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Abstract—The hardware simulator facilitates the test and 

validation cycles by replicating channel artifacts in a controllable 

and repeatable laboratory environment. After a description of 

the MIMO channel models and the hardware simulator 

architecture, this paper presents new implementation algorithm 

of its digital block. The proposed algorithm allows the selection 

of specific environments and various scenarios, standards (LTE 

or WLAN 802.11ac) and Doppler speeds to implement the digital 

block architecture. The digital block architecture is implemented 

for 2×2 MIMO channel on a Xilinx Virtex-IV FPGA using batch 

and command line files. The occupation on the FPGA, the 

accuracy of the output signals and the latencies of the 

architecture for each configuration are then analyzed.  

Keywords— Hardware simulator; FPGA; MIMO channels; 

LTE; WLAN 802.11 ac; implementation algorithm 

I. INTRODUCTION 

Multiple-Input Multiple-Output (MIMO) systems offer 
significant increases in data throughput and link range without 
additional bandwidth or increased transmit power. Several 
recent publications have shown an increased MIMO order 
such as 8×8 and higher [1]. This is made possible by advances 
at all levels of the simulator platforms [2]. 

In practice, the transmitted electromagnetic waves interact 
with the propagation environment. Thus, they have to be 
considered in the design of the wireless communication 
systems. The performance of the channel can be tested by real 
measurements or by using a hardware simulator. Tests 
conducted under realistic conditions are expensive and 
difficult. Moreover, it is not possible to test the worst 
situations under real conditions. A hardware simulator 
reproduces the behavior of a radio channel and allows the 
testing of mobile radio communication systems while 
remaining in the laboratory.  

There are many hardware simulators presented in industry, 
as Spirent (VR5) [3] and Elektrobit Propsim (F8) [4]. 
However, they are very expensive. Thus, a low cost hardware 
simulator that covers almost all types of environments and 
considers heterogeneous environments and networks is 
designed and realized.   

With continuing increase of the Field Programmable Gate 
Array (FPGA) capacity, entire baseband systems can be 
mapped onto faster FPGAs for more efficient prototyping and 

testing. As shown in [5], the FPGAs provide the greatest 
design flexibility and visibility of resource utilization. 

The channel models can be obtained by standard channel 
models, as the 3GPP-LTE [6] and TGn 802.11n [7], or from 
measurements conducted with the MIMO channel sounder 
designed and realized at IETR [8]. In the MIMO context, little 
experimental results have been obtained regarding time 
variations, partly due to several limitations of the channel 
sounding equipment [9]. However, theoretical models of time-
varying channels can be obtained using Rayleigh fading [10]. 

In the literature, several architectures of the digital block 
of the hardware simulator have been proposed and studied in 
both time and frequency domain. Typically, wireless channels 
are simulated using Fast Fourier Transform (FFT) or Finite 
Impulse Response (FIR) filters [11-13]. In [14], it is shown 
that the time domain architecture is better in terms of 
occupation on FPGA, precision and latency. Thus, it is 
considered in this paper. 

The main contributions of this paper are: 

 A simple new implementation algorithm is proposed, 
designed and realized. It connects the Graphical User 
Interface (GUI) to the FPGA and implements the digital 
block file using the required parameters chosen by the 
user. It uses a simple and flexible method based on 
batch and command line files [2].  

 This paper presents a system that simulates almost all 
types of environments using 2×2 MIMO channels. 
Moreover, it offers the possibility to simulate 
heterogeneous networks that switch between 
environments and standards (for example from LTE to 
WLAN 802.11ac) in a continuous way.     

The rest of this paper is organized as follows. Section II 
presents the channel models. Section III describes the digital 
block architecture of the hardware simulator.  Section IV 
presents the proposed implementation algorithm. Section V 
analyses the accuracy of the output signals. Lastly, Section VI 
gives a conclusion and some prospects. 

II. CHANNEL DESCRIPTION 

In this section, the different impulse responses of MIMO 
propagation channel models that can be used to supply the 
digital block of the channel simulator are described. 

The authors acknowledge CEDRE program for partially funding this 
work (project reference number: 30092WL). 
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A. Standard Impulse Responses Models 

Two standard channel models can be used by the simulator 
to cover many indoor and outdoor environments: the TGn and 
the 3GPP-LTE channel models. 

1) TGn: There are 6 TGn channel models, labeled from A 
to F, which cover all the scenarios for WLAN applications. 
Each model has a number of clusters. Each cluster 
corresponds to specific tap delays, which overlaps each other 
in certain cases. WLAN 802.11ac signals are considered with 
a bandwidth of B = 80 MHz. The sampling frequency and 
period are fs = 165 MHz and Ts = 1/fs respectively. The 
relative power of each tap of the impulse response for all TGn 
channel models are presented in [7] by taking the Line-Of-
Sight (LOS) path as reference. 

2) 3GPP-LTE: The 3GPP-LTE channel model is used for 
mobile wireless applications. Three channel models are 
considered: pedestrian, vehicular and typical urban models. A 
detailed description is presented in [6]. LTE signals are 
considered with B = 20 MHz and fs = 50 MHz. 

B. Measured Impulse Responses 

Measured impulse responses are obtained by the MIMO 
channel sounder designed and realized by IETR [8]. Two 
measurement campaigns were carried out [15]: the first on a 
shipboard at 2.2 GHz, while the second for outdoor-to-indoor 
scenarios at 3.5 GHz. The channel sounder has fs = 200 MHz. 
To use the measured impulse responses with LTE signals, an 
algorithm combining each 4 taps to 1 is used, thus fs passes 
from 200 MHz to 50 MHz. 

C. Time-Varying Channel 

To obtain a time-varying channel, a Rayleigh fading 
solution based on the Kronecker method [10] is used. The 
refresh frequency fref between two successive MIMO profiles 
depends on the Doppler speed and model used. For indoor 
environment, the environment speed v varies between 0 to 9 
km/h, while for outdoor vehicular environments it can attend 
300 km/h. The maximum Doppler frequency shift fd is: 

   
    

 
                                         (1)  

where c is the celerity and fc is the carrier frequency. fref is 
chosen greater than 2fd to respect the Nyquist-Shannon 
sampling theorem. 

D. Heterogeneous Networks 

Tests have been made for many scenarios switching 
between different outdoor and indoor environments, and for 
heterogeneous networks. These networks provide services 
through a cellular network using LTE standard and are able to 
maintain the service when switching to a WLAN 802.11ac. 
The impulse responses used for these scenarios are either 
derived from standard channel models or from recorded data 
based on a measurement campaigns. 

III. DIGITAL BLOCK ARCHITECTURE 

Four FIR filters are considered to simulate 2×2 MIMO 

channels. The FIR filter length and the number of used 

multipliers are determined by the taps of each SISO channel. 

To use a limited number of multipliers on the FPGA and to 

switch from one environment to another, a solution is 

proposed to control the change of delays by connecting each 

multiplier to the corresponding cells of the shift register and 

the memory (RAM). Fig. 1 presents one FIR filter of a length 

N and with M multipliers (M taps). We have developed our 

own FIR filter instead of using Xilinx MAC filter to make it 

possible to reload the filter coefficients. 
 
 

 

 

 

 

 

 

 

 
 

 
 

Fig. 1.  FIR filter N with M multipliers for one SISO channel. 

For M = 9 (using TGn model B), the final output is 
quantified on 34 bits. Due to the use of a 14-bit Digital-to-
Analog Converter (DAC), the final output must be truncated. 
The best solution is the Sliding window Truncation (ST), 
presented in Fig. 2, which uses the 14 most significant bits. 

 

 

 
 

 
 

 
Fig. 2.  Sliding window truncation, from 34 to 14 bits. 

To increase the precision of the output signals, an Auto-
Scale Factor solution is used [16]. The simulations are made 
with ISE from Xilinx [2].  

IV. IMPLEMENTATION ON FPGA 

Fig. 3 shows the XtremeDSP Virtex-IV board from Xilinx 
[2] used for the implementation of the architecture and the 
connection between the PCI and the FPGA.  

 

Fig. 3.  XtremeDSP Development board Kit-IV for Virtex-IV. 

In the recent years, communication usually takes larger 
place by the use of GUI. In this context, a new algorithm that 
connects the GUI to the digital block of the FPGA for each 
configuration is realized. It will be able to implement the 
considered architecture in a simple way, as shown in Fig. 4. 
The user configures the parameters, starting by choosing a 
specific environment (indoor, outdoor, outdoor-to-indoor, etc.), 
the scenarios, a specific Doppler speed, the considered input 
signals and the clock frequencies. The user has the possibility 
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to use an external, internal Gaussian or Dirac input signals. An 
external or internal clock can be used. The internal clock 
provides the Ts of WLAN 802.11 or LTE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.  Implementation algorithm. 

In the first stage of the simulation, the system checks the 
parameters to choose the specific BATCH file (.bat). Then, 
this batch file calls a new command file (.cmd) specific for 
these parameters. The command file contains the algorithm 
that implements the digital block file (.bit) into the FPGA. 
Moreover, a scan is launched to find a boundary. Then, a 
configuration of the ports is needed before identifying the 
used system. In the next step, two processes are made. Firstly, 
the digital block file (.bit) of the clock is assigned to its 
position in the boundary. Secondly, a searching task is 
launched to identify the FPGA code which gives the access to 
implement the digital block file (.bit) of the required 
environments parameters in its proper position in the 
boundary. When the simulation is complete, the output signals 
are shown on the screen of the oscilloscope, as in Fig. 3. 

This solution for MIMO hardware simulators allows, for 
each configuration, the implementation of different digital 
block file, which requires multi-task to be applied. It offers 
simplicity and flexibility for the user to simulate its required 
parameters. One negative point of this algorithm is the non-
acceptable simulation without a batch file [2]. 

V. RESULTS AND ACCURACY 

In order to determine the accuracy of the digital block, a 
comparison is made between the theoretical and Xilinx output 
signals. An input Gaussian signal x(t)=x1(t)=x2(t) is considered: 

        
 

       

   
                                  

where Wt = 384Ts, mx = 3.Wt/4 and σ = mx/32. These 
parameters are chosen in a way to show the effect of each path 
of the impulse responses on the output signals. The ADC and 
DAC converters have a full scale [-Vm,Vm], with Vm = 1 V. 
Thus, we consider xm = Vm/4. The impulse responses can be 
presented in baseband with complex values, or as real signals 
with limited bandwidth B between fc – B/2 and fc + B/2. In this 
paper, to eliminate the complex multiplication and the fc, the 
hardware simulation operates between Δ and B + Δ, where Δ = 
2 MHz is introduced to prevent spectrum aliasing. To obtain 
the spectrum of x(t) between [ ,  +B], it must be multiplied by: 

                  
 

 
                            

The theoretic output signals are calculated by: 
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where Mij depends on the number of taps of the channel. We 
define the error vector for a 2×2 MIMO system as: 

                                                        

 
  

  

   
        

        

   
        

        

                           

The Relative Error (RE) is given for each output sample by: 

      
    

          
                                      

 

and the Relative Signal-to-Noise Ratio (RSNR) by: 

SNR    = 20       
          

    
                            

The Global values of the SNR (GSNR) are necessary to 
evaluate the accuracy.  Thus, they are computed by: 

             

         

   
                        

Fig. 5 shows a snapshot of the output signal y1 and the 
SNR using TGn B (a) and 3GPP-LTE ETU (b). YTh stands for 
theoretical output signal while BT for Brutal Truncation. 
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Fig. 5.  Results for y1 using TGn model B (a) and 3GPP-LTE ETU (b).  

Table I shows the mean GSNR for each output with the 
occupation on the FPGA for several environments using 
standard and measured impulse responses. 

TABLE I.  MEAN GLOBAL SNR AND OCCUPATION ON FPGA 

 GSNR (dB) Occupation on FPGA Virtex-IV 

Channel y1 y2 Slices (%) RAM (%) DSP (%) 

TGn model B 73.3 73.1 14 5 19 

TGn model C 73.2 72.3 16 5 30 

TGn model D 73.5 73 17 5 38 

TGn model E 73.3 73.1 17 5 38 

TGn model F 73.4 72.1 17 5 38 

LTE model ETU 72.6 73.2 14 5 19 

LTE model EVA 73.2 72.9 14 5 19 

LTE model EPA 73.2 72.2 13 5 15 

Measured Outdoor-

to-Indoor 
61.7 64.4 21 5 99 

Measured 

Shipboard 71.4 71.2 20 5 91 

The relative error is high only for small values of the 

output signals because the Gaussian signal test is close to 0. 

VI. CONCLUSION 

This paper introduced an algorithm based on batch files to 
configure the FPGA devices. It considers the implementation 
of the digital block file of the MIMO hardware simulation into 
the Xilinx Virtex-IV FPGA. This algorithm connects the GUI 
of the hardware simulator to the digital block on the FPGA. 
This algorithm allows the user to select the channel parameters 
that are used to conclude the appropriate digital block file. The 
objective of this work is to obtain a hardware simulator system 
for different environments and scenarios. The accuracy and the 
occupation on FPGA of the architecture for different channel 
models has been presented and analyzed.  

As a perspective, we aim at implementing of high order 
8×8 MIMO channels on more performing FPGA as Virtex-VII. 
Moreover, several measurement campaigns will be carried out 
to obtain different impulse responses to cover many types of 
environments. 
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