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Abstract– An electronic circuit, imitating spiking trains 
from real neurons, is described. The electronic neuron is a 
Wien-bridge based circuit with a super-linear spike 
mechanism. Numerical simulations using ELECTRONICS 
WORKBENCH and MATHEMATICA software, also hardware 
experiments have been performed. The characteristics of 
the spikes are the following: spike height is 100 mV, spike 
width is 1 ms, and interspike interval is 100 ms. 
 
1. Introduction 
 

Besides analytical and numerical studies of the 
different neuron models, efforts have been concentrated 
on designing and building electronic neurons. 
Replacement of biological neurons with electronic 
devices, governed by simple equations, can contribute to a 
better understanding of the biological effects. A large 
number of nonlinear electrical circuits imitating behavior 
of neurons have been described in the literature [1-9]. 
Among them are various modifications of the FitzHugh− 
Nagumo (FHN) electronic neurons [1-5], class−I excitable 
system exhibiting Andronov bifurcation [6], the 
Hodgkin−Huxley type [7], and the Liao's time delayed [8] 
electronic cells. Recently a network of 30 FHN coupled 
electronic neurons has been described [9]. In the most 
cases electronic neurons have been treated as formal 
imitators and no care has been taken about the scale of the 
output signals. For example, the amplitude of the pulses 
(spikes) generated by the electrical circuits is of several 
volts, the pulse interval in the spike trains ranges from 
several tens of microseconds to several tens of 
milliseconds. Indeed, this is not important when the 
electronic circuits are used to imitate dynamical behavior 
of neurons only. However, when designing and building 
various electronic controllers of the neuronal systems, e.g. 
deep brain stimulators, it is necessary to adjust them to the 
real scales. Therefore it makes sense to design electronic 
neurons, operating on the real scales, both in time and in 
amplitude domains. In this paper, we suggest an electronic 
circuit, generating spike trains with parameters close to 
those generated in the real neurons. Typical spike 
parameters observed in neurons are the following: spike 
height is about 100 mV, spike width is about 1 ms, 
interspike intervals ranges from several hundreds to 
several tens of milliseconds [10]. 

2. Circuit 
 

The oscillator is the Wien-bridge (R1C1−R2C2) based 
circuit (Fig. 1). The OA is the NE5534 type operational 
amplifier, a linear and non-inertial active device; the 
nonlinear devices D1, D2, and D3 are the SB160 type 
Schottky diodes with reverse current 2 10-7 A (at –0.5 V). 
 

 
 
Fig. 1. Circuit diagram of electronic neuron.  
 
 
3. Equations 
 

Dynamics of the circuit in Fig.1 is described by the 
following set of equations: 
 

),(

,)(

311
2

2102
2

1

1
311

2

2101
1

RDD

RDD

VfI
R

VVV
dt

dV
C

R
V

VfI
R

VVV
dt

dV
C

+
−−

=

−+
−−

=

  (1) 

 
where V1 and V2 is the voltage across the capacitor C1 and 
C2, respectively. The V0(V1) is the nonlinear output 
voltage of the operational amplifier OA (nonlinearity of 
the output is introduced by the diodes D2 and D3 inserted 
in the negative feedback loop). The ID1 is the nonlinear 
current through the diode D1, VD1R3 is the voltage across 
the series composite D1−R3.  
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We use a piecewise linear approximation of the 
nonlinear characteristics IDR = f(VDR) of the all D−R 
composites, namely D1−R3, D2−R6, and D3−R6: 
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Here V* is the breakpoint voltage and rd is the differential 
resistance of a diode. 

After introducing the following dimensionless variables 
and parameters 
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also assuming for simplicity C1=C2, a set of dimensionless 
differential equations for the circuit in Fig. 1, convenient 
for numerical simulation can be derived: 
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where the nonlinear functions are: 
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In the limit of k1→∞ (R5 >> R4) and assuming k1>>k2 
(R6 >> R4), the three-segment nonlinear output function 
g(x) can be approximated by 
 

xxkxg sgn)( 2 += .      (6) 
 
Consequently the nonlinear functions F1(x,y) and F2(x,y) 
can be simplified to: 
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In F2(x,y) we made use of the fact that the Heaviside 
function H(x,y) in our case becomes nonzero at the 
positive values of x only. Therefore, in F2(x,y) we have 
sgn x=1 and sgn x−1=0. Finally, we come to a compact set 
of differential equations: 
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The notation k = k2−1 is used here. The terms in (8), 
containing the H(u), are essentially super-linear functions. 
They approximate the exponential spike mechanism [11]. 
 
3. Numerical Results 
 
3.1. Circuit Simulation 
 

Computer simulation of the circuit in Fig. 1 was 
performed using the ELECTRONICS WORKBENCH 
PROFESSIONAL (EWB) software. The following circuit 
element values were used: R1 = 1 kΩ, R2 = 180 kΩ, 
R3 = 360 Ω, R4 = 100 Ω (adjustable), R5 = 20 kΩ, 
R6 = 100 Ω, C1 = C2 = 470 nF. Simulation with R4 = 80 Ω 
is illustrated in Fig. 2. The interspike interval T0 ≈ 100 ms. 

 
Fig. 2. Voltage V1(t) across capacitor C1 simulated by 
means of the EWB. 
 
3.2. Equation Simulation 
 

Eq.(7) were integrated by means of the MATHEMATICA 
package. The following parameters were used: V*= 0.17 V, 
R1C1 = 0.5 ms, R4 = 72 Ω, rd = 80 Ω (rd depends on 
current through the diode; here it was evaluated at an 
average current of ≈ 0.3 mA), a = 0.005, b = 2.3, k1 = 250, 
and k2 = 3.5. Result is plotted in Fig. 3. One can see, that 
the T0 ≈ 90 ms, that is by 10% shorter than in the EWB 
simulation. This can be explained by the fact, that in (5) 
we use a simplified, piecewise-linear function for the 
current through the diode-resistor composites. It includes 
two somewhat freely adjustable parameters, the voltage V* 
and the resistance rd. The latter strongly influences the 
parameters b and k2 and eventually the interval T0. 
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Fig. 3. Voltage V1(t) across capacitor C1 from (3). 
 
4. Experimental Results 
 

A snapshot of the spike train generated by the circuit 
with R4 = 72 Ω and taken from the screen of an analogue 
oscilloscope is presented in Fig. 4. Spike amplitude is 
A ≈ 100 mV, interspike interval T0 ≈ 100 ms (Fig.4a). The 
spike width T1 has been measured using faster sweep 
(0.5 ms/div.) of the oscilloscope. Half-amplitude pulse 
duration T1 ≈1 ms. The interval T0 can be tuned by means 
of the resistor R2. For example, the interval can be reduced 
from T0 ≈ 100 ms at R2 = 180 kΩ to T0 ≈ 50 ms at R2 = 
90 kΩ (Fig.4b). We note, that R4 should be slightly 
increased to keep the same amplitude of 100 mV. 
 

 
 

 
 
Fig. 4. Voltage V1(t) across capacitor C1 from hardware 
circuit. Scales: vertical 50 mV, horizontal 50 ms. 
(a) R2 = 180 kΩ, (b) R2 = 90 kΩ. 

The electronic neuron has been tested for the 
possibility to control its steady state [4, 5]. An auxiliary 
RC first order filter (R ≤ 510 Ω, C ≥ 100 µF), when 
connected to the capacitor C1, was able to suppress the 
spike trains and to stabilize an a priori unknown unstable 
non-zero steady state V10 ≈ − 0.5 mV. The non-zero value 
of the steady state in the electronic neuron appeared 
because of the unavoidable input offsets of the nonideal 
OA. 

In addition, “high frequency” periodic signals, known 
as the ‘deep brain stimulation’ (DBS) [12-14], e.g. in the 
Parkinson’s disease therapy, when applied to the capacitor 
C1, suppress the spikes (Fig. 5). 
 

 

a

 

 

b

a

 
Fig. 5. Voltage V1(t) across capacitor C1 from hardware 
circuit with the “DBS”: Ipsin(2πft); f = 100 Hz. At Ip = 0 
V1max = 100 mV, T0 = 100 ms (see Fig. 4a). Scales: vertical 
50 mV, horizontal 50 ms. (a) Ip = 0.5 µA, (b) Ip = 1.0 µA. 
 

The threshold value of the Ip, sufficient to suppress the 
spikes, depends on the frequency of perturbation (Fig. 6). 
 

 

b

 
Fig. 6. Threshold perturbation current Ith versus frequency. 
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The frequency dependence of threshold perturbation 
current is surprisingly similar to that observed in the 
therapeutic DBS, with the best suppression between 50 
and 200 Hz. We have set perturbation frequency to 100 Hz, 
exactly the same as in the Benabid’s experiment [12]. In 
addition, the sine waveform perturbation was replaced 
with periodic rectangular pulses, yielding the same effect 
of spike suppression.  
 
5. Comparison with the Ingrate-and-Fire Circuit 
 
 We note, that the one-dimensional Integrate-and-Fire 
(I&F) circuit (Fig. 7) under appropriate selection of the 
circuit parameters can exhibit similar spike trains (Fig. 8). 
 

 
 
Fig. 7. Circuit diagram of an I&F electronic neuron. S is a 
switch, controlled by voltage VC(t). 
 

 
Fig. 8. Output voltage V(t) in Fig. 7, simulated by means 
of the EWB. E = 10 V, R = 10 kΩ, C = 100 µF, R1 =12 Ω, 
R2 = 1.5 Ω. Control parameters of the switch: turn-on 
voltage 1 V, turn-off voltage 0.1 V. 
 

However, the ‘I&F’ one-dimensional electronic neuron 
allows neither stabilization of the steady state by means a 
simple first order RC filter (as described in Section 4) nor 
spike suppression by means of the “DBS”. 
 
6. Conclusions 
 

We have designed, build and investigated an electronic 
imitator of a spiking neuron. The parameters of the spike 
trains are close to those observed in real neurons [10], i.e. 
the spike height of about 100 mV, spike width is about 
1 ms, and interspike interval is about 100 ms (tunable). 
The “realistic” two-dimensional electronic imitator admits 
its control by means of a tracking RC filter [4,5] and the 
“deep brain stimulation” technique [12-14]. 
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