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Abstract— This article describes a significantly improved  fic|(c) = Sexp[ — ¢?/(20?%)], where o2 is the time-
sum-of-sinusoids-based model for the accurate simulation averaged power of the fading process at the receiver. Uhder t
of time-correlated Rayleigh and Rician fading channels. common assumption of a two-dimensional isotropic scaiteri
The proposed model utilizes random walk processes in- environmentwith an omnidirectional receiving antenna i3g
stead of random variables for some of the sinusoid pa- ideal reference correlation properties of the fading saspan
rameters to more accurately reproduce the behavior of be summarized as follows:
wireless radio propagation. Every fading block generated
using our mogel phags accurateystatist?cal progerties on Renei(7) =Ry, (1) = Eleq(t)eq(t +7)] = Jo(2mfp7)
its own and hence, unlike previously proposed models, Reic,(T) = Re,e,(1) =0
there is no need for time-consuming ensemble-averaging R, .(7) = E[e(t)c*(t + 7)] = 2 Jo (27 fpT)
over multiple blocks. Using numerical simulation it is ) ) _ _
shown that the important statistical properties of the WNneréfp is the maximum Doppler frequency,is the time
generated fading samples have excellent agreement with!g: Jo(-) is the zeroth-order Bessel function of the first kind,
the theoretical reference functions. A fixed-point hardwae Reie:(7) @andRe, ., (7) are the autocorrelation functions of
implementation of the corresponding Rayleigh and Rician h€¢i(t) ande,(t) components of(t), respectivelyRe, ¢, (7)
fading channel simulator on a field-programmable gate S the cross-correlation between the components,fandr)
array (FPGA) is presented. By efficiently scheduling the 1S the autocorrelation of the complex enveloper(f).

operations, the reconfigurable fading channel simulator is 10 Produce a fading process with the above statistical
compact enough that it can be efficiently used to simulate PrOPerties, one approach is to pass white Gaussian variates

multipath scenarios and multiple-antenna systems (e.g., athrough a linear filter that has a transfer function equaht t
4 x 4 MIMO channel) using a single FPGA. square root of the Doppler PSD of the fading process [4]. This

approach, called filter-based henceforth, can be custamize

List of Acronyms- Wide-sense stationary (WSS), poweto accurately provide the required statistical properiés
spectral density (PSD), sum-of-sinusoids (SOS), autetmir fading channels [5]. Due to the accuracy of this model, many
tion function (ACF), cross-correlation function (CCF),lfie commercially-available fading channel simulato?§ [6]-[9]
programmable gate array (FPGA), multiple parameter se@tploy the filter-based technique. However, this approach
(MPS), random walk process (RWP), line-of-sight (LOShas high computational complexity [10], relative inflexityi
probability density function (PDF), cumulative distrilmt compared to other models, and constraints on the maximum
function (CDF), level crossing rate (LCR), average fade dgampling rate posed by the required filter stages.
ration (AFD), pseudo-random number generator (PNG), read-An alternative implementation strategy is based on the
only memory (ROM), Block RAM (BRAM). SOS channel model [3], [11]. In this approach, the fading
process is modeled by superimposing sinusoidal waveforms
with amplitudes, frequencies and phases that are selected
appropriately to generate the required statistical priogeer

The successful design and testing of emerging wireless te€ompared to the filter-based method, the SOS model is
nologies requires the accurate simulation of radio propaga more flexible, especially for accommodating different Digpp
environments. The simulation model must faithfully reproe  frequencies and symbol rates. In addition, it has been shown
the statistical behavior of the wireless channel to ensuiteat it is possible to achieve accurate statistical progert
accurate evaluation of proposed systems under realigtinda with a relatively small number (e.gly < 12) of sinusoids
conditions. The temporal behaviour of a fading channel j$2]-[14]. Thus, in contrast to the filter-based method, SOS
commonly modeled as a complex Gaussian WSS uncorrelatdénnel simulators require much less computation and are
scattering process with complex enveleig = c¢;(t)+jcq,(t) good potential candidates for hardware implementation.
[1]. In this model, the real and imaginary parts of the comple Several commercial fading channel emulators are available
Gaussian processt), ¢;(t) ande,(t), are independent, zero-that reproduce the behaviour of radio propagation environ-
mean Gaussian with equal variance [2]. Thus the envelopents in the laboratory. They are generally stand-alonts uni
le(t)] = /ai(t)? + cq(t)? follows the Rayleigh distribution that provide the fading signal in the form of analog or digita
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TABLE |

that generates fading blocks where each block on its own
SOME COMMERCIALLY AVAILABLE FADING SIMULATORS

has accurate statistical properties. Therefore, there iseed

Model ® TA] B C]D]JE for tim_e—consur_nipg ensemble avere_lging over multip_lt_a bdock
NUmDber of channels > > > > 5 to achieve stat|st|c_ally accurate fgdmg processes. Intiadd
Number of paths 15 1 22 28 12 6 our proposed fading channel simulator is readily scalable
Max. Doppler(H2) 500 | 2000 | 2400 | 1600 | 340 and can be efficiently mapped onto the regular architecture
Doppler resolution(Km/h) || 0.1 | 0.1 | 0.1 | 0.1 | 0.5 of the FPGA with acceptable computational complexity. Our
Max. delay(ms 0.2 2 10 1.6 | 0.04 implementation scheme utilizes an efficient operation dche
Time resolution(ns) 05] 01 1 50 | 40 ule, which leads to a significantly smaller simulator thaa th

previous simulators. The proposed fading channel simulato
%(A) Japan Radio Co. NJZ-1600B [9], (B) Spirent Communiaagids compact enough to allow an entigex 4 MIMO channel

SR5500 [8], (C) Agilent Technologies Inc. N5115A [6], (D) R & gjmulator to fit onto a single FPGA.

Schwarz ABFS [16], and (E) Ascom Ltd. SIMSTAR [7]. The rest of this article is organized as follows. Section Il
reviews the theory of SOS-based fading simulators. Our new
model for simulating Rayleigh and Rician fading channels

samples. They require relatively complex hardware congjst is presented in Section Ill. We implemented the Rayleigh

of several circuit cards with multiple processors. For e fading channel emulator on a variety of FPGA devices and
the NoiseCom MP-2500 Multipath Fading Emulator [15gxperimentally verified the statistical properties of trener-

consists of 11 circuit boards, not including the RF cirguithe  ated fading process. Our implementations of a discrete-tim
cooling fans, or the external computer interface that isiiregl  Rayleigh fading channel simulator on different FPGAs, and
to set up the various parameters of a frequency-selectileda also in 90nm CMOS technology, are presented in Section

channel with up tal2 paths. Unfortunately these systems arg/. Finally, Section V makes some concluding remarks.
rather bulky and costly. Characteristics of some of thelalobd

fading channel emulators in the market are listed in Table I.

The units are available at prices ranging between $24,000 to!!l- RELATED WORK ON SOS-BASED RAYLEIGH
$500,000. FADING CHANNEL MODELS

A more flexible and cost-effective approach is to implement The motivation behind SOS-based fading channel simula-
the entire fading simulator on a FPGA. In the Monte Carlgrs is that when a sinusoidal carrier is transmitted and sub
performance verification of communication systems, it is dgected to multipath fading, the received carrier can be reatle
sirable to include all of the computationally-critical algthms  as a superposition of multiple possibly Doppler shiftediesp
in the simulation chain on the same FPGA. Recent advanegishe transmitted carrier received from different pathecg
in FPGA technology now permit the integration of a highthe time-varying nature and orientation of obstacles in the
quality fading channel simulator along with a noise gere@ratwireless channel are not known in advance, the orthogonal
[17] and signal processing blocks for rapid prototype desigomponents of the received composite complex waveform can
and verification. be considered to be independent stochastic processes with

Even though SOS-based models have been widely-usg@éntical statistics.
as the basis for both Rayleigh [18], [19] and Rician [20]- Since the introduction of SOS-based fading channel models
[22] fading channel simulators, unfortunately, many of thg], [28], various fading channel simulators have been pro-
proposed SOS-based fading channel models have at lgasded [3], [11]-[13], [21], [23], [26], [29]-[32]. Clarkerp-
one undesirable statistical property that deviates from thosed a useful mathematical model for the complex channel
reference properties [23], [24]. For example, the models §ain, valid under the narrow-band flat fading assumptiof.[11

[18], [25] have different ACFs for the in-phase and quad@tuClarke showed that the complex channel gait) at time ¢
components of the fading process [26] and the model in [284n be expressed as

is not WSS [22]. A detailed comparison of various SOS-based
models can be found in [24] and [27]. 2 & .

In this article we present an improved SOS-based model ct) = \/;Z exp (j(2m fptcos(an) + én)) (1)
upon the model proposed by Zheng and Xiao [13], which n=t
requires only a small number of sinusoids to accuratelyaepwhere «,, and ¢,, are the angle of arrival and the initial
duce the statistical properties of wireless radio progagat phase, respectively, associated with théh sinusoid, andV
However, unlike the model in [13] and any other previouslis the total number of sinusoids [11]. In Clarke’s mode]
proposed SOS-based fading model, in our new model at leasd ¢,, are mutually independemtndom variableshat are
one of the parameters of the sinusoids is not a constamiformly distributed over—m, 7). When N becomes large,
or a randomly-generated variable but is instead a randdhe Central Limit Theorem [33] implies tha&{c(¢)} and
process. Through numerical simulations we will show that{c(¢)} (the real and imaginary components, respectively) are
the statistical properties of every generated fading blatso zero-mean, Gaussian and statistically independent. Dtleeto
called a simulation trial) using our new model accuratelgccurate statistical properties of Clarke’s model, it hasrb
match the reference functions. To the best of our knowledgesed widely as a reference theoretical model for simulating
the proposed stochastic SOS-based model is the first mof@deling channels.



For an efficient implementation of a fading channel simuland the angle of arrival of the-th sinusoid is
tor using a finite and preferably a small number of sinusoids, om0
various SOS-based models based on Clarke’s scheme have ay, = — N
been proposed. However, many of the proposed models do
not generate statistically accurate fading samples ané hjherem is the discrete time indexy; is the symbol period,
fundamental drawbacks. For example, the well-known JakégTs is the normalized maximum Doppler frequency, and
fading channel simulator requires a moderate number &f ¥» and ¢, are mutually independenandom variables
sinusoids and it has been studied and used for decades {@jformly distributed overf—, ).

However, it has been shown (see for example [23], [25]) that Another stochastic SOS-based fading channel model that
Jakes’ model is not WSS and that the higher-order statist@é@s half the computational complexity dodel | was pro-

of this model do not match those of Clarke’s reference mod&esed by Wu [32]. In this simplified model (henceforth called
Several improvements have subsequently been proposee infpdel 11), the in-phase and quadrature components of the

literature to enhance the higher-order statistics and ntiaée COMPplex envelope of the fading signal can be written in
SOS model WSS. discrete time as follows:

n=1,---,N

SOS simulators can be classified either as “deterministic” pjodel 11
or “stochastic” [14]. In deterministic SOS simulators, ik -
waveform parameters (i.e., amplitude, Doppler frequenay a o1 i}
phase) are held fixed for the duration of the simulation, cilm] = \/;ZH[H’ 1] cos (2mfpT; cos(an) + 6n)
and hence the properties of the generated fading process are
deterministic. Deterministic SOS-based models has twormai 1
drawbacks: (i) in general they require a relatively largenber ¢qlm] = \/; Z H{n, 2] cos (27 fpT; cos(an) + ¢n)
N of sinusoids (e.g.>> 32) to achieve accurate statistical n=t
properties [34]; (ii) the parameters of the sinusoids awmllg and the angle of arrival of the-th sinusoid is
deterministic and fixed throughout the simulation. Hence, 2 (n + 1)
such models cannot be used to model a fading channel with an = —
changing parameters, as would be required to reproduce the
statistical properties of time-varying propagation chelsn He_re the¢>n_ar¢ indep_endent random phases, each of which is

On the other hand, in the stochastic models at least oi@formly distributed in[0, 2z]. # denotes anV x N Walsh-
of the waveform parameters is a random variable [12]. The§@damard matrix whose columns are orthogonal, &fid j|
models are based on the MPS simulation method [35]. In ttENOtes theti, j)-th element of matrixt7. Wu utilized these
approach, a simulation trial is divided into several framee ©'th0gonal weighting functions to guarantee the correeitn-

a new set of random sinusoid parameters (such as r(,ind%(ﬁpendence between the in-phase and quadrature components

Doppler frequencies and phases) are generated at the stafl¢ne fading process.

each frame. For example, to geners@ in-phase and quadra- 1€ key limitation of Models I and Il (and the other
ture components, we can divide the trial into® frames of stochastic SOS-based models in general) is that theistitali
length10* samples each. In this case, the statistical propertiR@PPerties converge to the desired properties only over a
of the generated process change for each simulation trialFglatively large number of simulation trials (e.g0, simulation

has been shown that with the MPS method, the performarj@!s [36]). The need for averaging over many simulatioalsr
of Monte Carlo simulations is considerably improved [14[@/SO called ensemble averaging) implies significantly enor

Also, stochastic models require a smaller number of simssoOMPutation. Fig. 1 shows that the ACF of the generated fad-

compared to deterministic models to achieve similar aaguralN9 Samples, when averaged over multiple simulation blocks

. . in. this examplel0 blocks), can converge to the reference
One widely-referenced stochastic SOS-based model V\pn .
proposed by Zheng and Xiao [13]. It was shown that thﬁéF' While Model | has a more accurate ACF, the CCF of

model requires a relatively small number of sinusoigs<( &Ezogrgtri];;ﬁ(:?ezzg?eg Srimgrlt?jsu;zgédjgéﬁpgggﬁg%ze
N < 12) to converge to the desired statistical properties. It prop Y

the model from [13] (henceforth callddodel 1), the in-phase Unfortunately, for the class of stochastic models, such
and quadrature components of the complex envelope of the

fading signal can be written in discrete time as follows: as Mod_els I_anq Il, the stat|st|ca_l propertlt_as of a single
simulation trial (i.e., when averaging over time), no matte

Model 1: how many samples are generated in a fading block, do
not in general converge to the reference properties. Fig. 3

n=1

n=1,---,N,

5 shows this limitation with a plot of the ACF of the fading
cifm] = 4/ N ZCOS (27 fpTsm cos an, + ¢n) process generated usimdgodels | and Il for only one block
n=1 containing2 x 10° samples. Clearly the ACF of the fading

samples generated usilfpdel Il deviates significantly from
the reference ACF of the Rayleigh fading channel, when

N
2
cqlm] = [ £ Z cos (2 fpTsmsin a, + ¥y, ) measured over only one block. Also, the ACF of tedel |
N deviates from the reference function, especially at thgelar

n=1
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Fig. 4. CCF for one block containingjx 10° fading samples using
Fig. 2. CCF averaged over0 blocks containingl0® generated Models landll with fpT; = 0.01 and N = 8.

fading samples each usirgodels land Il with fp7s = 0.01 and
N =8.
relatively small number of sinusoids to reproduce the éesir
statistical properties of the fading channel. Also if theuchel
lags. Fig. 4 also shows that the CCF between the quadratgi@ulator were to be ergodic, then each simulation trial lou
components of the fading process over one block is not grea@foduce the same statistics. Hence no ensemble averaging
improved as when the statistics are averaged over manyslodkould be required and this would significantly reduce the
as shown in Fig. 2. overall simulation time without creating discontinuiti@sthe
Ensemble averaging is not only a computationall;’—empo_ral behavior.[24]. To accuratelylreproduc? the behavi
expensive process, it also creates unwanted discongauifff radio propagation channels, Zaji¢ and Stiber [36] pro-
in the temporal behavior at the frame boundaries. As posed a de_termlmstlc _model that is ergodic. However, the
consequence, the testing of a communication system m@kfocorrelation of the in-phase and quadrature components
be interrupted and re-initialized with a new set of randofyf their model does not accurately match the theoretical
parameters at the start of each frame to ensure accufdfgPerties. They also proposed a statistical model to oveec
modeling of the channel. What is more, the channel estimatifl!'S shortcoming of their deterministic model. Unfortueigt
or carrier recovery at the receiver must be re-acquired affde resulting modified model is no longer ergodic. In the
each draw of random parameters. However, stopping afgxt Section we propose a new fading channel model that
restarting the communication system and channel simuiator2ccurately reproduces the reference statistical praedi a
this way might not be convenient in many practical scenarid@ding process for every generated fading block.
Therefore,Models I and 1l are not suitable for the real-time
emulation of a Rayleigh fading channel with accurate time-I1l. NEW SOS-B\SED FADING CHANNEL MODEL

averaged statistical properties. We propose a significantly improved SOS-based model
For an efficient implementation of a Rayleigh fading charthenceforth calledModel Ill), where the in-phase and quadra-
nel simulator, it is crucial to find a SOS model that requirestare components of the complex envelope of the fading signal



TABLE Il Algorithm 1 The update procedure for random walk

MAXIMUM VALUE OF 6, process9
Normalized Doppler frequency,p 7T, || Max. step sizej, 1: Initialize 6, = e < 1, 0[0] = U(—m, m);
FoT. < 0.0001 0.00000005 2: for m >0 do .
o < 0.0005 0.0000001 3 Olm] =0[m — 1] + (6, x u[ml]);
/5T, < 0.001 0.0000005 4:if 0[m] > 4= then
foT, <0.005 0.000001 5: Olm] = +m; 6o = —do;
fpTs <0.01 0.00001 6: end if
7. if [m] < —m then
8: Olm] = —m; 6o = —bo;
are written in discrete time as follows: o end if
10: end for
Model 111
[27 & .
“i [Tn] - N Z €08 (27TfDTSTn COS(an [mD + Qon) (2) 0.8 K=4 -- —Esfeec;fgg‘ien?Ach Simulation
n=1 / Fixed-point CCF Simulation
N 0.6
cqlm] =4/ 2 Z cos (2m fpTsmsin(an[m]) + ¢,)  (3) o4r e
! N n=1 ’ ! ! 0.2 \
2mn — 7+ 0lm 0
a”b[m]: AN [ ]7 n:17"'7N' -0.2
This model is similar toModel | but heref (and the cor- o4r
responding angles of arrivak,,) are stationary stochastic -08f
processes rather than random variables. This key moddicati -08 ! ‘ ‘ ‘
. . . . 0 100 200 300 400 500 600 700 800
was inspired by the measurements in [37]. We note that ir Autocorrelation lag (in samples)

isotropic scatteringd[m] is uniformly distributed ovef—, )
and the angle changes continuously and only very slowBig. 5. ACF and CCF of x 10° generated Rayleigh and Rician
Thus,f[m] should be highly correlated. To generate the slowlfiading samples withfp T = 0.01, 0, = /4, and N = 8.

changing and highly correlate€[m|, we propose to use a

random walk process [37]. The RWP is initialized with

a uniformly distributed random value betwegaw,«| and . ;)] = ! cqlm]+

an initial positive direction towardsr. The RWP updates K+1 vK +1

towards = with a very small random step siz& x u[m] where the Rician factok is the ratio of the specular power
in the positive direction, where[m] is a generated randomto the scattered powefl, and ¢, are the angle of arrival and
variable with independent, uniformly-distributed sansptever the initial phase of the LOS component, respectively, which
[0,1). To obtain a slowly changing RW®, the coefficiens, are uniformly distributed random variables overr, 7).
is chosen to be small enough that the successive random stepsroving the ergodicity of our new model appears to be
do % u[m] produce highly correlated angles of arrival. Somgtractable; nevertheless, numerous bit-true fixed-pgimtila-
suggested predefined valuesdgf which is a function of the tions have been performed to evaluate the statistical piepe
normalized Doppler rate and the precision of the variabéesiu of the proposed Rayleigh and Rician fading channels. For
when performing fixed-point simulation, are given in Table | example, a block of x 10° fading samples usingV = 8
When the magnitude of the RWP exceedsthen the update sinusoids withf,7, = 0.01 andf, = /4 was generated in
direction is reversed thus causes decreases towardsThe one simulation trial and the time-averaged statisticapproies
update procedure for RW#{m| is presented as Algorithm 1. of both the Rayleigh and Rician fading processes were mea-
It is straightforward to extend the proposed Rayleigh modelired. Fig. 5 plots the ideal ACF along with the ACF and CCF
to support Rician fading channels. We assume that the LOSd#1the fading samples generated by the new model. As Fig. 5
specular component is time-varying and stochastic [22puin  shows, the generated ACF accurately matches the thedretica
model the LOS component will employ a zero-mean stochasiCF. In addition, the generated CCF is very small. Significan
sinusoid with a fixed angle of arrival, a random initial phas@nprovement in the time-averaged ACF and CCF properties
and a Doppler frequencfp, [22]. The quadrature componentsof generated fading samples usiMpdel 1l can be seen by
of the resulting Rician model can then be expressed in dscreomparing Fig. 5 with the ACF and CCF statisticsMédels
time as follows: | andll, shown in Figs. 3 and 4, respectively. Figures 6 and
M : 7 plot the PDF and the CDF of the generated Rayleigh and
odel 1V: e . . S
Rician fading samples against the reference functionsirAga
1 VK close match can be observed between the theoretical fasctio

T T cos(2m fp, Tsm cosOo+0o). 4 the simulated statistics.

sin(27 fp, Tsm cos O,+,),




14

T T T
_ = = = Fixed-point Simulation
K=4 Reference
12F ’/
L k=0
__ o8- N o
g S
[9)
£ °
o6t Q
S
£
0.4r 5
: =z
0.2 Reference
O Fixed—point LCR Simulation
0
0 0.5 1 1.5 2 25 3 3.5 4
c 10’3 i i i i i i i
-30 -25 -20 -15 -10 -5 0 5 10

A=20log, (RIR )

Fig. 6. PDF of2x 10° generated Rayleigh and Rician fading samples
with fpTs =0.01, 6, = 7/4, and N = 8. Fig. 8. LCR of2 x 10° generated Rayleigh and Rician fading
samples withfpTs = 0.01, 6, = /4, and N = 8.

1F
4
0.9r - K=4 . B 10
0.8f K=4
- 10° L \\(
07F = k] \
K_\O § Reference
L 5 0 Fixed-noi ) )
5 0.6 g 102 L ’leed point AFD Slmulanon‘
5 05f B
n £
O]
0.4 3 10
[}
0.3k = = = Fixed-point CDF Simulation =
Reference 2 10°
0.2 N
©
01f E .
> 10
0 I I I I I I
0 0.5 1 15 2 25 3 3.5 4
c 10

% 25 20 5 10 s o 5 10
Normalized fading envelope level (dB)
Fig. 7. CDF of2 x 10° generated Rayleigh and Rician fading
samples with/pTs = 0.01, 6, = 7/4, and N = 8. Fig. 9. AFD of 2 x 10° generated Rayleigh and Rician fading
samples withfpTs = 0.01, 6, = 7/4, and N = 8.

Two other important statistical properties of the genetate

fading samples are the LCR and the AFD [5]. They CharaFéding channel simulator, one of the important decisions is

terize Important aspects of the tempo_ral behavior of emlothe choice of the PNG that generates uniformly-distributed
fluctuations. The LCR is the rate at which the envelope cms

- : " - signed values betwegf, 1). Moreover, the fading channel
a specified level with a positive sIope.lThe AFD 'nd'ca.teﬁmulator must accurately create very long sequence ohdadi
how long the envelope stays below a given threshold. Sin

. g’gmples so that the test conditions do not repeat during test
the AFD determines the average length of burst errors, fins. This implies that the PNG should have a long repetition

has a great impact on the design and testing of wirele Sri . : .
. riod. We used a combined linear PNG that has substantially
communication systems [38], [39]. The LCR and AFD of th etter randomness properties and a longer period compared

envelope of the generated Rayleigh and Rician fading SENDE conventional linear PNGs, such as the widely-used linear

and the theoretical functions are plotted in Figs. 8 and B0y shift register [40]. The block diagram of the seléc
respectively. Once again a close match between the geder%t,?_bit combined Tausworthe generator with perjods 2113

statistics and the theoretical functions can be obsenak®m 15514113 [41]is shown in Fig. 10. Note that the registers
toge_ther, the_ simulation results in Figs. 5-9 provide Sgronsj,j =1,---,4 store four32-bit variables that are initialized
e’?"p'”ca' evidence that bothdeI lil and M0d6| IV can with four separate seeds. Although the randomness preperti
faithfully reproduce the properties of Clarke’s model. of each of the four components is very good, bitwise XORing
the output of these four components produces even better
IV. IMPLEMENTATION OF THE FADING CHANNEL randomness properties together with a much longer repetiti
SIMULATOR period.
In this section we describe an efficient design that im- To calculate thesin(a,,[m]) and cos(a,[m]) values, first
plements the proposellodel Il on a single FPGA. For a we note that for the:-th sinusoid at time indexn we can



TABLE Il
IMPLEMENTATION OF THE PROPOSEIRAYLEIGH FADING
CHANNEL SIMULATOR ON THREE DIFFERENTFPGAs

Device family I 12 | Il | I
Max. clock freq. (MHz) 195.61 204.75 103.01
Output rate (MSamps/sec) 195 204 103
Slice utilization 2447 (9%) | 2444 (5%) | 1292 (1%)
@ 1= 4204067204, C2= 4204967286, Dedicated resource utilizatiof] 48 (9%) 48 (10%) | 128 (72%)
C3= 4204967280, C4= 4294967168 Number of BRAMs 12 (3%) 12 (2%) 2%

ul

. . ‘ 2Design | was synthesized for a Xilinx Virtex4 XC4VSX55-11.
Fig. 10. Logic diagram of £TG2To113. Design Il was synthesized for a Xilinx Virtex2P XC2VP100Fsnally,
Design Il was synthesized for an Altera Stratix EP1S80BTH)

calculatex,,[m] using the following iterative equation

2mn — 7w + 0[m]

anlm] = AN
_ 2mm—m+0m—1]
= N +4
= apm-—1]+9§".

Thus cos(a,[m]) and sin(«,[m]) can be approximated as
follows:

cos(ap[m]) =~ cos (an[m —1]) — & sin (an[m — 1]),
sin(ap[m]) =~ sin (an[m —1]) + 6 cos (an[m — 1]).

The sine and cosine values used to calcuaié,, [m]) and
cos(a,[m]), respectively, are stored in four dual-port (for
N = 8) memories TBLROM12, TBLROM34, TBLROMb56, Fig. 11.  Layout of the 500 MHz semicustom Rayleigh fading
and TBLROM78, each configured ifil2 x 32 format. We channel simulator.
use N 60-bit multipliers to multiply the12-bit cos «a,[m]
value with the48-bit value of mfpTs. Similarly, N 60-bit scalable to exploit the available FPGA capacity. As the anpl
multipliers are required for the quadrature componenthEigmentation results in Table Il show, a multiple antennaeyst
dual-port ROMs store cosine values used to calculate thith up to 10 channels (as each channel requité$%; of the
in-phase and quadrature componemt$n] and ¢,[m]. The dedicated multipliers) can be implemented on a single Xilin
hardware-based fading channel simulator design was adjusvirtex-1l Pro XC2VP100-6 FPGA. Fig. 11 shows the layout of
carefully to ensure accurate fixed-point representatiohs @472, 430 m? semicustom integrated circuit implementation
the variables while minimizing the computational resosrceof the Rayleigh fading channel simulator designed #vawm
Specifically, the stochastic procegswas represented in 32- CMOS technology using a dual-threshold standard cellfibra
bit format, while ¢[n] and ¢ [n] used 10-bit precision. The The core was targeted to operate at 500 MHz, generating 500
values ofsin(a;, [m]) andcos(a,[m]) were represented in 12-million 16-bit complex fading variables per second.
bit format and the cosine values required to calculg{e] The reason that the above implementation scheme, which
andc,[m] were represented in 16-bit fixed-point format.  first appeared in an earlier form in [42], uses a relatively
The proposed fading channBlodel Il was implemented large number of dedicated multipliers is because it reguire
as a Verilog hardware description language model and syN-60-bit multipliers to multiply thel2-bit cos(a,,[m]) value
thesized for three typical FPGA devices. As shown in thaith the 48-bit value of mfp7s. We now propose a more
third column of Table 1ll, the implementation of the Rayleig compact design that utilizes a more efficient operation géche
fading channel simulator on a Xilinx Virtex2P XC2VP100-ule. It first multiplies fp T with the cos(«,,[m]) value (and
6 FPGA uses5% of the configurable slices, requirel8 also withsin(a,[m]) for the quadrature components), which
dedicated!8 x 18 multipliers, andl2 BRAMs. The maximum requires16-bit multipliers instead ofi8-bit multipliers. Then
sampling rate of the fading channel simulator on a Altetthe results are accumulated in order to obtain the value of
Stratix EP1S80F1508C6 FPGA is slower while utilizing onlyn.(fpT’ cos a,[m]). The implementation of this new scheme
1% of the configurable logic elements ah2B of the dedicated on a Xilinx Virtex2P XC2VP100-6 FPGA uses o5 (2%)
DSP blocks. To ensure the statistical accuracy of the geteraof the configurable slices, requirés (3%) dedicated18 x
fading samples, the hardware-based channel simulator wasmultipliers, and12 (2%) BRAMSs, while generating203
designed so that it regenerates the same samples producerthitijon complex-valued Rayleigh fading samples per second
the bit-true software simulator. The proposed design idilya This revised implementation is significantly smaller thae t



TABLE IV

IMPLEMENTATION RESULTS OFRAYLEIGH FADING CHANNEL
SIMULATORS USING DIFFERENT MODELS ON AXILINX VIRTEX-II
PROXC2VP100-6 FPGA

(1]

(2]

(3]

Design | New Imp. [ A[43] | B[44]
Model Model Il Model | Model |
Clock freq. (MHz) 203.99 201.69 210.3
Output rate (MSamps/seq 203 201 210
Configurable slices 965 (2%) | 542 (1%) | 8814 (19%)
Dedicated resources 16 (3%) 8 (1%) 256(57%)
On-chip memory blocks|| 12 (2%) 8 —

(4]

(5]

scheme used in [42] and allows the implementation of MIMO
channels with a moderate number of antennas (for examplél
with 32 separate fading channels) on a single FPGA. A fixed-

point implementation of the Rician fading channel simufato [

on the same device usé846 (2%) of the configurable slices,
requires20 (4%) of the dedicated on-chip multipliers, and
(3%) of the BRAMSs, while generating94 million complex-
valued Rician fading samples per second. One can utiliz
time-multiplexing approach to share functional units aoche

storage resources so that more channels can fit onto a single

(8]

9]
ea
[10]

FPGA. For comparison, key implementation results of two

stochastic block-based SOS-based simulators are present
Table IV. It is important to note that even though we we
able to implement a smaller design fistodel | in [43], this

earlier model is not able to accurately reproduce the tadls

[12]

properties of propagation environments for the continuous

simulation of time-varying wireless channels.

V. CONCLUSIONS

We proposed a new sum-of-sinusoid model for simulati

[13]

[14]
ng

Rayleigh and Rician fading channels that has significantly
improved statistics. The major improvement in the new modgls]
is the use of random walk processes to update the angles of

arrival of the sinusoid components. The resulting modet p
duces accurate statistics in each simulation run (i.e.efery

r6L6]

generated fading block) and does not require computat';onal[m

intensive ensemble averaging over multiple runs. In aoiajti

we presented a significantly smaller implementation coegbar

to the previously proposed design from [42], reducing the
quired configurable slices and dedicated multipliers recesi

reLs|

by over 50%. A compact fixed-point implementation of thel19]

new Rayleigh fading channel simulator on a Xilinx Virtex2
XC2VP100-6 field-programmable gate array (FPGA) utiliz
only 2% of the configurable slices, requirg§; of the dedi-
cated on-chip multipliers, an2% of the Block RAMs, while

P

&20)

generating ove200 million complex-valued Gaussian sampleg21]

per second. Utilizing an efficient operation scheduling t

h

number of paths that can be implemented simultaneously
on a FPGA is three times more than the best previol#]
implementation. The ability to implement an entire multipa

fading channel simulator on a single FPGA should be

a

significant improvement for the prototyping and verificatio[zg]

of frequency-selective channels and multiple-antennalegs

systems, where multiple independent fading paths arenedjui

7] Full
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