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Abstract—This paper presents a hardware simulator of Multipe- The main contributions of the paper are:

Input Multiple-Output  (MIMO) propagation channels. The « Tests have been made for indoor [15] and outddsr [1
hardware simulator reproduces a desired radio chanel and fixed environments using standard channel models. |
makes it possible to test “on table” different MIMO systems. A this paper, an algorithm is proposed to switch betw
specific architecture of the digital block of the smulator is several OljtdOOI’ environments and make it possible t

presented to characterize an outdoor scenario for ang Term ) . .
Evolution (LTE) systems. An algorithm is introduced to switch simulate heterogeneous radio propagation channels.
In order to simulate a time-varying channel, a Ryl

between the impulse responses and to control therté variation of *
fading method is used. Moreover, the delays variati

the delays. The new architecture is designed on alxix Virtex-1V

Field Programmable Gate Array (FPGA). Its accuracy, of the impulse response taps depends on the Doppler
occupation on the FPGA and latency are analyzed. spread and the proposed environment. Therefore, to
decrease the number of multipliers on the FPGA, a

Keywords-Hardware simulator; MIMO channels; heterogeneous
environments, LTE; FPGA

l. INTRODUCTION

MIMO techniques improve the capacity and the penforce
of wireless communication systems. Several stugiddished
recently present systems that reach a MIMO ordesx& and
higher [1]. This is made possible by advancesld¢etls of the
simulator platforms [2]. With continuing increasétbe Field
Programmable Gate Array (FPGA) capacity, entireebasd
systems can be mapped onto faster FPGAs for mdictent
prototyping and testing [3]. Some MIMO hardware d@tors
are proposed by industrial companies like SpirdhtAzimuth
(ACE), Elektrobit (Propsim F8) [5], but they are itgu
expensive and they do not cover all types of enwrents.

The channel models can be obtained from standadklsio
as the TGn 802.11n [6] and the LTE models [7], amf

solution is proposed to control the change of delay
the architecture.

The rest of this paper is organized as follows.tiSecll
presents the channel characteristics. Section dHcidbes the
architecture and its hardware implementation. IctiSe 1V, the
accuracy of the architecture is analyzed. LasthgtiSn V gives
some concluding remarks and prospects.

Il.  CHANNEL DESCRIPTION

A. Proposed Scenario

The scenario covers outdoor environments at differe
environmental speeds. It considers the movements pdrson
from an environment to another using LTE signalhwi
sampling frequencyfd of 50 MHz, a sampling periodd) of 20
ns, a bandwidthB) of 20 MHz and a central frequendy) (of
1.8 GHz. This person driving his vehicle, movesnfra

measurements conducted with the MIMO channel sauntdghway to an urban environment. For this scendtie, LTE

designed and realized at IETR [8]. In the MIMO et little

experimental results have been obtained regardinge-t
variations, partly due to several limitations ofe tithannel
sounding equipment [9]. However, theoretical mod#lsime-

varying channels can be obtained using Rayleigim@g[d 0]. At

IETR, several architectures of the digital blockeohardware
simulator have been studied [11]. Typically, ragiopagation
channels are simulated using finite impulse respqR4R)

filters, as in [11, 12]. The Fast Fourier Transfo(fFT)

modules with algebraic product can also be useth [@S].

Extended Vehicular A (EVA) model and the LTE Extedd
Typical Urban (ETU) model are used for this scemafihe
relative power of each tap of the impulse respofusethe
considered LTE channel models are presented [Taking the
Line-Of-Sight (LOS) path as reference. Fig. 1 arablé |
describe the proposed scenario.

v is the mean environmental speefl; is the refresh
frequency between two successive MIMO profilesis the
duration of movements in the considered environpebig the
traveled distance amd, = tx ¢ is the number of profiles in

The frequency architecture considered in [13] desraeach environment.

correctly for signals not exceeding the FFT sizhug, new
frequency architecture avoiding this limitation hdmen
presented and tested in [14]. However, [15] and §b®w that
the time domain architecture is better in termsafupation on
FPGA, output error and latency. Therefore, in raper, only
the time domain architecture is considered.

fy is the Doppler frequency and it is equal to:

fev
fa ="

c

1)

wherec is the celerityf, is chosen greater thary 20 respect
the Nyquist-Shannon sampling theorem.



C. Time-Varying 2x2 MIMO Channel

1) Relative Power Variation

In this paragraph, we present the method used tairok
model of a time variant channel, using the Rayldiating.
This fading is used for the relative powers of thgs of each
SISO channel. A 2x2 MIMO Rayleigh fading chanR€10] is
considered. It can be characterized by the relgtieeer P,
(resp. Py of constant (resp. scattering) channel components
corresponding to LOS (resp. NLOS) paths. The rBti®; is
called RicearK-factor.

Assuming that all the elements of the MIMO chamaltrix
H are Rice distributed, it can be expressed for égeivy:

H=.P..He + [P . H, (4)

whereHg and Hy are the constant and the scattered matrices
respectively. The total received powePis P.+ Pg. Thus:

Figure 1. Proposed scenario.
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T_he switch between the environments must be m_ade "o correlate theX; elements, a product-based model is used.
continuous manner. Betwe&handE, for example, the vehicle this model assumes that the correlation coeffisieate

speed decreases from 120 km/h to 80 km/h. Thussonsider jndependently derived at each end of the link:
a mean environmental speed for each environment.

T
B. Algorithm Design to Switch between Environments X = (R)Y? Hyig- ((R)'?) (7

To switch from 9 tapsH;) with a maximum excess delay of His is a matrix of independent zero means, unit vasan

2510 ns to 9 tapsEf) with a maximum delay of 5000 ns, anomplex Gaussian random variablBsandR, are the transmit
algorithm is proposed. Twparameters are considered: thgng receive correlation matrices:

delay of the taps and their relative powers:

1) The number of taps is the same f&yrand E;. Therefore, R — [1 a] R — [1 /3] ®)
the delays of; are increased bys = 20 ns each fi; to 7l 1l T 1
achieve the same delay vectorEf This procedure takes ] o
(5000-2510)/Tsxfre) = 125f,sseconds to be completed. Thecomplexcorrelatiorcoefficientsx andg areexpresseds:
2) To pass from the last;; profile in E, (RP)) to the firsthy; _ .
profile in E; (RPy), a relation is proposed to increase the p = Ryx(D) +j. Ry (D) C)

relative power RF) on eachfr: where D = 2zd/A, d = 0.51 is the distance between two

RPy — RP, @ antennasd is the wavelength arfg,, andR,, are:
N

wherei is an integer that varies from 2 tb1. f also
changes, as presented in Table 1. It passes framHz0

(Frer,) 10 150 HZ frey ) ): R, (D) = f “sin (D.sin (). PAS(p).dp (1)

i frefN - f‘ref1
frer, = fres, * -1 x N &) The Power Angular SpectrumPAS closely match the
Laplacian distribution:
N is chosen equal to 225. In fact, the avergge is equal to 1
. Lo A _ -|v28/q]|
225 Hz. In this case, 225/225 = 1 s needed timswitch PAS(0) = NP (12)

between the impulse responses which is sufficient t
consider it in continuous manner. whereg is the standard deviation of tRAS

RP, =RP, + (i — 1) X
R, (D) = f cos (D.sin (9)). PAS(¢p).do (10)



2) Tap Delays Variation

The delays variation depends on the Doppler spasadon
the movement direction. Fdt; and E,, the environment is a
highway (open outdoor). The delays of the multipath
propagation waves vary in a linear way. They deszdfithe
vehicle approaches from the base station and iserédfait
moves awayE; is an urban environment. The multipath waves
vary randomly when moving between the buildings &welr Figure 4. XtremeDSP Development board Kit-1V for Virtex-IV.
delays depend on the movement directions. Therefire
delays of the multipath that come from behind teisle (in
Fig. 1) increase, while the ones from the frontrdase.

Table Il shows the device utilization in one V4-&X&r
four SISO channels using four FIR filters of 9 npliers each.

TABLE II. FPGAOCCUPATION FOR4 FIR FILTERS

Ill.  ARCHITECTURE ANDIMPLEMENTATION R _ N—
) . ) Logic Utilization Used Available Utilization

Four FIR filters are considered to simulate the 24MO Slice Flip Flops 1.190 30,720 4%
channel. In general, the FIR width and the numilfeused [ZinputLUTs 2,284 30,720 3%
multipliers are determined by the taps of each SeéB@nnel. ["Gccupied Sices 1,805 15,360 12 %
However, by simulating a scenario, the entire Sk3@nnels [Bonded 10Bs 40 448 9 %

have to be considered. To use the limited numbenwdfipliers BUFG/BUFGCTRLS 1 32 4%
on the FPGA and to switch from one environmentrioter, a [ FIFO16/RAMB16s 36 192 19 %
solution is proposed to control the change of delédy DSP48s 36 192 19 %

connecting each multiplier to the correspondingscef the

shift register and the memory (RAM). Therefore, thenber __For a MIMO profile, the sent data is: 9 x 4 = 36rd of
of multipliers in the FIR filters is equal to theamimum 16 Dits = 72 bytes to transmit. Thus, the transfered is 72

number of taps of all SISO channels, for all envinents. BPS:i-€.32.4 kBps for E1, 21.6 kBps fé, and 10.8 kBps for

Thus, 4 FIR filters, each one with 9 multipliere aonsidered. Ea.

Fig. 2 presents a FIR filter 250 with 9 multiplig taps) for IV. ACCURACY
one SISO channel which corresponds B. We have
developed our own FIR filter instead of using XdifMAC
filter to make it possible to reload the filter fii@ents.

In order to determine the accuracy of the digitalck, a
comparison is made between the theoretical oufgngkand
the Xilinx output signal. An input Gaussian signdt) is

14 bits 1/3 bits 1zlllbits 9 0f 250 1jllbits considered and long enough to be used in streamaug:
—/—PI n(i) |n(i-1) | n(i-2) | ----------------------------- | n(i-249) | (tem)?
)
é 1 x(t) =xpe 2, 0<t <W, (13)
Y 2 34 bits
Z whereW, = 384T, m, = 3W/4 ands = m,/32 (small enough to
16 bis L6 bi 16 bits —2 | show the effect of each path of the impulse respomn the
/ 00 9of2 ;4 output signals). The A/D and D/A converters of the
=0 | n) | het) | he@) | """"""""""" | h(249) | development board have a full scal¥,[V,], with Vi, = 1 V.
For the simulations we considey, = V., /4. The theoretic
tztref h(0) | h(1) | h(2) | ....................... | h(249) | OUtpUt Slgnals are CalCUIated by
9 9
Figure 2. FIR 250 with 9 multipliers for one SISO channelngg, . y.(t) = Z hq1(ig). x(t — ipts) + Z ho1Gr)- x(t — jits)  (14)
k=1 k=1

Due to the use of a 14-bit digital-to-analog cotme(DAC), 9 9
the final output must be truncated. The best smiuis the _ _ _
sliding window truncation presented in Fig. 3 whigbes the y2(8) = kz_lh“(p")'x(t Prts) +;h22(lk).x(t lits) - (15)

14 most significant bits.
The relative error is computed for each output darbp:

00010100110011@D1.... )
z »{ Truncation e CNA . Yxilinx(i) - Ytheory(i)
(i) = .100 [%] (16)

M = 34 bits N = 14 bits -
Ytheory(l)

Figure 3. Sliding window truncation, from 34 to 14 bits.
) ) ~where Yyjinx and Yireory are vectors containing the samples of
Fig. 4 shows the XtremeDSP Virtex-IV board fromiXd corresponding signals. The Signal-to-Noise RathRis:
[2] used for the implementation of the architectufiéhis
prototyping board is describedin [14]. The simulations are

N — ytheor (l) : _ TAN
made with ISE [2] and ModelSim software [17]. SNR©) = 20.logso . [dBl,i=14N  (17)

Yxilinx(i)_ytheory(i)



Fig. 5 shows a snapshot of the Xilinx output signalith

the relative power of the taps of the channel irspuksponse.

its relative error and SNR fdE;, E, and E; using the brutal Moreover, the delays variation of the taps, whigipehds on

truncation (B.T.) and the sliding truncation (S.T.)
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Figure 5. Snapshot of; and its SNR.

The relative error is high only for small valuestioé output
signal because the Gaussian signal test is clo8eThe global
values of the relative error and the SNR of thepousignals
are necessary to evaluate the accuracy of thetectinie. The
global relative error and SNR are computed by:

_ __l&l
"Ytheary”

||ytheory|| [dB] (18)

% 100 [%], Il

SNR, =20 X logy,

where E =Yyiinc-Yineory IS the error vector. Table Il shows th(?n]

mean global SNR for each environment.

TABLE IIl. MEAN GLOBAL SNR
SNR (dB): y1 SNR (dB): y»
Environment B.T. S.T. B.T. S.T.
= 39.23 74.73 36.95 73.79
(= 40.01 75.22 37.31 73.66
Es 40.09 78.91 39.37 75.84
V. CONCLUSION

In this paper, tests have been made for a scemaritz| that
switches between outdoor environments to
heterogeneous propagation environments. In thigeggnan
algorithm has been proposed
environments in a continuous manner. In order moukite a
time-varying channel, a Rayleigh fading methodssdito vary

simulate

to switch between the

the Doppler spread and the proposed environmerg beaen
considered. A solution has been proposed to cotiteothange
of delays in the architecture.

For our future work, simulations made using a W4l
[2] platform will allow us to simulate up to 16x1&IMO
systems. Measurement campaigns will be carriedwathit the
channel sounder realized by IETR, for various typs
environments. The objective of these measuremeritsabtain
realistic MIMO channel models in order to supplg therdware
simulator. A graphical user interface will also tesigned to
allow the user to reconfigure the simulator paramset

ACKNOWLEDGMENT

The authorswould like to thank “Région Bretagne” for its
support of this work, which is a part of PALMYREg#toject.

REFERENCES

[1] S. Behbahani, R. Merched and A. Eltawil, “Optimiaas of a MIMO
relay network”, IEEE Trans. on Signal Processing, %6, no. 10, pp.
5062-5073, Oct. 2008.

“Xilinx: FPGA, CPLD and EPP solutions”, www.xilingom.

P. Murphy, F. Lou, A. Sabharwal and P. Frantz, /AnGA based rapid
prototyping platform for MIMO systems”, Asilomar @b on Signals,
Systems and Computers, ACSSC, vol. 1, pp. 900902 Nov. 2003.
Wireless Channel Emulator, Spirent Communicati@ogg.

Baseband Fading Simulator ABFS, Reduced costs ghrdaaseband
simulation, Rohde & Schwarz, 1999.

V. Erceg, L. Shumacher, P. Kyritsi, et al., “TGnaDhel Models”, IEEE
802.11- 03/940r4, May 10, 2004.

Agilent Technologies, “Advanced design system — IcFannel model -
R4-070872 3GPP TR 36.803 v0.3.0", 2008.

[8] H. Farhat, R. Cosquer, G. Grunfelder, L. Le Coqg @ndEl Zein, “A dual
band MIMO channel sounder at 2.2 and 3.5 GHz”, IMW&toria, BC,
Canada, May 2008.

P. Almers, E. Bonek et al., “Survery of channel &uwatio propagation
models for wireless MIMO systems”, EURASIP Jouroal Wireless
Communications and Networking, Article ID 19070020

L. Schumacher, K. I. Pedersen and P.E. MogensergniFantenna
spacings to theoretical capacities — guidelines sionulating MIMO
systems”, in Proc. PIMRC Conf., vol. 2, pp. 587-582p. 2002.

S. Picol, G. Zaharia, D. Houzet and G. El Zein, rtheare simulator for
MIMO radio channels: design and features of thetalidlock”, IEEE
VTC Fall, Calgary, Canada, Sep. 2008.

S. FouladiFard, A. Alimohammad, B. Cockburn and Schlegel, “A
single FPGA filter-based multipath fading emulatorGlobecom,
Honolulu, Nov. 2009.

H. Eslami, S.V. Tran and A.M. Eltawil, “Design amdplementation of a
scalable channel Emulator for wideband MIMO systentsEE Trans.
on Vehicular Technology, vol. 58, no. 9, pp. 469®&, Nov. 2009.

B. Habib, G. Zaharia and G. El Zein, “MIMO hardwasienulator: new
digital block design in frequency domain for stréagnsignals”, Journal
of Wireless Networking and Comm., vol. 2, no. 4, pB-65, 2012.

B. Habib, G. Zaharia and G. El Zein, “MIMO hardwaimulator: digital
block design for 802.11ac applications with TGn roefel model test”,
IEEE VTC Spring, Yokohama, Japan, May, 2012.

B. Habib, G. Zaharia and G. El Zein, “Digital blodesign of MIMO
hardware simulator for LTE applications”, ICC, Qtta Canada, 2012.
[17] ModelSim - Advanced Simulation and Debugging, Wtpodel.com.

(2
(3]

(4]
(5]
(6]
(7]

19

[10]

[12]

[13]

[14]

[15]



