundamental

©CISAROB 2008 479

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th " 08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

0.2 T T T

01f

N
ARARRN
~No bW
<<<<<

[ stimulus

-O 2 L L L L L
0 5 10 15 20 25 30

time (msec)

Figure 6: Response of MOSFET-based silicon neuron
model to singlet pulse stimuli in laboratory experi-
ment. Duration of the pulse stimuli is 1.0 ms and its
strength is varied from 0.43 V to 0.47 V.

abilities as excitable cells that Zeeman had proposed.

4 Conclusion

A MOSFET-based silicon neuron model was de-
signed via mathematical-model-based method and
fabricated through MOSIS TSMC 0.35 pm CMOS pro-
cess. It was clarified that this model satisfied the fun-
damental properties of biological neuron proposed by
Zeeman [8].
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Table 1: Circuit parameters

Elements Sizes
W/L of M; and My 4 pm/0.8 pm
W/L of M3 and My 1 pm/1 pm
W/L of M; 10 um/10 pm
Cn 0.7 pF

Ch 7.0 pF

c, 0.45 pF
W/L of Mg — My 4 pm/0.8 pm
W/L of My 10 pm/10 pm
W/L of M1 — My 4 ym/0.8 pm
W/L of M17 - M22 2 /J,Hl/08 pm
W/L of Mag 10 pm/10 pm
W/L of Mgy — My 2 ym/0.8 pm
W/L of Mag 10pm/10 pm
W/L of Mag — M3y 4 ym/0.8 pm
W/L of Mg3s 10 pm/10 pm
W/L of M36 and M37 4 ,qu/O8 pm
W/L of Mss 10 pm/10 pm

Table 2: Invariable parameter sets

Parameters Values ‘ Parameters Values
Vb 1.65V | 10z, -1.286 V
Vss -1.65 V | Iofz, 161.4 mV
VstimREG 327.5 mV | 10z, -1.296 V
V. -1.433 V | CsrVo, 783.9 mV
CsrVo,, 475.7 mV | CsrFBI, -1.449 V
CsrFBI,, -1.099 V | Csr_reg, -844.5 mV
Csr_regm, -1.158 V | 6, 0.9 mV
Om 1.0 mV | eI, -1.189 V
el -1.287 V | Voffset, 568.8 mV
Voffset,, 61.0 mV | Imax, -1.419V
Imaz,, -1.018 V | 6, 270.6 mV
O, 11.0 mV | Sz, -1.399 V
ST, -1.027 V | 0, oV
Tofz,, 134.2 mV | Sz, -1.320 V






