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ABSTRACT 
In this paper the electronic circuit implementation of a fuzzy neuron model with a fuzzy Gupta integrator is presented. 
This neuron model simulates the performance and the fuzzy response of a fast-spiking biological neuron. The fuzzy 
neuron response is analyzed for two classical (non-fuzzy) input signals, the results are spike trains with relative and 
absolute refractory period and an axonal delay. A comparison between the response of the proposed fuzzy neuron 
model and the intracellular registers of biological fast-spiking cortical interneurons is made, as well as the transients 
presented at the beginning of each spike train. Also the results obtained from the electronic circuit of the fuzzy neuron 
model with the Matlab™ simulation of the mathematical model are compared. 
 
Keywords: Artificial neurons, electronic models of neurons, axonal delay, refractory period, fast spiking neuron 
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RESUMEN 
En este trabajo realizamos la implantación del circuito electrónico del modelo de una neurona con un integrador 
difuso tipo Gupta que simula el funcionamiento y obtiene una respuesta difusa de una neurona de espigueo rápido; 
se dan las ecuaciones del modelo de neurona difusa y se obtiene una respuesta difusa de la neurona para dos 
señales de entrada no difusas. El resultado son trenes de espigas en donde se pueden apreciar el periodo refractario 
relativo y absoluto, así como el retardo axónico. Se compara la respuesta del modelo de neurona difusa propuesto 
con registros intracelulares de interneuronas corticales de espigueo rápido biológicas, así como del transitorio que 
presentan al inicio de cada tren de espigas. También se comparan los resultados obtenidos del circuito electrónico 
del modelo de neurona difusa con la simulación del modelo matemático de la neurona difusa en Matlab™. 
 

 
1. Introduction 
 
In the development of artificial neurons, two 
main research tendencies can be 
distinguished: one of them is based on the 
classical logic and the other on the fuzzy logic. 
The first is characterized by binary truth values 
and classical logical operations used to 
describe neuronal processes in the classical 
artificial neurons [1] [2] [3] [4] [5]. On the other 
hand, the fuzzy logic developed in the last few 
decades has been another alternative for the 
modeling of artificial fuzzy neurons [6] [7] [8] 
[9]. Instead of binary truth values, they use a 
truth membership function and fuzzy logic 
operations for modeling neural processes 
producing a fuzzy response. 
 

 
 
In order to study the electrical properties, to analyze 
the electrophysiological signals and the electrical 
behavior of the motor cortical neurons like the fast 
spiking neurons, several neuron models and circuits 
[10] [11] [12] [13] [14] [15] [16] [17] have been 
developed.  Some of them have been proposed 
in order to characterize the most important biological 
neuron properties like the synaptic operation, the 
somatic aggregation operation, the non-linear 
threshold operation, the spike generation, the relative 
refractory period, the absolute refractory period and 
the axonal delay. In this way, the biological inspired 
neuron models are called neuromimes and are an 
important way to emulate and analyze the time 
characteristics of the neuron response [18], [19], [20]. 
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The fuzzy artificial neuron presented in this paper 
allows modeling processes like the refractory 
period, the axonal delay and the spikes generation 
[21] [22] [23] as well as the fast spiking neurons 
performance and analyzing the fuzzy neuron 
model response for different input signals instead 
of having to do it directly with a biological neuron, 
taking advantage of the simplicity of the digital 
processes. 
 
2. Fuzzy neuron model 
 
According to Gupta [9], the basic neuron 
operations are a synaptic operation, an 
aggregation somatic operation and a non-linear 
somatic operation with threshold. If these 
operations are fuzzy then we have a fuzzy neuron. 
The fuzzy neuron model developed in this paper is 
biologically inspired in the typical fast spiking 
neuron response specifically in the cortical 
interneurons fast spiking response. In order to 
emulate the neuronal response we propose to 
consider the synaptic weights with a unit value, the 
aggregation somatic operation to be done with a 
fuzzy Gupta Integrator based on the Gupta fuzzy 
neurons theory [9]. The non-linear somatic 
operation with threshold is done through an 
activation function with a dynamical threshold. The 
threshold of the input signal to the activation 
function is a time-varying function. Therefore, the 
dynamic threshold of the activation function has a 
membership function that assigns membership 
values to the fuzzy integral of the non-fuzzy input 
signals to the fuzzy neuron. The response of the 
activation function is a time-varying fuzzy output 
signal with pulses of constant amplitude and  
variable duration and frequency according to the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mapping done by the membership function  
threshold activation function. The fuzzy response 
of the activation function is the input signal for 
generating the spikes trains which are the fuzzy 
response of the fuzzy neuron model. 
 
Figure 1 shows the general block diagram of the 
electronic circuit for generating spikes trains; these 
are the fuzzy responses of the fuzzy neuron. The 
input signals applied to the fuzzy neuron are Vin1(t) 
and Vin2(t). These analog input signals are then 
converted into input digital signals to the fuzzy 
neuron circuit where a fuzzy integral defined by 
Gupta [9] is applied as a generalized Max operator 
or generalized fuzzy OR, with N inputs. Then the 
output signal of the fuzzy integrator enters into a step 
activation function as well as a triangular threshold 
signal Vthreshold(t) with a frequency of at least ten 
times the frequency of the input signals, this 
threshold signal is analog and is converted to digital.  
 
Once the fuzzy neuron response Vout(t) is obtained, 
a relative refractory period is applied to this signal 
and, afterwards, an axonal delay which can be 
selected between 0.1 to 1ms, later Vout(t) enters to 
an AND gate with a clock signal  Vclk(t) used for the 
A/D converters, the output signal Vtrain(t) is clock 
pulses trains with constant amplitude but each pulse 
train in width and frequency is the result of the fuzzy 
integral of the fuzzy neuron input signals and the 
non-linear somatic operation with dynamic threshold.    
     
The input signal Vtrain(t) is then applied to the spiking 
generator circuit (SGC), as indicated in Figure 1, 
where finally spikes trains are obtained, all the 
spikes are of the same amplitude and of the same 
period of a clock pulse Vclk(t). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. General block diagram of the electronic circuit for generating spikes trains similar to  
the fast spiking biological interneurons. 
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2.1 Fuzzy neuron model circuit 
 
The aggregation somatic operation for the fuzzy 
neuron model is defined as a Gupta fuzzy integrator 
(GFI) or generalized fuzzy OR of N inputs formed by 
N-1 fuzzy OR gates (Max operators) connected in 
cascade, to perform the somatic aggregation 
operation. The non-linear somatic operation with 
threshold is defined as an activation function (AF) 
with threshold and realizes the non-linear somatic 
operation with threshold which generates a fuzzy 
response of the fuzzy neuron. 
 
The spiking fuzzy neuron with a Gupta fuzzy 
integrator developed in this paper is a fuzzy 
neuron with no fuzzy inputs [9]. The dendritic input 
signals xi(t) are classic voltage signals (non fuzzy) 
standardized from 0 to 5 Volts, defined inside the 
interval [0 a 1]. The synaptic weights wi have an 
unit value, where i = 1, 2, 3, ... N and N is the 
number of dendritic inputs to the fuzzy neuron. 

 
For a fuzzy neuron with N non-fuzzy inputs, the 
synaptic weight operations are replaced by 
membership functions. Then the result of each 
synaptic operation is the assignment of a 
membership value to each dendritic input signal 
corresponding to a fuzzy set, that is, the synaptic 
operation result is a fuzzy mapping (t)vini

~ . In this 

case, if the synaptic weights (t)w sj'   are 

considered with a unit value, thus the threshold for 
the activation function is replaced by a time-
varying membership function of a dynamic 
threshold, then the result of the activation function 
is the assignment of a membership value to the 
fuzzy integral output signal corresponding to a 
fuzzy set, that is, the activation function result is a 
fuzzy mapping (t)vout

~ . 

 
The response (t)vout

~  is the somatic output signal 

of the non-linear somatic operation with threshold 
][t,  defined as a step activation function with a 

threshold signal vthreshold(t) of the aggregation 
somatic operation of the synaptic operations of the 
dendritic input signals (t)x sj'  and the synaptic 

weights (t)w sj'  , which in this case are considered 

with a unit value, and (t)vout
~  is defined by 

Equation (1). 
 

 
 
 
 
 
 
 
 
 

(1) 
 
Where (t)y~  is a fuzzy mapping of the Gupta fuzzy 

sum-integral (t)vmax
~  of the dendritic input signals 

(t)x sj'  to the fuzzy neuron after performing the 

respective synaptic operations (t)v sin'
~ . The electronic 

digital circuit of the somatic operations of the proposed 
fuzzy neuron model is given in Figure 2.   
 
 
2.2 Refractory period circuit 
 
The refractory period is the time interval after a spike 
neuron emission in which the neuron does not 
respond to any input signal [24] and [25]. In the fuzzy 
neuron the refractory period is generated from the 
pulses of the output signal Vout(t). The refractory period 
TR is implanted through an electronic circuit (Figure 3) 
which enables or disables the fuzzy neuron to respond 
to any input signal including the threshold input signal, 
that is, after a pulse in Vout(t)  is generated, a 
monostable multivibrator circuit is activated with the 
falling edge of the pulse (tRi) and generates in its 

output Q  the control signal Vine(t), a low pulse. 
 
If the electronic circuit of the fuzzy neuron is disabled 
Vine(t) = 0, it does not respond to any input signal, 

then in1V


 • Vine(t) = 0, in2V


 • Vine(t) = 0  and  

thresholdV


 + (t)Vine  = 1, therefore Vout(t) = 0 during 

the refractory period TR, where in1V


 = [Vin17, Vin16, 

Vin15, Vin14, Vin13, Vin12, Vin11, Vin10], in2V


 = [Vin27, Vin26, 

Vin25, Vin24, Vin23, Vin22, Vin21, Vin20]  and thresholdV


 = 

[Vthreshold7, Vthreshold6, Vthreshold5, Vthreshold4, Vthreshold3, 
Vthreshold2, Vthreshold1, Vthreshold0]. After this time interval 
(TR) the control signal Vine(t) returns to the normally 
high state and the fuzzy neuron is enabled again.  TR 
has a duration from 0 to 1 ms and is defined as TR = 
0.7•R•C. 
 

(t)y~

(t)v(t)v~
N

1j
MAXif0
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N
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2.3 Axonal delay circuit 
 
The axonal delay is the time in which the signal 
travels across the axon [25]. In order to produce an 
axonal delay to the fuzzy response Vout(t) of the 
fuzzy neuron, shift registers with D flip-flops (Figure 
4) were used connected in cascade. If the initial time 
is t0 = 0 s and the delay applied to Vout(t) in each flip-
flop is a 2 clock cycle, then for a clock frequency  fclk 
= 500 KHz of the signal clock Vclock(t), two clock 
cycles = 4 μs and therefore we have 10 axonal 
delays tAD1, tAD2, … tAD10, available every 100 μs. 
 

 
Figure 4. Axonal delay electronic circuit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4 Spike-generator circuit 
 
The spike-generator electronic circuit was developed 
from the fuzzy neuron response Vout(t), Figure 1. 
Based on the general block diagram in Figure 1 in 
order to obtain spikes, a logic AND gate is required 
and a spike-generator electronic circuit. For the 
signal Vtrain(t) we have Equations (2) and (3) : 

 
(t) V(t)V(t)V clockouttrain     (2) 

 
(t) V AND(t)V(t)V clockouttrain     (3) 

 
For the next stage in the spike-generator circuit 
(SGC), we propose an electronic circuit which 
converts the input signal Vtrain(t) into a bipolar square 
signal with an amplitude of  +V  to  –V . Because the 
spikes are bipolar signals, that is, with a positive and 
negative part, therefore we have Equation (4): 
 
 
                                    (4) 

 
 

Figure 3. Electronic circuit to generate a refractory period to the response of the fuzzy neuron.









reftrainsat
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where: 
+Vsat = +V (positive saturation voltage) 
-V sat = -V (negative saturation voltage) 
 
Based on the bipolar signal Vtrainbi(t), the spikes are 
obtained according to the SGC in Figure 5 which is 
defined by Equation (5): 
 
3. Results 
 
The fuzzy neuron electronic circuit as well as the 
axonal delay electronic circuit are implanted in 
Altera microcircuits, PLDs (programmable logic 
devices), of the Max 7000S EPM7128SLC84 family 
[26]. A printed circuit of the fuzzy neuron electronic 
circuit with refractory period, axonal delay and the 
spike-generator has been implemented including a 5 
VDC voltage regulator, three 8 bits A/D ADC0801 for 
the analog input signals of the fuzzy neuron. The 
printed circuit board was manufactured in the 

Laboratory of Electronics at Centro de Ciencias 
Aplicadas y Desarrollo Tecnológico of the 
Universidad Nacional Autónoma de México. 
 
In order to prove the fuzzy neuron model proposed 
in this paper, two analog sinusoidal signals Vin1(t) 
and Vin2(t)  with a frequency of 1 KHz, 5 Vpp of 
amplitude and 180° out of phase from one another, 
as shown in Figure 6, were applied. Figure 7 
illustrates the threshold triangular input signal 
Vthreshold(t) with a frequency of 10 KHz and 5 Vpp of 
amplitude. The clock signals Vclk(t) are square pulses 
with a frequency of 500 KHz and 5 Vpp of amplitude. 
The output of the fuzzy neuron Vout(t) is constituted 
by square pulses with constant amplitude, the pulse 
width and frequency are result of the fuzzy integral of 
the input signals Vin1(t) and Vin2(t), that is, Vout(t) is 
the maximum of the amplitude of the two input 
signals after the non linear somatic operation with 
threshold or activation function, Figure 7, channel 3. 
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Figure 5. Spike-generator electronic circuit. 
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Figure 6. (1) Fuzzy neuron analog input signal Vin1(t). (2) 

Fuzzy neuron analog input signal Vin2(t). 
 
 

 
 

Figure 7. (1) Fuzzy neuron analog input signal Vin1(t), (2) 
Fuzzy neuron analog input signal Vin2(t), (3) Fuzzy 

neuron digital output signal Vout(t) and (4) Fuzzy neuron 
threshold analog input signal Vthreshold(t). 

 
 
The refractory period TR where the fuzzy neuron is 
unresponsive to any input excitation signal, after a 
pulse in Vout(t) is generated, is observed in the 

oscillograms of  Figures 8 and 9. The fuzzy 
response of the fuzzy neuron model Vout(t) without 
refractory period is presented in Figure 8, and the 
output signal Vout(t) with the effect of the refractory 
period TR of approximately 0.4 ms is illustrated in 
Figure 9. 
  
The axonal delay effect on the fuzzy response Vout(t) 
of the fuzzy neuron could be observed in channels 1, 
2, 3 and 4 in the oscillogram in Figure 10 with 
different axonal delays Vout1(t), Vout2(t) and Vout3(t) 
which are shown simultaneously; in channel 1 the 
output signal Vout(t) is shown without any axonal 
delay (t0), in channel 2 Vout1(t) has an axonal delay (t0 
– tAD1) of 0.1 ms with respect to Vout(t), in channel 3 
Vout2(t) has an axonal delay (t0 – tAD2) of 0.2 ms with 
respect to Vout(t) and in channel 4 Vout3(t) has an 
axonal delay (t0 – tAD3) of 0.3 ms with respect to 
Vout(t). 
 
Although there are ten output signals parallel Vout1(t), 
Vout2(t) ... Vout10(t) with axonal delay of 0.1 to 1 ms, 
only one of these output signals Voutx(t) could be the 
input signal to the spike-generator circuit in order to 
obtain Vspike(t) spike trains consisting of action 
potentials of the same shape and duration each. 
 
 

 
 

Figure 8. (3) Activation function output signal Vout(t) 
without refractory period. 
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Figure 9. (3) Activation function output signal Vout(t) with 

a refractory period TR. 
 

 
 

Figure 10. (1) Activation function output signal Vout(t) 
without axonal delay, (2) Activation function output signal 

Vout1(t) with axonal delay of 0.1 ms, (3) Activation 
function output signal Vout2(t) with axonal delay of 0.2 
ms, (4) Activation function output signal Vout3(t) with 

axonal delay of 0.3 ms. 
 
With the purpose of simulating the performance and 
response of a fast-spiking biological neuron and 
based on the output signal Vout(t) (Figure 8), the 
signal Vtrain(t), consisting of trains of clock pulses, 
was obtained, later the signal Vtrainbi(t), consisting of 

trains of bipolar clock pulses, and finally, the output 
signal Vspike(t), consisting of spike trains as shown in 
channel 3 in Figure 11. The duration and frequency 
of these spike trains or action potentials of the same 
shape and period constitute the response of the 
fuzzy neuron model. 
 
The comparison of the initial transient envelope train 
of spikes of the fuzzy response in Figure 12 obtained 
from the fuzzy neuron model proposed in this paper, 
with the register obtained from a biological cortical 
neuron [10], confirms the biological similarity 
between the two responses.  
  
Figure 11 shows the spikes of the fuzzy response 
Vspike(t), the shape and length in each spike is the 
same, therefore, the length and frequency of the 
spike trains provides the information in the input 
signals Vin1(t) and Vin2(t) after a fuzzy process like the 
Gupta fuzzy integral and the step activation function 
with dynamic threshold,  besides the refractory 
period and the axonal delay of the fuzzy neuron 
model. The duration and frequency of the spike 
trains are the result of the fuzzy integral of the fuzzy 
neuron input signals. 
 
Also observed in Figure 11, a spike period is 2 µs, a 
period of a signal clock Vclk(t), and the minimum 
distance between two spikes is defined as the 
absolute refractory period of the spikes, this constant 
period between each spike is 1 µs considering the 
signal clock Vclk(t) frequency of 500 KHz. 
 

 
 

Figure 11. (3) Spikes of the fuzzy neuron  
response Vspike(t). 
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The fuzzy neuron response with an axonal delay 
applied (t0 - tAD1) is shown in Figure 12. It is observed 
that the spike shape is preserved even after the 
axonal delay.  Thus, this demonstrates the initial 
hypothesis of making digitally the axonal delay and 
before the spike generation, and then the information 
in the spike trains is also preserved according to the 
objective set at the beginning of this paper. 
 

 
 
Figure 12. (1) Spike train of the fuzzy neuron response 
Vspike(t). (2) Spike train of the fuzzy neuron response 

Vspike(t) with axonal delay. 
 

Also in terms of the spike shape and 
distribution (absolute refractory period) of the 
fuzzy response of the fuzzy neuron model 
proposed (Figure 11), the behavior corresponds 
to the fast spiking cortical interneurons 
according to records shown in [18]. 
 
3.1 Comparison of the results of the fuzzy 
neuron model electronic circuit with the 
simulation results of the mathematical fuzzy 
neuron model in Matlab. 
 
In order to compare the results obtained from 
the fuzzy neuron electronic circuit, a simulation 
of the mathematical fuzzy neuron model was 
made in Matlab. Figure 13 shows the input 
signals Vin1(t) and Vin2(t), the fuzzy integral 
Vmax(t), the threshold signal for the activation 
function Vthreshold(t), and the activation function 
output signal Vout(t). Figure 14 shows the output 
signal Vout(t) with a refractory period TR = 0.1 
ms where the fuzzy neuron is unresponsive to 
any excitation signal after a pulse in Vout(t) is 
generated.  
 
The digital output signal Vout(t) with four 
different axonal delays Vout1(t) with 0.1 ms, 
Vout2(t) with 0.2 ms and Vout3(t) with 0.3 ms are 
shown in Figure 15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Vin1(t) fuzzy neuron analog input signal, Vin2(t) fuzzy neuron analog input signal, Vmax(t) fuzzy 
integral of the fuzzy neuron input signals, Vthreshold(t) fuzzy neuron threshold analog input signal and Vout(t) 

activation function digital output signal. 
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Figure 16 shows the spikes of the spike trains of the 
fuzzy neuron response, the spike period is 2 µs, and 
the absolute refractory period is 1µs. The fuzzy 
neuron response Vspike(t) and the fuzzy neuron 
response with axonal delay of 0.1 ms Vspike(t – tAD1) 
are shown in Figure 17. Comparing Figures 11 and 
12, the spike shape is preserved even after the 
axonal delay process in both figures and a difference 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
between Figures 16 and 17 is the transient 
presented at the beginning of each spike train. In 
Figure 16, the transient observed is similar to the 
response of biological spiking neurons [10] and [18]. 
The same response could be obtained from a 
microcontroller, however, the mathematical model 
would be more complex and a great amount of 
memory would be required compared with the digital 
circuits used in this fuzzy neuron model. 
 
 

Figure 14. Vout(t) activation function digital output signal and Vout(t) activation function digital output 
signal with refractory period of 0.1 ms. 

Figure 15. Vout(t) activation function output signal without axonal delay, Vout1(t) activation function output 
signal with axonal delay of 0.1 ms, Vout2(t) activation function output signal with axonal delay of 0.2 ms 

and Vout3(t) activation function output signal with axonal delay of 0.3 ms. 
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Figure 16. Vspike(t) Spikes of the fuzzy neuron response. 
 

 
 

 
Figure 17. Vspike(t) Spike trains of the fuzzy neuron 

response and Vspike(t – tAD1) spike trains of the fuzzy 
neuron response with axonal delay of 0.1 ms. 

 
4. Conclusions 
 
A fuzzy neuron model is developed for the synaptic 
and somatic aggregation operations, the non-linear 
step activation function with threshold, and the 
neural features such as the refractory period and 
the axonal delay. The equations for the spike train-
generator were also given. The mathematical 
model equations and the electronic circuit 
equations for the fuzzy neuron model both 
describe the fuzzy neural processes from the 
classic analog input signals to the fuzzy neuron 
response. 
 
Comparing the fuzzy neuron model given in this 
paper with others fuzzy and non-fuzzy neuron 
models which include some of the neural features 

like the refractory period and the axonal delay, one 
of the advantages of the fuzzy neuron model is 
that the shape and length of the spike trains of the 
fuzzy response are preserved even after the effect 
of the refractory period and the axonal delay, 
because the neural somatic processes in the fuzzy 
neuron are performed in a digital way and before 
the spike generation with analog electronic circuits, 
preserving in this form not only the frequency and 
length of the spike trains but also the spike shape 
and the absolute refractory period in the fuzzy 
neuron response. 
 
The contributions in this paper are a consequence 
of the work reported in [7] and [21]. These 
contributions are the mathematical and electronic 
models of the fuzzy neuron, the neural features 
like the refractory period, the axonal delay and the 
spiking generation. Also a printed circuit of the 
fuzzy neuron model was implemented and tested 
for two classic analog input signals with a fuzzy 
neuron response as result. 
 
Another advantage of this fuzzy neuron model is 
that the neuronal processes like the refractory 
period and axonal delay are made in a digital form 
before the spiking generation. There are also ten 
digital axonal delays available in parallel for the 
output signal Vout(t).   
 
By comparing the fuzzy response of the fuzzy 
neuron model with registers and results presented 
in other studies [10] and [18] about fast spiking 
biological cortical neurons and interneurons, 
similarities were found in the electrical response in 
terms of shape, frequency and distribution of the 
spike trains obtained in the fuzzy neuron model 
developed in this work and confirming the 
hypothesis presented at the beginning in this paper. 
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