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ABSTRACT

A low-complexity hardware implementation method is pro-
posed for discrete-time frequency-selective Rayleigh fading
channels. The proposed method first employs the Sum-of-
Sinusoids method to generate multiple independent flat fading
channel responses, then utilizes a simple weight-delay-sum
filtering method to incorporate the fractionally-delayed mul-
tipath rays into inter-tap correlated tap gains. It thus achieves
accurate correlation properties in both inter-tap correlation
and temporal correlation (or Doppler spectrum). The pro-
posed method is implemented by an Altera Stratix II FPGA
development kit and the results show excellent performance
match with those by MATLAB software simulations.

Index Terms— Frequency-selective fading channel,
discrete-time channel modeling, Sum-of-Sinusoids method,
FPGA implementation.

1. INTRODUCTION

Wireless fading channel modeling and simulation provide
a low-cost means for testing and verification of transceiver
products, new algorithm design, and channel capacity anal-
ysis. A most commonly used model is the Rayleigh fading
Wide-Sense Stationary Uncorrelated Scattering (WSSUS)
channel which is often simulated by one of the two meth-
ods: the Sum-of-Sinusoid and the Doppler spectrum filtering
method [1]. Hardware and software implementations of
frequency-flat fading channels have been well studied and
reported by, for example, [1, 2, 3, 4] and reference herein.
Software implementation of frequency-selective fading chan-
nels has also been well investigated [5, 6, 7]. However,
hardware simulation of frequency-selective fading channels
still presents some challenge in computational complexity
and simulation accuracy[8, 9]. The most difficult aspect of
frequency-selective fading channel simulation is to accu-
rately compute and incorporate the cross-correlation between
multiple channel taps in the discrete-time model. Although
the WSSUS model assumes multiple uncorrelated rays, the
sampled discrete-time channel taps are often correlated due
to the bandpass nature of wireless communications systems.
Many current hardware implementations fail to consider these
correlation and result in inaccurate channel characteristics.

In this paper, we propose a simple and elegant method
to incorporate inter-tap correlation for hardware implemen-
tation of discrete-time frequency-selective fading channels.
The proposed method employs the weight-delay-sum filtering
method [10] to implement the fractional delays of the multi-
ple WSSUS rays. It combines the weight-delay-sum method
with SoS flat fading simulators and ensures low-complexity
for real-time hardware implementation. The proposed simu-
lation method is implemented by Altera’s Stratix II Field Pro-
grammable Gate Array (FPGA) development kit. The results
show excellent performance match with those of MATLAB
software implementation. The proposed method has advan-
tages in low computational complexity, fast data rate, and
more accurate waveforms and correlation properties, in com-
parison with existing hardware implementation methods.

2. DISCRETE-TIME FREQUENCY-SELECTIVE
FADING CHANNEL MODELS

The frequency-selective Rayleigh fading channel model is of-
ten expressed as the baseband equivalent channel impulse re-
sponse consisting of multipath[1]

h(τ, t) =
I∑

i=1

Pig(τ − τi) exp[−j(ωi(t − τi) − φi)] (1)

where Pi, ωi, and τi are the i-th multipath gain, angular
Doppler frequency, and relative delay, respectively. The pulse
shaping filter g(τ) is a bandpass filter often implemented by a
raised cosine filter[1]. The multipath gains Pi are normalized
to yield unit total power of the response. It is commonly as-
sumed that the multiple rays in (1) are Wide-Sense stationary
uncorrelated scattering (WSSUS).

When the delay spread τmax − τmin is much smaller than
the symbol interval Tsym, the channel impulse response can
be assumed as frequency-flat fading

h(t) =
I∑

i=1

Pig(t) exp[−j(ωit − φi)] (2)

If sampled at Tsym interval, the discrete-time flat fading
channel can be efficiently simulated by several SoS models
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[1, 3] and a typical one is

Z(k) = Zc(k) + jZs(k), (3)

Zc(k) =

√
2
M

M∑
n=1

cos(ωdk cos αn + φn),

Zs(k) =

√
2
M

M∑
n=1

cos(ωdk sinαn + ϕn),

αn =
2nπ − π + θ

4
, n = 1, 2, · · · ,M.

where ωd is the maximum angular Doppler frequency, M is
the total number of sinusoids, and j = sqrt−1. The angle of
arrival αn is randomized by a uniformly-distributed θ, and φn

and ϕn are the random phases of the in-phase and quadrature
components, respectively. The random variables φn, ϕn, and
θ are statistically independent and uniformly distributed on
[−π, π) for all n.

When the channel coherence time is comparable to
or larger than the symbol interval, the fading channel is
frequency-selective and inter-symbol interference often spans
multiple symbol intervals. The sampled channel response (1)
becomes a time-varying FIR system

H(l, k) =
I∑

i=1

Pig(lTs − τi)Zi(k), (4)

where Zi(k), i = 1, · · · , I, are independent flat fading CIRs
generated by (3). However, the multipath delays τi are of-
ten fractions of the symbol interval, as shown in Fig. ??.
Sampling the fractional delays at Tsym (or at Ts = Tsym/U ,
where typically the upsampling rate U ∈ [1, 10].) results in
correlated inter-symbol delay taps [6, 5]

E[h(l1, k)h†(l2, k)] =
I∑

i=1

I∑
k=1

PiPkg(l1Ts − τi)g
†(l2Ts − τk), (5)

note that Rgg(ξ) = E[g(τ)g†(τ + ξ)] is the autocorrelation
of the bandpass filter g(τ). The resulting discrete-time power
delay profile is shown in Fig.1.

Several methods have been proposed to incorporate the
inter-tap correlation in frequency-selective channel model-
ing including the spectrum factorization method [7] and the
correlation matrix factorization method [5, 6]. It has been
shown that these methods yield accurate channel models with
low computational complexity in software-based simulation.
However, the evaluation of correlation coefficients, and the
spectrum and/or correlation matrix factorization are costly
in hardware implementation. Therefore, we propose a sim-
ple weight-delay-sum filtering method [10] to implement the
fractional delays,

H(l, k) = Hc(l, k) + jHs(l, k) (6)

Hc(l, k) =
I∑

i=1

PiEl,iZci
(k)δ(l − li)

Hs(l, k) =
I∑

i=1

PiEl,iZsi
(k)δ(l − li)

where li = �τi/Ts�, and El,i = g(lTs − τi) are Ts-spaced
samples of the delayed bandpass filter, as shown in Fig. 2,
where the raised cosine pulse is truncated to ±LgTs with
Lg = 3.

The simple weight-delay-sum method captures the inter-
tap correlation of frequency-selective channels with very low
computational complexity. The tradeoff is that it requires I
independent flat fading waveforms rather than L = 2Lg +
1+�τmax/Ts� required in the correlation matrix factorization
method [5]. In practice, the number of multipath I is often
slightly larger than the total number of taps L.

3. FPGA IMPLEMENTATION

For real-time hardware implementation, frequency-selective
channel waveforms must be sampled at the same rate as the
receiver and the received signal (after proper delay) is then

y(k) =
L−1∑
l=0

H(l, k) · x(k − l) + v(k), (7)

where x(k) is the transmitted signal and v(k) is the back-
ground white Gaussian noise. If the symbol interval Tsym =
1μs and the upsampling rate is U = 10, then L samples of
H(l, k) are needed for every Ts = 0.1μs, where L is on
the order of tens. This requirement is stringent for sample-
by-sample processing. However, in modern communications
systems, block transmission is often employed and channel
response is often slowly time varying. We exploit this feather
and propose an efficient implementation with block process-
ing.

The proposed hardware implementation scheme con-
sists of three major blocks: a parameter generator bank, a
flat fading generator, and a selective fading generator mod-
ule, as shown in Fig. 3, where MUX is a multiplexer. The
parameter generator bank generates and stores all random
variables needed for each of the I WSSUS rays. These in-
clude the random phase vectors Φi = [φ1,i, φ2,i, · · · , φM,i]
and Ψi = [ϕ1,i, ϕ2,i, · · · , ϕM,i], the maximum Doppler fre-
quencies ωd,i, random phases θi, and the power delay profile
vectors P = {Pi} and D = {taui}. The parameter genera-
tor bank also computes and stores the quantities cos αn,i and
sinαn,i for all n and i. The multiplexer selects the parameters
of the i-th ray and sends them to the flat fading generator in
series. The flat fading generator generates the real and imag-
inary components of the i-th flat fading channel responses
according to (3) and outputs Zci

(k) and Zsi
(k) to two buffers

of the selective fading generator. When the k-th flat fading
samples of all I rays are ready at the buffers, the selective
fading generator processes them with the weight-delay-sum
filtering method according to (6).

The implementation of the parameter generator bank is
straightforward with several uniform random number genera-
tors and the sine and cosine functions are generated by Look
Up Tables (LUT). The flat fading generator is implemented
as in Fig. 4, where M cosine functions are summed in se-
ries to generate the real/imaginary component of the fading
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Fig. 1. (a) A typical urban channel PDP with multiple WSSUS rays.
(b) Average power/tap of Ts-spaced discrete-time channel response.
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Fig. 2. Bandpass filter of the i-th ray sampled at
Tsym, where the delay τi is a fraction of Tsym.

Fig. 3. Block diagram of FPGA implementation of the
frequency-selective Rayleigh fading Simulator

Fig. 4. FPGA implementation of the flat fading generator
module

response. Flexible data formats are used for different param-
eters according to their fixed-point precision. For example,
the random phase/Doppler parameters use the format (3:20),
the number M uses (2:10), the time-index k uses (21:30), and
the channel responses use (3:20). Thus, accuracy of output
can reach 2−20 ≈ 10−6.

The selective fading generator is the core module of the
simulator and its structure is shown in Fig. 5. The i-th flat
fading channel responses are multiplied with its gain Pi ac-
cording to the PDP specifications prior to be stored in the
buffers. The weights El,i = g(lTs−τi) are computed through
multiple LUTs which store the raised cosine pulse for τ =
[−LgTsym : LgTsym] at a high resolution. The LUTs takes

Fig. 5. FPGA implementation of the frequency-selective fad-
ing generator module

the delay parameter Di = τi as the inputs and then outputs the
corresponding weights El,i to the multipliers (MUL). Multi-
ple MULs are used to weigh the corresponding flat fading
rays in parallel. The accumulators implement the summation
of (6) and output a block of Hc(l, k) and Hs(l, k) in parallel.

4. IMPLEMENTATION EXAMPLE AND
PERFORMANCE EVALUATION

The proposed frequency selective fading channel simulator
was implemented by an Altera Stratix II FPGA/DSP devel-
opment kit. We used Quartus II version 8.0 and DSP Builder
version 5.0 for this development. DSP Builder provides a
nice interface between the FPGA hardware and MATLAB
Simulink so that the parameters of channel specifications
were easily input to the channel simulator, and the outputs of
the channel simulator were logged in data files in Simulink.

As an example, results for a typical urban channel model
of 20 WSSUSrays is presented here. The implementation pa-
rameters were: the number of sinusoid M = 16, the upsam-
pling rate U = 10, the output block size is 10×1 per accumu-
lator, and the channel length L = 60 (in terms of Ts). When
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Fig. 7. Cross-correlation between Hc(l, k) and Hc(l + 1, k)
of the frequency-selective channel simulator.

the clock period of the FPGA chip is set to 20ns, it meets the
real-time requirements for symbol interval Tsym = 6.4μs.
The logic utilization of the single FPGA chip was 33%, in-
cluding 15704 (31%) combinational ALUTs and 1383 (2%)
dedicated logic registers. Total block memory bits occupied
was 822484 (32%). The proposed low-complexity hardware
implementation occupies less than 1/3 resources on the single
FPGA chip.

The performance of the hardware simulator was evaluated
by its output waveforms. First, the auto- or cross-correlation
of the flat fading generators Zci

(k) and Zsi
(k) are computed

by averaging over five trails and each trial generated k = 2×
106 samples. The results are shown in Fig. 6.

The cross-correlation between Hc(l, k) and Hc(l +
(1, 2, 4), k) are shown in Fig. 7. When the accuracy of
MATLAB simulations is set to 10−6, which is the same to
the accuracy of FPGA outputs. All FPGA outputs match
MATLAB simulations very well.

5. CONCLUSIONS

A low-complexity FPGA implementation of frequency selec-
tive Rayleigh fading channels has been proposed, which em-
ploys a simple weight-delay-sum processing to incorporate
the inter-tap correlation of discrete-time channel models. The

proposed simulator has been implemented on Altera’s Star-
tix II development kits. The results of the hardware simula-
tor match those by the software simulation. The advantages
of the proposed simulator include its flexibility for parameter
change and its simple, compact implementation.
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