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Abstract. In this paper we will explain in depth how we have used Simulink 
with the addition of Xilinx System Generation to design a simulation 
framework for testing and analyzing neuro-inspired elements for spikes rate 
coded signals processing. Those elements have been designed as building 
blocks, which represent spikes processing primitives, combining them we have 
designed more complex blocks, which behaves like analog frequency filter 
using digital circuits. This kind of computation performs a massively parallel 
processing without complex hardware units. Spikes processing building blocks 
have been written in VHDL to be implemented for FPGA. Xilinx System 
Generator allows co-simulating VHDL entities together with Simulink 
components, providing an easy interface for presented building block 
simulations and analysis. 

1   Introduction 

Living beings brains allow them to interact dynamically with their environment, 
unlike robotics systems that need in best cases a controlled environment, being a great 
current challenge to improve robots adaptability and cognitive skills. Neuromorphic 
systems provide a high level of parallelism, interconnectivity, and scalability; doing 
complex processing in real time, with a good relation between quality, speed and 
resource consumption. Neuromorphic engineers work in the study, design and 
development of neuro-inspired systems developed, like aVLSI chips for sensors 
[1][2], neuro-inspired processing, filtering or learning [3][4][5][6], neuro-inspired 
control pattern generators (CPG), neuro-inspired robotics  [8][17] and so on. 
Neuromorphic engineering community grows every year as it demonstrate the success 
of the Telluride and Capocaccia Cognitive Neuromorphic workshops [9][10]. Spiking 
systems are neural models that mimic the neurons layers of the brain for processing 
purposes. Signals in spikes-domain are composed by short pulses in time, called 
spikes. Information is carried by spikes frequency or rate [11], following a Pulse 
Frequency Modulation (PFM) scheme, and also from other point of view, in the inter-
spike-time (ISI) [5]. Spikes rate coded information can be processed in a continuous 
way, without codifying information into discrete samples. Because of the simplicity 
of these models, spikes processing do not need a complex hardware to perform 
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information processing, in consequence, this hardware can be easily replicated 
performing a massively parallel information processing [13][14]. Previous work 
presented a set of components, designed as building blocks, to process spikes coded 
signals in real time, mimicking elementary analog components to design spikes filters 
equivalent to classical analog filters [18], written in VHDL to be stored in a digital 
devices like a FPGA. This way of processing spikes was previously called Spikes 
Signals Processing (SSP). This work is focused on presenting in a detailed way a 
simulation framework to test, measure and analyze SSP building blocks behavior. 
MATLAB with Simulink provides a good set of tools for simulating almost 
everything, so they are ideal for simulating our SSP blocks. However we need to 
simulate together VHDL components with Simulink blocks, for this purpose Xilinx 
provides a MATLAB toolkit (Xilinx System Generator) that allows the desired kind 
of simulation and many other things. 

2   Simulation FrameWork 

Simulation framework has two levels: 

a) Lowest level is composed by a Simulink simulation model, which will
contain SSP VHDL components and also Simulink ideal elements.

b) A MATLAB script is located in the highest level, this script will set up the
component that will be simulated with its parameters. This script will also
launch the simulation within, and after simulations it will reconstruct and
analyze the spikes from the SSP VHDL components.

Figure 1 a) shows Simulink model, this model contains source stimulus, VHDL 
components. Stimulus signal is applied to a Synthetic Spikes Generator (this 
component will be the first studied in next section), which is used to convert Simulink 
signals to spikes. Those spikes will be processed by a SSP component (figure center). 
Each SSP component has its own set of parameters, which will be set up using 
constant blocks. Processed spikes (simulation outputs) will be monitored and 
analyzed by two Simulink components (Scope and a link to MATLAB workspace 
respectively). At figure bottom, it has been placed a set of Simulink elements that will 
perform the same processing to stimulus signal, but with continuous elements 
(without spikes), as S domain transfer functions. Ideal components will allow us to 
compare each SSP responses with their ideal equivalents. So for simulating any 
designed SSP component we only have to change the component under test, its 
parameters and its ideal transfer function, and we will be ready to simulate and to 
analyze exhaustively its behavior. Simulations of the Simulink model are managed by 
a high level MATLAB script. Figure 1 b) shows the flow chart of this script. First, it 
will set up simulation elements and parameters, then, it will launch the simulation, 
next, it will reconstruct output simulation spikes, and finally output analysis will be 
performed. Simulation output should be spikes fired by the simulated SSP blocks in 
time, which are a stream of short pulses. To analyze them it is necessary to transform 
output spikes to discrete numbers. For this task we have written in MATLAB a 
function that takes spikes output from simulation and returns a vector with the spikes 
average frequency for a fixed period of time (sample time). Sample time represents 
the number of clock cycles to measure average spikes frequency. The strategy 



followed is to count the number of spikes fired during the sample time, being the 
average spikes rate the number of counted spikes divided by the sample time and the 
clock frequency used in simulations for VHDL components. Once spikes are 
converted to discrete numbers, we are ready to analyze simulation results.  

Fig. 1. A) Simulation scenario designed for spikes processing components testing. B) 
MATLAB script for simulation managing. 

3   Building Blocks for SSP 

In this section we make a brief introduction to SSP building blocks already presented 
in [18]. Then we show and comment simulations made for those SSP components in a 
detailed way. SSP components have been designed using four basic building blocks, 
and finally all of them can be combined for implementing, for example, a spike-based 
low pass filters. 

3.1   Synthetic Spikes Generator (RB-SSG) 

A Synthetic Spikes Generator (SSG) will transform a digital word (SSG input) into a 
frequency rate of spikes (SSG output). This element is necessary in those scenarios 
where is needed to transform digital signals to spikes, as commented before about 
Simulink source signals.  There are several ways to design SSGs as presented in [15], 
selected SSG implements the reverse bitwise method found detailed in [16] for 
synthetic AER images generation.  Figure 2 shows the internal components of the 
Reverse Bitwise SSG (RB-SSG) implemented. Since a reference or an analog signal 
can be negative, it is necessary to generate positive and negatives spikes. RB-SSG 
gain (kBWSpikesGen) can be calculated as follows: ݇஻ௐௌ௣௜௞௘௦ீ௘௡ ൌ ܦܨ஼௅௄2ேିଵሺ݃݁݊ܨ ൅ 1ሻ (1)

Where Fclk represents system clock frequency, N the RB-SSG bits length, and genFD 
clock frequency divider value. RB-SSG has been the first element simulated, to verify 
(1) and its right behavior. Figure 2 b) bottom shows RB-SSG output spikes in time,
and at top we can find spikes reconstructed frequency and theoretical value. Input
stimulus signal from Simulink is a 2kHz sine, in consequence, RB-SSG output spikes



rate starts to increase, until input signal reach its maximum value. From that moment, 
input signal starts to decrease, as output spikes rate, crossing 0 and changing of sign. 
Output spikes also changes its sing, observing negatives spikes, although spikes if 
different signs are fired by different signals, from the point of view of MATLAB 
workspace, positive spikes are represented by ‘1’, negative ones by ‘-1’, and the 
absence of spikes by a ‘0’.  

Fig. 2. A) Reverse Bitwise Synthetic Spikes Generator block diagram. B) RB-SSG output and 
reconstructed spikes rate, for sinusoidal input RB-SSG Simulation Parameters. 

3.2   Spikes Integrate and Generate (SI&G) 

Spikes Integrate & Generate (SI&G) is composed by a spikes counter, and by a RB-
SSG, as showed in Figure 3 a). Spikes counter is a digital counter that is increased by 
one when a positive spike is received, and its value is decreased by one with a 
negative spike. Counter output is the RB-SSG input. Therefore, new spikes generated 
have a frequency proportional to spikes integration. The SI&G gain is set by RB-SSG 
parameters.  With these considerations, SI&G spikes output frequency, fI&G, and 
SI&G gain, kSI&G, can be expressed as: 

ௌ݂ூ &ீ ൌ ݇ௌூ&ீ כ න ௜݂௡௣௨௧ௌ௣௜௞௘௦݀ݐ ൌ ܦܨ஼௅௄2ேିଵሺ݃݁݊ܨ ൅ 1ሻ න ௜݂௡௣௨௧ௌ௣௜௞௘௦݀(2) ݐ

Fig. 3. A) Spikes Integrate & Generate block diagram. B) SI&G simulation output spikes rate 
reconstructed, top, and input/output spikes, bottom. 
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Similarly to analog systems, we can calculate equivalent SI&G transfer function in 
“spikes-domain” using Laplace transform. SI&G transfer function is presented in (2), 
being equivalent to an ideal integrator with a gain of kI&G. ܵܩ&ܫሺݏሻ ൌ ீ& ௌூܨ ሺݏሻܨ௜௡௣௨௧ௌ௣௜௞௘௦ሺݏሻ ൌ ݇ௌூ&ீݏ ൌ ܦܨ஼௅௄2ேିଵሺ݃݁݊ܨ ൅ 1ሻ כ (3) ݏ

For SI&G testing purpose we have executed a set of simulations for different pairs of 
parameters, in Table 1, and a constant rate of input spikes. Figure 4 b) shows SI&G 
temporal simulation results, at figure top is represented the frequency of input spikes 
in blue (a step signal), and three SI&G frequency output spikes couples for different 
parameters. These couples are composed by simulated reconstructed output (solid 
line) and theoretical response (discontinuous line). At figure bottom we can see SI&G 
inputs spikes in blue, and also SI&G output spikes in green. Input spikes represent a 
step signal, having a constant spike rate, SI&G output spikes have a constant linear 
frequency increasing when input spikes are positives, like a ramp, with a slope 
equivalent to kSI&G, and also decreasing output spikes frequency with negative spikes, 
as expected from an ideal analog integrator with same features. Simulations also 
denoted a good accuracy with theoretical responses. 

Table 1. SI&G Simulation Parameters 

Sim. Case N (Bits) - genFD kSI&G 
1 13 - 0 12.207*103

2 14 – 1 3.052*103 
3 16 – 0 1.526*103 

3.3   Spikes Hold&Fire (SH&F) 

This block performs the subtraction between two spikes stream. SH&F will allow us 
to implement feedback in the SI&G block, obtaining new transfer functions. Subtracts 
a spikes input signals (fU) to another (fY), means to get a new spikes signal which 
spike rate (fSH&F) will be the difference between both inputs spikes rate: 

ௌ݂ு&ி ൌ ௎݂ െ ௒݂ (4)

The procedure of the SH&F is to hold the incoming spikes a fixed period of time 
while monitoring the input evolution to decide output spikes: holding, canceling, or 
firing spikes according to input spikes ports and sign. This block has been 
successfully used previously to design spike-based closed-loop control systems in 
mobile robots by authors [17][18]. And will be used later to feedback the SI&G to 
design spikes filters [18]. Figure 4 contains simulation results, SH&F has been 
excited with two saw tooth signals with different amplitude and sign. At simulation 
begin input spikes has opposed sign, in consequence output spikes frequency is the 
addition of inputs spikes frequency. When input spikes frequency is the same, there is 
no output spikes, with a frequency of 0. Finally, in the case that both inputs spikes 
have the same sign, SH&F output spikes are the difference between both signals, 
performing perfectly the subtraction operation.  



3.4   Spikes Frequency Divider (SFD) 

This block will divide the spike rate of an input signal by a constant. To ensure spikes 
distribution we have implemented this block inspired in the way that RB-SSG works. 
Figure 5 shows SFD internal components. In SFD spikesDiv behaves like the constant 
to divide. Output buffers only enable output spikes according spikesDiv 
homogenously in time. SFD transfer function can be calculated using (5), where N 
represents the SFD number of bits, and spikesDiv the signal presented before. SFD 
transfer function is equivalent to a gain block with a value in the range of [0, 1], with 
2N possible steps. SFD accuracy can also be adjusted with N (N=16 bits in Fig.5) 
getting an accuracy of 2-N.  ݇ௌி஽ ൌ ௜௡௣௨௧ௌ௣௜௞௘௦ܨ௢௨௧ௌ௣௜௞௘௦ܨ ൌ 2ேݒ݅ܦݏ݁݇݅݌ݏ (5)

Fig. 4. Spike Hold&Fire temporal simulations Fig. 5. Spikes Frequency Divider internal 
components 

3.5   Spikes Low-Pass Filter (SLPF) 

As analog frequency filters modifies signal frequency components from amplitude 
changes, spikes filters will work on spikes rate changes frequency components. For 
example, a spikes low pass filter will attenuate spikes rate high frequency 
components, if constant spikes rate signal is applied to spikes filter input, as an input 
step, spikes output frequency will start to increase exponentially, as expected from an 
analog signal amplitude, until spikes rate reach some frequency.  To build a SLPF a 
SI&G have been feedback using a SH&F and two SFD, as it is shown in Figure 6.  
Next equation shows SLPF ideal transfer function, where SI&G(s) can be obtained 
from (3), kSDout represents output SFD gain and kSDFB the gain of the SFD placed in the 
feedback loop, both detailed in (5).  ܨௌ௅௉ிሺݏሻ ൌ ݇ௌி஽ை௨௧ כ ሻ1ݏሺܩ&ܫܵ ൅ ݇ௌி஽ி஻ כ ሻݏሺܩ&ܫܵ ൌ ݇ௌி஽ை௨௧ כ ݇ூ&ீݏ ൅ ݇ௌி஽ி஻ כ ݇ூ&ீ (6)

Finally we are going to simulate SLPF with different parameters. So different features 
spikes filters have been simulated, fixing different parameters sets, getting equivalent 
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filters with various cut-off frequencies and gain. Simulations results are presented in 
Figure 7, this figure is composed by two different kinds of simulations, in a) there are 
spikes filters temporal response, and in b) the frequency response. As first simulations 
we present a set of temporal simulations, Figure 7 a), simulating spikes filters for a 
fixed time, being X axis simulation time, and Y axis instantaneously spikes rate. For 
temporal simulation these spikes filters have been excited by a constant spike rate 
input, as an analog voltage step. Filter output spikes have been analyzed and their 
instantaneous frequencies have been reconstructed. Theoretical responses of analog 
ideal equivalent filters have been also added to the figure, to compare simulation 
response respect to ideal response. In the case of SLPF (1-5), output spikes frequency 
start to increase exponentially, like expected from an ideal low pass-filter, with a rise 
time near to 4 times ùcut-off. SLPF output spikes rate reach a steady state value 
proportional to SLPF gain, reaching input spikes frequency when is 1 (1-3), higher 
output spikes rates in the case that SLPF gains is higher than 1 (5), and opposed effect 
happens when SLPF gains is lower than 1 (4).  

Fig. 6. Spikes Low Pass Filter Architecture 

Table 2. SLPF Simulation Parameters 

Sim. 
Case 

N (Bits) - 
genFD 

Spikes 
Div. Out 

Spikes Div. 
Feedback 

ùcut-off 
Filter Gain 

(abs) 
Rise Time (mSec) 

1 13 – 0 0.5147 0.5147 1kHz 1 0.6366mSec 
2 11 – 0 0.634 0.634 5kHz 1 0.1273mSec 
3 9 – 0 0.634 0.634 20kHz 1 0.0318mSec 
4 13 – 0 0.6691 0.5147 1kHz 0.5 0.6366mSec 
5 13 – 0 0.6691 0.5147 1kHz 1.3 0.6366mSec 

Fig. 7. Simulation Results: a) Spikes Filters time response b) Spikes Filters Bode diagram 

10
2

10
3

10
4

10
5

-20

-15

-10

-5

0

5

F
ilt

er
 O

ut
pu

t 
S

pi
ke

 R
at

e 
G

ai
n 

(d
B

)

Input Spikes Rate Change Frequency (Hz)

0 0.5 1 1.5

x 10
-3

0

1

2

3

4

5

6

7

8

9

10
x 10

6

R
ec

on
st

ru
ct

ed
 S

pi
ke

s 
R

at
e 

(S
pi

ke
s/

S
ec

)

Time (Seconds)

-3dB

1kHz 5kHz 20kHz

1

2

3

4

5

0.63mSec0.13mSec
0.03
mSec

Input Spikes Rate

0.8*Input Spikes Rate

1

2

3

4

5

a) b)



After simulating the temporal behavior of designed spikes filters, we have studied 
their frequency responses. If our aim were to characterize an analog filter in frequency 
domain, one simple way to perform this task could be to excite the analog filter with 
pure frequency tones, and annotate analog filter output power for each tone. 
Translating this experiment to spikes domain, we are going to stimulate RB-SSG with 
an input sinusoidal signal, getting a spikes output which frequency changes according 
the sinusoidal signal, codifying a pure tone as spikes rate changing. Generated spikes 
will stimulate the spikes filters, whose output will be a spikes stream with same input 
frequency tone, but with its amplitude and phase modified by the spikes filters. So we 
have exited every spikes filter with a set of spikes coded tones, and recording all the 
spikes filter output power at that tone, obtaining finally the spikes filter Bode 
diagram. Results of these simulations are presented in Figure 7 b), X axis represents 
the frequency of input tones in Hz, and Y axis contains the spikes filter gain in dB. 
Figure contains SLPF simulated and theoretical responses marked with a cross, where 
theoretical responses are marked in these cases with circle. SLPF with a gain of 1 (1-
3) have predicted gain of 0dB in the pass band, and then gain starts to decrease when
frequency is near to cut-off frequencies, cutting them with a gain of 3dB, providing an
attenuation of 20dB by decade as expected of analog filters. SLPF with different gains
(4-5), having a gain in the band pass of -6dB and +2.6dB respectively.

4   Conclusions 

This paper presents a framework for the simulation of building blocks to process 
signals using a spike rate coded representation. Simulations have been possible thanks 
to the power, flexibility and scalability of Simulink and Xilinx System Generator, 
providing an excellent scenario to co-simulate VHDL files with other kind of 
components. We have also presented the SSP building blocks that had been 
simulated, analyzing, and comparing with ideal components, in an exhaustive way for 
each presented SSP block. Simulations have denoted an accurate behavior of designed 
SSP blocks compared with ideal results, validating theoretical equations. Presented 
framework is nowadays being used in our lab for designing and testing new SSP 
building blocks that will improve current blocks features, and they will also allow the 
development of more complex SSP components. 
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