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Abstract—Differential distributed space-time coding (DDSTC)
has been proved to be suitable for wireless relay networks, since
it can provide spatial diversity without the need for channel
state information at neither the transmitter nor the receiver
side. However, DDSTC suffers from significant error floor in
fast-fading channel conditions with high Doppler frequencies
due to rapid time variations. For this reason, multiple-symbol
differential detection (MSDD) has been proposed in the past,
where the detection process involves a larger window size of
the received symbols. So far, differential detection for vehicle-to-
vehicle (V2V) networks has been studied only for single Rayleigh
channels. However, experimental and theoretical studies report
that double Rayleigh can be considered as an appropriate fading
channel model for V2V networks. In this paper, we assess the
error performance of a DDSTC scheme operating in a V2V
network using MSDD. Simulation results confirm that the error
performance of such a system can be improved significantly with
MSDD under different channel time-variation scenarios.

Index Terms—Differential detection, distributed space-time
coding, double Rayleigh, multiple-symbol differential detection,
time-varying channel, vehicle-to-vehicle networks.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) is an effective tech-

nology for improving the spectral efficiency and/or link re-

liability of wireless communications systems. However, the

implementation of multiple antennas at the transmitter and/or

receiver side is not practical in some cases, such as in cellular

mobile terminals, and in wireless sensor nodes. Cooperative

communication has been proposed in the past to exploit the

diversity achieved in a distributed manner by using single-

antenna nodes. It consists of three primary types of elements,

the source node S, one or more relay nodes R, and the

destination node D. The source is assisted by at least one

relay in order to transmit the signal to the destination. Various

cooperative relaying protocols have been proposed in the

literature so far, the most popular being the decode-and-

forward (DF), and the amplify-and-forward (AF) protocols [1].

In AF, the relay simply amplifies the signal by a pre-specified

amplification factor and transmits it to the destination node.

Due to its many advantages, the AF relaying strategy has been

included in the long term evolution (LTE)-advanced physical

layer specifications [2], [3].

Vehicular ad hoc network (VANET) is a promising intelli-

gent transportation system technology, which enables vehicles

to communicate with each other and roadside stations. It

can support critical vehicular safety applications, such as

emergency warning, collision avoidance, road condition broad-

casting, and lane-changing assistance [4]–[6]. Due to their

advantages in terms of road safety, efficiency, and comfort,

VANETs have received a lot of attention in the last couple

of years. Therefore, many efforts have been made towards

the design of robust architectures for vehicle-to-vehicle (V2V)

and vehicle-to-road (V2R) networks, such as the cooperative

communication scheme proposed in [7] for enhancing the

coverage and link reliability in vehicular networks.

Most of existing works in the literature assume perfect

channel state information (CSI) at D. However, in practical

scenarios, the CSI is unknown and it has to be obtained

with the aid of pilot symbols. Besides, allocating specific

resources for these symbols, the correct estimation of channel

gains would be very difficult or even infeasible in fast-fading

channels, where the channel gains vary rapidly. It comes out

that, the design of a decoder that does not require CSI is of

major importance in V2V systems.

Differential detection based on two-symbol differential de-

tection (TSDD) has been proved to be a good practical solution

in the absence of CSI. It has been shown that TSDD performs

3 − 4 dB worse than the coherent detection. However, in

high speed scenarios, the assumption that the consecutive

channel gains are constant does not hold any more. Thus,

the TSDD suffers from high error floor and severe bit error

rate (BER) degradation. Recently, a generalized likelihood

sequence detector (GLSD) using the destination noise variance

has been proposed [8]. This detector outperforms the diversity

combiner technique and achieves near maximum-likelihood

detection (MLD) performance with the same complexity. Mul-

tiple symbol differential detection (MSDD) has been proposed

in [9]. This type of detection processes a larger window size

of the received symbols (with respect to the TSDD), thus

significantly improving the BER performance. Concerning

MIMO systems, a low complexity MSDD for unitary space-

time codes based on sphere decoding has been proposed

in [10]. However, in all cases, the computational complexity

of MSDD increases exponentially with the window size.

Although differential detection for V2V networks has been

studied extensively in the literature, the channel model con-
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Fig. 1. Cooperative wireless relay system.

sidered in all cases is (single) Rayleigh [11], [12]. However,

experimental and theoretical studies report that double (or

cascaded) Rayleigh can be considered as an appropriate fading

channel model for V2V systems [13], [14]. This paper inves-

tigates the performance of a differential space-time coding

scheme for V2V systems with AF relaying employing a

low-complexity MSDD under three different channel time

variations, namely low, medium, and fast. The outline of the

paper is as follows; Section II presents the system model.

Section III deals with the TSDD and the MSDD and their

performance over fast fading channel conditions. Finally, the

simulation results are presented in Section IV for both the

single and double Rayleigh channels.

Notations: Bold upper-case and lower-case letters denote

matrices and vectors, respectively. Also, (.)∗, and (.)H stand

for the complex conjugate, and the Hermitian transpose of

a complex vector or matrix, respectively. Finally, CN is the

complex Gaussian distribution.

II. SYSTEM MODEL

Consider a cooperative half-duplex V2V scheme consisting

of one source node S, two relay nodes R1, R2, and one

destination node D in a highway/suburban area, as shown

in Fig. 1. Each terminal in the network is equipped with a

single antenna. The relaying scheme implements the Alamouti

space-time code in a distributive manner with the aid of the

AF protocol. Two phases are assumed in the transmission

process; in Phase I, S transmits to R1 and R2, while in

Phase II the two relays forward the amplified received signals

to D. All links are considered to be affected by the product

of two independent Rayleigh channel gains. The envelope of

this cascaded Rayleigh channel model has probability density

function given by [15]

Pz[z] = 2zK0(z
√
2), (1)

where K0 is the zero-order modified Bessel function of the

second kind and z is a random variable. Moreover, the second-

order statistics follows Jakes’ model, which is given by [15]

R(τ) = J0(2πf1τ)J0(2πf2τ), (2)

where J0 is the zero-order Bessel function of the first kind. Ad-

ditionally, all channels between individual nodes are perturbed

by independent samples of additive white Gaussian noise

(AWGN). Moreover, the information bits to be broadcasted

by S are converted to symbols using phase shift keying

(PSK) modulation. According to [16], for each codeword, one

out of the L entries of the set of 2 × 2 unitary matrices

given by S =
{
Sl |SH

l
Sl = SlS

H

l
= I2

}
is selected, where

l = 1, . . . , L and L is the total number of codewords.

The main purpose of differential modulation is to make

the receiver structure simple by omitting the need for chan-

nel estimation and phase tracking. Therefore, the differential

encoding is based on modulating the information through the

phase difference between two consecutive symbols. Hence, at

time instant n, the modulated information symbols S[n] ∈ S
at the source are differentially encoded according to

x[n] = S[n]x[n− 1], n = 1, 2, . . . , N, (3)

where x[n] denotes the transmitted signal with x[0] = [1 0]t

being the initial reference symbol, N is the number of data

symbols within one frame, and

S[n] =
1√
2

[
s1(n) −s∗2(n)
s2(n) s∗1(n)

]
. (4)

During Phase I, S broadcasts the vector x[n] over the relay

channels. The received vector by the ith relay, i = 1, 2, is

yi

sr [n] =
√
Psh

i

sr[n]x[n] +wi

r[n], (5)

where Ps denotes the transmission power at S, hi
sr

is the

S → Ri channel assumed to be double Rayleigh distributed

with
√
hi
sr

∼ CN (0, 1), and wi
r
[n] ∼ CN (0, N0I2) is the

AWGN sample at ith relay.

During Phase II, the relays form the distributed Alamouti

space-time code by combining the following matrices [16]

vi

sr
[n] = Aiyi

sr
[n] +Biyi∗

sr
[n], (6)

where Ai,Bi for i = 1 and i = 2 are defined respectively as

A1 =

[
1 0
0 1

]
, B1 = 0, A2 = 0, B2 =

[
0 −1
1 0

]
. (7)

Since the system does not have any CSI, and in order to

ensure the minimum pairwise-error probability (PEP), each

relay amplifies the received signal by a fixed amplification

factor αr =
√
P i
r
/(Ps +N0), where P i

r
is the average power

per symbol at Ri. Thus, the total signal received at D becomes

y[n] =
2∑

i=1

αrh
i

rd
[n]vi

sr
[n] +wd[n], (8)

where hi

rd
is the Ri → D channel assumed to be double

Rayleigh distributed with
√
hi

rd
∼ CN (0, 1), and wd[n] ∼

CN (0, N0I2) is the AWGN sample at D.
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III. DIFFERENTIAL DETECTION

A. Two-Symbol Differential Detection

The channel is assumed to be fixed for two consecutive

symbols, i.e., h[n] ≈ h[n−1]. Thus, the received vector reads

y[n] = S[n]y[n− 1] +wd[n]− S[n]wd[n− 1]. (9)

Then, the decoding rule is given as

Ŝ[n] = arg min
S[n]∈S

‖y[n]− S[n]y[n − 1]‖ . (10)

However, in fast fading, the two consecutive symbols are no

longer fixed and the change between them becomes non-trivial,

let say equal to ∆h. In this case, (9) can be expressed as

y[n] = S[n]y[n− 1] + w̃d[n], (11)

where

w̃d[n] = wd[n]− S[n]wd[n− 1] + ar
√
Psx[n]∆h. (12)

Obviously, the increase in noise power depends on both√
Ps and ∆h. Thus, the conventional differential detection

experiences severe error degradation in a fast-fading channel.

B. Multiple-Symbol Differential Detection

The basic idea of MSDD is based on increasing the observa-

tion window of the received symbols. The technique makes use

of maximum-likelihood sequence estimation (MLSE) of the

transmitted phases rather than symbol-by-symbol maximum-

likelihood (ML) detection as in TSDD [9], [11]. As such,

the performance of this multiple-symbol detection scheme

fills the gap between TSDD of PSK and ideal coherent of

PSK with differential encoding. The amount of improvement

gained over the conventional differential detection depends

on the number of additional symbol intervals added to the

observation. What is particularly interesting is that substantial

performance improvement can be obtained for only one or two

additional symbol intervals of observation [9].

Simply put, an MSDD is a decoder that makes a decision

about a block of K consecutive PSK symbols based on K+1
received samples. The first received sample is used to provide

a phase reference for the entire block while the last sample

is used to provide a reference for the next block. Obviously,

for K = 2, MSDD reduces to the TSDD. The larger the value

of K , the better the error performance. In the limiting case

where K approaches infinity, the performance of a MSDD in

an AWGN channel approaches that of a coherent detector with

differential encoding to resolve phase ambiguity [17].

The ML-based MSDD has better BER performance than

many other detectors intended for differential modulation.

However, the computational complexity of ML-based MSDD

quickly becomes prohibitive as the observation window size

K grows. While low-complexity MSDD algorithms for the

time-invariant Rayleigh fading channel have been considered

before, there is a need for low-complexity MSDD algorithms

for general time-varying Rayleigh fading channels. Towards

this end, a polynomial-time complexity approach, called semi-

definite relaxation, has been suggested in [18] in order to

achieve differential detection with near-ML performance.

TABLE I
SEVERITY SCENARIOS USED IN SIMULATIONS (i = 1, 2)

case ID channel-type fd for S −R fd for R−D

#1 low-fading 0.0001 0.0001

#2 medium-fading 0.005 0.003

#3 fast-fading 0.01 0.009

IV. SIMULATION RESULTS

Monte Carlo simulations have been conducted in order to

evaluate the BER performance of the differential distributed

space-time coding (DDSTC) scheme, which has been con-

sidered to operate over double Rayleigh flat fading for all

S → R1, R2 and R1, R2 → D links. Different cases represent

different normalized Doppler frequency fd values from source-

to-relay (S−Ri) and relay-to-destination (Ri−D), where i =
1, 2. In this simulation, the Doppler frequency is a function of

the symbol period, the vehicle speed, and the carrier frequency.

For the low channel severity case, it is assumed that the system

operates in slow fading, which corresponds to small values of

the normalized Doppler frequency, namely fd = 0.0001 for

all links. The medium channel severity case assumes medium

fading, such that the normalized Doppler frequencies are 0.005
and 0.003 for S−Ri and Ri−D, respectively. High channel

severity conditions are also assumed, where the normalized

Doppler frequencies are 0.01 and 0.009 for S−Ri and Ri−D,

respectively, as shown in Table I. Notice that, the power is

allocated as follows; Ps = 0.5, P 1
r = 0.25, and P 2

r = 0.25.

In all simulations, the information bits are first modulated

using either binary PSK (BPSK) or Quadrature PSK (QPSK).

Then, the modulated symbols are differentially encoded and

transmitted through the two phases described in Sec II. Both

single Rayleigh and double Rayleigh fading channel condi-

tions are considered in each link. The evaluated systems are

shown in Figs. 2, 3 and 4 for different cases. As shown in

Fig. 2, the BER performance over single Rayleigh with QPSK

for Case I is decreased with the signal-to-noise ratio (SNR).

However, the error floor starts to appear in Case II after 30
dB, while for Case III the error floor starts earlier at 25 dB.

This is due to the fact that the assumption of the phase being

constant over several symbol intervals is not valid. Therefore,

the rapid change in phase is very difficult to be tracked by

TSDD. Interestingly, the increase in the observation window

size of the received symbols up to K = 10 can eliminate this

degradation in Cases II and III, as shown in Figs. 3 and 4.

Given the improved error performance in single Rayleigh

channel using MSDD, the error performance of double

Rayleigh with BPSK is assessed in Fig. 3. As expected, the

BER performance over double Rayleigh degrades severely

compared to the single Rayleigh channel. The TSDD leads to

an error floor at 1.5×10−3 for Case II. Also, it can be noticed

that, using TSDD leads to an error floor at 1.8 × 10−2 for

Case III. However, the BER using MSDD can be significantly

improved for both medium and high time-varying fading.

The BER of TSDD and MSDD with QPSK is shown

in Fig. 4. In Case II, the BER starts to flat out after 35
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Fig. 2. BER for single Rayleigh and QPSK in different channel variations.
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Fig. 3. BER for double Rayleigh and BPSK in different channel variations.
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Fig. 4. BER for double Rayleigh and QPSK in different channel variations.

dB due to the channel gain difference. As this difference

increases in Case III, the error floor starts to appear around

25 dB. Applying MSDD in this channel improves the BER

significantly and provides a coding gain advantage of 5 dB at

a BER of 3× 10−3 for Case II and much more for Case III.

Simulation results confirm that the BER performance of

DDSTC in practical V2V networks can benefit from the use

of MSDD for all levels of time-variation (channel severity).
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