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Abstract—This paper provides the double differentially
modulated distributed space-time coding for amplify-and-
forward (AF) relaying cooperative communications system
under time-varying fading channels. In many wireless systems,
the communication terminals are mobile. In such case,
frequency offsets arise subjected to Doppler’s effect and
frequency mismatch amongst the terminals’ local oscillators.
The double differential coding is proposed to overcome the
problem of frequency offsets that present in the channel due to
the rapidly fast moving nodes. The advantage of the double
differential is that the scheme requires neither channel nor
frequency offset knowledge for decoding process at the desired
destination. However, the conventional two-codeword approach
fails to perform and leads to error floor, a region where the error
probability performance curve flattens for high signal-to-noise
ratio (SNR) regime in fast fading environment. Hence, a low
complexity multiple-codeword double differential sphere
decoding (MCDDSD) is proposed. The simulation results show
that the proposed MCDDSD significantly improve the system
performance in time-varying environment.

Index Terms—Distributed Space-Time Coding; Double
Differential Detection; Frequency Offsets; Sphere Decoding;
Time-Varying Relaying Channel

. INTRODUCTION

Recently, cooperative diversity has stimulated much attention
in the wireless communication system due to its ability to
achieve diversity gain and improve the system performance.
Previous studies have primarily assumed that either perfect
channel knowledge is known at relay and destination or the
channel is over slow fading condition. Generally, channel
knowledge estimation acquired the use of pilot symbols or
blind detection at the cost of spectral efficiency loss and
excessive computational complexity, especially for fast
fading channels. Thus, it is particularly important to explore
differential schemes that obviate the need for channel
estimation at the destination. The differential space-time
block code relaying system is widely studied in [1-3]. The
differential system works for channels that remain fixed over
at least two symbol interval time. However, the system fails
to perform in rapidly fading mobile environments due to the
presence of frequency offsets. Frequency offsets happen
because of the relative motion amongst the nodes and are
proportional to the Doppler shift. Another cause of frequency
offsets is the mismatch carrier frequency between the
terminals' oscillators. To address the problem of frequency
offsets, double differential coding regardless of channel
estimation is studied.

Several space-time block coded modulation based on
double differential and their performance analyses can be
found in [4-8]. Liu et al. in [4] and Bhatnagar et al. in [5]
implemented double differential coding under time-selective
fading channel and flat block-fading correlated Rayleigh
channel, respectively in multiple-input multiple-output
(MIMO) system. The low complexity scheme enables
diversity gain foregoes the knowledge of channel and
frequency offsets. However, the proposed scheme in [5]
requires partially known channel fading statistics at the
source. The double differential for cooperative
communication system was further proposed in [6] and [7].
However, the studies only consider relayed communication
with no direct link between the source and destination.
Furthermore, the model in [7] assumed that oscillators’
synchronization is achieved between the source and relay.

Although the above researchers showed many interesting
results indicating the potential of the differential based space-
time coding to overcome the complex computational channel
knowledge and frequency offsets estimation, the network
performance employing codeword based detection, however,
experiences degradation (i.e. error floor) at high signal-to-
noise ratio (SNR) in a relatively fast fading environment. This
is the motivation behind the present study. Multiple codeword
differential detections (MCDD) has been investigated in [9-
11] for unitary space-time codes in multiple-input multiple-
output (MIMO) systems and dual-hop cooperative
communication network, accordingly to overcome the
performance degradation of the two-codeword based
detection at the cost of an increased complexity. In general,
MCDD processes blocks of received codeword and improve
the power efficiency as the block size increases. However, the
search space increases exponentially with the block size and
the complexity of MCDD becomes highly prohibited when
maximum likelihood (ML) decoding is applied. ML decoder
is based on full search over the codeword that is continuously
transmitted from the source and relays. In order to reduce the
exhaustive search of the MCDD detection, Lampe et. al. in
[12] developed a sphere decoding algorithm so as to reduce
the search area during the decoding process. The sphere
decoding algorithm has near ML performance with
reasonably low complexity. In the context of relay networks,
the optimum decision metric does not yield a closed-form
solution due to the complexity of the distributed received
signals at the desired destination. Thus, a low-complexity
alternative decision rule is proposed to replace the optimum
decision rule. This research outperforms the previously
suggested schemes and is able to additionally integrate the
direct link between the source and destination terminals.
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Moreover, the obtained results show that the proposed
multiple-codeword sphere decoding (MCSD) based on
double differential scheme achieves significant performance
improvement as compared with the conventional codeword
based detection.

The rest of the paper is presented as follows. Section Il
describes the system model. Section Il provides the details
of the proposed MCSD double differential detection for AF
distributed space-time block coding under time-varying
environment. Next, the simulation results are presented and
discussed in Section IV. Finally, the conclusion is drawn.

Il. SYSTEM MODEL

The system model is designed using the following strategy
in [13] that consists of a source, two relays and a destination
as depicted in Figure 1. The proposed model allows the
communicating terminals to use the direct link and relayed
link via the relays to achieve a higher diversity gain.

Phase 1: ——>

Destination

]

h[k\ Al

Relay 2

Figure 1: System Model for Distributed Double Differential Space-Time
Coding Using AF Relaying Protocol

Considering all the terminals are equipped with a single
antenna, the communications between the terminals are in a
half-duplex manner. The channel coefficients at time k from
source to relay, relay to destination and source to destination
are depicted as h;[k], g;[k] and hy[k]. The channels of all
links are assumed to be Rayleigh flat-fading (i.e.
h;~CN'(0,07),i = 1,2,3), spatially uncorrelated and
changing over time due to the mobility of the terminals. The
channel variation is described by the auto-correlation
between two channel coefficients, n blocks apart based on
Jake’s model [14]:

)
@

@sr(n) = E{h;[k]h;[k + n]} = 0?Jy(2nf;,nR)
@ra(m) = E{g;[klg; [k + nl} = 6/J,(2nf, 4nR)

where J,(+) denotes the zeroth-order Bessel function of the
first kind, f;,- and f,. ; are the maximum normalized Doppler
frequency of the source-relay and relay-destination channels,
respectively. It is noted that the auto-correlation value equals
1 for fixed channels and decreases in time-varying channels.
It is also assumed that all links are perturbed with frequency
offsets. Generally, the frequency offsets is caused by the
mismatch between the nodes’ oscillator and relative motion
among the nodes. In this paper, it is consider that the
frequency offsets is due to the Doppler effects.

At the source, the information bits log, M are converted to
symbols using M-PSK as c[k] € C where C is R X R unitary
matrices depending on the number of relays R. C can be
written as:

C={ClcCl=clc,=1x1=12,..,L} 3)
where L represents the length of codeword.

Before the transmission process, the symbols are
transformed into Alamouti codeword [15] C[k] € C and
double differentially encoded as follows:

s[k] = Clk]s[k — 1]s[k — 2], 4
s[0]=[1 0 .. o] “)
The transmission is divided into two phase. For the
transmission process, either codeword-by-codeword or block
of codeword can be transmitted. In both cases, the analysis is
similar. During the first phase, let P as the average power per
transmission by the source and w € [—m, r] be the frequency
offset between the source and destination, which is
independent of time k. The frequency offset is assumed to
remain static over the transmission period of at least three
double differential encoded matrices [4],[5]. The received
vector at the destination and ith relay can be expressed as:

®)
(6)

Pss[k]ejzw[k]ho[k] + wo [k]
PsRs[k]e/?" Kl (k] + u;[k]

Yolk] =
r;[k] =

where w, [k]~CN (0, Nyly) and u;[k]~CN (0, NyIp) denote
the noise vector at the destination and ith relay, respectively.
At the relay(s), the received vector is linearly combined with
its conjugate as:

x;[k] = G(Air[k] + B;ir{'[k]) (7)
where A; and B; are the combining matrices and determined

based on the space-time code. Referring to Alamouti code A;
and B; is written as:

1 0
A1:[0 , B =0¢

8
di=on m= [0 7] X

G represents the amplifier gain at the relay that can either
be constant or varies. In the environment when no channel
properties and frequency offsets are known, a constant gain
is employed using the variance of the source-relay channels

as follows:
P
G= |5
Psa2. + Ny

where P is the average power per transmission by the
relay(s). All the relay transmissions are distributed in the
same channel at the same time and superimpose at the
destination, thus the corresponding received vector at the
destination during second phase of the transmission is:

©)
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R

vl = " il gilk] + wilk]

i=1

(10)

where w;[k]~CN (0, Nyly) is the noise vector at destination.
By substituting (7) into (10) yields:

y[k] = G \/[PsRS[kle/*Flq[k]1D[k] + w[k] (11)
where:
S[k] = [4;5, A #Sr| = ClkIS[k — 1]S[k — 2]
5
wlk] = G z gLk A, @ lk] + wi[k]
and
FT R i R
i R

represents the distributed space-time coding matrix, the
equivalent relayed channel vector as well as the equivalent
noise vector.

I, MULTIPLE-CODEWORD DOUBLE DIFFERENTIAL
DETECTION

Multiple-codeword double differential detection is
proposed to circumvent the limitation of two-codeword
double differential detection under fast fading environments.

By omitting the notation k from (13) and (14) for
simplicity, considering the model under time-varying channel
for which N received symbols (in vector form) at the
destination from the source and relay is expressed as:

A; =By, qilk] = hilklg;[k], if A,;=0
a[k] = uj[k], $;[k] = s"[k] ' (12)
Vea = \/FS diag{s} diag{hsq}e’"*diag{D} + (13)
V'_/s,d
yr,d
= G,/PsR diag{3s} diag{h, 4}hs, e/ diag{D}  (14)
+ Weg
where

§= S[l].S[Z] ,s[N]
yr,d = [yrd [1] Yr dT
3_75,11 - [YSd [1] yrd

hr,d - [ rd [1] hrd[z

lyr,dT[N]]T

]

[ ] lyr,dT[N]]T
2],

L s hra[NIT"

}Es,r =[h s,r [1]1 hs,rT[Z]r ---rhs,rT[N]]T

hsa = [hs,d [1], Vs,d (2], < Ys,d [N]]T

M_/r,d = [Wr,d T[l]’Wr,dT[Z]: ---’Wr,dT[N]]T

V_Vs,d = [VV.S,dT[l]I.WS,dT[Z]' ""Ws,dT[N]]T
=[1,e/%,..,e/Y[N —1]]

S is a unitary block diagonal matrix (sfs = ss® = IRy)
and it contains N transmitted codewords corresponding to
N — 2 data codewords collected in:

C = diag{C[1],...,C[N — 1],C[N - 2]} (15)
such that s[n + 2]
as initial symbol.

Therefore, conditioned on §, ¥ 4 is a circularly symmetric
complex Gaussian vector with the following pdf:

= C[n]s[n]s[n + 1] and s[n] = I is set

P(ys,d|§) = }exp(_ys,deyS‘d_l}_]s,d) (16)

1
N det{Z’;,sd

Similarly, conditioned on § and h, 4, ¥4 is a circularly
symmetric complex Gaussian vector with the following pdf:

P(yr,d|s_'}_lr,d) =
N a7)
N det{zyr’d} p( Vr.d Vrd yr,d)

In (16) and (17), the matrices X5, and Z;_, are conditional

covariance matrices of y; 4 and ¥, 4, defined as:

2375,,1 = f S}
= Ps diag{5}2y, , diag{s'} + Noly (18)
= diag{5}(PsZ5, , + Noly) diag{s"}
and
Zyr,d = E{yr,d yr,dH| S, Er,d}
= G*(PsR) diag{s} diag{h, 4)5, (19)

x diag{h,q )diag{s'} + Zy

where the covariance matrices of hg 4, h, and w is defined,
accordingly as follows:

= = H
g = E{Rsahsd"} = Chy ® I (20)
CES,d = toeplitz{(ps,d (0)) ey (pS,d (N - 2)} (21)
and
= = H
Sy = E{hor by} = Crp, ® I (22)
Cr,, = toeplitz{ps,(0), ..., o5, (N — 2)} (23)
and
— — —HY —
e =Eww'}=Cy ® I (24)
Cp = Nodiag{(1+ G* X5, |hyq,[111D), ... (1 + (25)

i1 1hy,q [N11%)}

Given (16) and (17), the non-coherent ML detection
without the channel and frequency offsets estimation can be
expressed as:
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§ = argmax {
seMN-2

o eXP(Tsa 2y, Fsa)}
N det{X; ' * '

{ yS,d} (26)
X E{————— —Fed B Ty

T det{Zyr’d}eXp( Trd yey Vra)

As can be seen from (15), the ML metric needs the
expectation over the distribution of h, 4, which does not yield
a closed-form expression. As an alternative, it is proposed to
use the following decision metric:

s =

argmax {
semN-2

x{

_ 5. Hy_ -1y
N det{Z‘J—,sr d} exp( Vsd “ysq ys,d)} @7

— S -1_
W exp (—J’r,dHZynd }’r,a)}

where

Vrd = }—Ed{ Zyr_d} = G*PsR5(Cr @ Ir)5" +

(1+ G202R)No(Iy @ I)
=5(C ® Iz)s"

(28)

and

C = G*PsR5Cy + No(1 + G2024R)1y
Cr = toeplitz{¢;,(0)¢rq(0), ..., s (N — 2)
(pr,d(N - 2)}

(29)

Using the rule det{AB} = det{BA}, the determinant in (27)

is no longer dependent to S and the modified decision matric
can be simplified as:

& _ (= H -15 - -1=
s =arg guzn{yr,d 250 VratVsaly,, Vsal
semMN—

= argmin{y, 4" diag{s}(C™*
semMN-2
® Ig) diag{S}" ¥rq
+¥s5adiag{s}(Csd ® Ir) diag{5}'¥sa}
= argmin{y, " diag{sH (U1, ® I ) x
semMN-2

(Ura ® Ir)diag{5} ¥ra + Jsadiag{s} x
(Usly ® Iz)(Usa ® Ir) diag{s} ¥s,a}}

= argmin{”U”2 + ”Us,d“2
seMN-2

(30)

where U is an upper triangular matrix obtained by the
Cholesky decomposition of C~1 = U U and thus, the new
matrices Uy is defined as:

- N -
Z Us,; 571701
=

> Usa5" 1711 (31)
j=2

L uN,N§H [.N]Y[N] f

— T ; ifi
where Us—l.'j = [Us,di_j' Ur,dl.'].] is the specific vector
component in row i and column j. Us‘dij and Ur,dl-,- denote the

entry of U 4 and U, 4 in row i and column j, respectively.

Since s[N] = I, the last term of vector U does not have
any effect on the minimization and can be ignored. By
substituting $%[n] = §%[n + 2] s¥[n + 1]V, into (19), it
follows that:

N-2

V = arg min{
semV

Uy, V[n] yln]

n=1

45l +1] ) w1
j=n+1

5+ 2] Z S I50| 3

j=n+2

(32)

2

Then, the minimization can be computed using the sphere
decoding algorithm to obtain N — 2 codewords with low
complexity.

IV. SIMULATION RESULTS

In this section, the double differential AF relay network
simulation is performed under symmetric channel qualities
(i.e. when the channel variance for all channels equal to unity)
employing both two-codeword and the proposed multiple-
codeword for distributed space-time block coding. The
channel qualities are based on the fading powers of the
channels. Thus, the total power Py is divided equally between

. . P P .
the source and relay terminals, with ?S and ﬁ respectively

where R represents the number of relays. The simulation
results are obtained from 10° realization. Information data is
double differentially modulated with BPSK and QPSK
constellations.  In the simulation, all the uncorrelated
Rayleigh faded channels are generated using the Sum-of
Sinusoids (SoS) [16].

(@) Performance of Two-Codeword and Multiple-
Codeword in Relayed Transmission and Relayed with
Direct Transmission

To motivate the design of multiple-codeword over two-

codeword, the performance of MCDDSD is evaluated under
two scenarios. The first scenario involves the dual-hop (i.e.
source-relay-destination without a direct link) while the
second scenario considers both dual-hop and direct (i.e.
source-destination) link. The simulation is carried out over a
time-varying Rayleigh fading channel, for which the
normalized frequency at each link is f;, = 0.05;f. 4 =
0.04; f; 4 = 0.04. The channels are assumed to be constant
for three consecutive blocks. It can be observed in Figure 2
that the BER performance of both two-codeword and
multiple-codeword in the two scenarios decreases with
respect to the P. This shows that cooperative diversity is
achieved for the distributed space time coding. Higher
diversity order is obtained when direct link is included in the
relayed network, which outperforms the performance in the
scenario of a dual-hop link network.
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10"

-—-Two-codeword (relayed link only)

—e— Two-codeword (relayed and direct link)
ey ===Multiple-Codeword {relayed link only)
10 . —&—Multiple-Codeword (relayed and direct link)

10°E

5 10 15 20 25 30 35

Figure 2: BER performance comparison of the B for the two-codeword and
proposed multiple-codeword based on double differential transmission
when f; . = 0.06; f,.; = 0.04; f; ; = 0.04

(b) Performance of Two-Codeword and Multiple-
Codeword in Cooperative Transmission Under Time-
Varying Channel Environment

The proposed scheme is further implemented and
simulated in various channels fading scenario. The results are
depicted in Figure 3. In case I, it is considered that the source
and destination are moving in slow velocity (i.e. f; = frq =
fs,a = 0.001). The normalized frequency of each channel
show that all the channels are under slow fading. In case II,
both source and destination are moving with fairly fast fading
channels (i.e. f;, = 0.05; f, 4 = 0.05; f;4 = 0.05). In case
I11, the source and destination is considered to have high
mobility with fast fading channels (i.e. f;,, = 0.01; f, 4 =
0.01; fs4 = 0.01). It can be seen from Figure 3 that for two-
codeword and scheme in case I, the BER is monotonically
decreasing when SNR increases. However, in case Il, the
curve shows deviation from the results in case | at around
20dB and experiences error floor at 35dB. In case Ill, the
performance degrades more severe as compared to case Il.
The degradation starts earlier at around 15 dB and reaches
error floor at 30dB.

Due to the poor performance of the two-codeword scheme
in both case Il and Ill, multiple-codeword sphere decoding
based on double differential modulation with N =10 is
proposed and simulated to case Il and Il for BPSK and QPSK
constellations. The simulation results are plotted in Figure 3
and Figure 4. It can be seen that the MCDDSD scheme
significantly outperform the two-codeword in both case Il
and 1.

10 T

[ ==-Two-codeword case I
Two-codeword case Il
Multiple-Codeword case I ||

=Two-codeword case Il

E

10 N\\\ =

/

— Multiple-Codeword case T |

107

107 ) o 3

L i L 1 i
5 10 15 20 25 30

Figure 3: Performance comparison of two-codeword and MCDDSD under
different fading channels for BPSK constellations.
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===Two-codeword case |
Two-codeword case I
Multiple-Codeword case Il

===Two-codeword case Il

107

| —*—Multiple-Codeword case Il

5 10 15 20 25 30

Figure 4: Performance comparison of two-codeword and MCDDSD under
different fading channels for QPSK constellations.

As shown in Figure 3 and 4, the BER curve of case | show
the best performance achieved in both system employing
BPSK and QPSK constellations since it is simulated in a slow
fading environment. Hence, the plot is served as a benchmark
in order to show the effectiveness of the proposed method in
the time-varying channels. From the plots, it can be observed
that the proposed method is able to reduce the error floors in
fast fading environment and simultaneously increase the
performance by bringing the curve closer to that of case I.

V. CONCLUSION

This paper presented the performance enhancement of a
relayed communication link which includes a direct link
without requiring the channel and frequency offsets
estimation. The simulation results also show that the two-
codeword transmission for double differential distributed
space-time coding in wireless cooperative diversity networks
performs poorly under fast fading environment. A
suboptimal multiple-codeword double differential detection
is designed and implemented into the network. Since the
complexity of the designed detection scheme increases with

N, sphere decoding is integrated to reduce its complexity.
Simulation results show that the proposed scheme
significantly improve the poor performance of two-codeword

scheme for fast fading environments.
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