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Many coherent cooperative diversity techniques for wireless relay networks
have recently been suggested to improve the overall system performance in
terms of the achievable data rate or bit error rate (BER) with low decoding
complexity and delay. However, these techniques require channel state
information (CSI) at the transmitter side, at the receiver side, or at both sides.
Therefore, due to the overhead associated with estimating CSI, distributed
differential space-time coding techniques have been suggested to overcome
this overhead by detecting the information symbols without requiring any
(CSI) at any transmitting or receiving antenna. However, the latter
techniques suffer from low performance in terms of BER as well as high
latency and decoding complexity. In this paper, a distributed differential
beamforming technique with power allocation is proposed to overcome all
drawbacks associated with the later techniques without needing CSI at any
antenna and to be used for cooperative communication networks. We prove
through our simulation results which is based on error probability that
the proposed technique outperforms the conventional technique with
comparably low decoding complexity and latency.
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1. INTRODUCTION

Differential modulation has recently received considerable interest as it offers diversity and coding
gain without the need for channel estimation [1-8]. Relaying techniques for wireless communication systems
have been studied extensively in the last decade [9-16]. They have proposed many promising features such as
high data rates, and better capacity. However, with the need for higher data rate and better performance in
the current wireless communication systems, investigating new channel coding techniques is essential for
such needs. Many methods have been proposed in order to increase the data rate such as massive
multiple-input multiple-output (MIMO) techniques [17-28], carrier aggregation and different encoding
techniques. However, these techniques increase the complexity of the communication systems.

Communications over channels with fading nature may demand channel state information (CSI) at
the transmitter, at the relay node or at the receiver according to the used technology [9-12]. Some techniques
such as distributed beamforming assumes a perfect CSI at all nodes, which is considered unrealistic [17, 18].
Techniques like distributed space-time coding (DSTC) consider a perfect or semi perfect CSI at the receiver
[4-8] while other techniques such as time reversal (TR) consider a perfect CSI at transmitter side [27].
The need for CSI leads to a significant increase in the system complexity. This increase in system complexity
motivates us to investigate different techniques that were proposed to overcome those problems such as
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differential modulation [1-8, 29]. Differential coding processes memory in the transmitted data where this
memory is utilized at the receiver side in order to decode the transmitted data without the need of the channel
coefficient. This technique is very important for fast fading channels in order to avoid the need of channel
estimation at the receiver and to increase the data rate. Recently, many techniques such as differential
distributed space-time coding (Diff-DSTC) strategies [4-8] have been proposed without the need of CSI to
receive the transmitted data. However, the system performance of Diff-DSTC is considered low in terms of
bit error rate with a high decoding complexity. Differential techniques with beamforming have been
proposed to receive transmitted data by combining the differential diversity strategy and beamforming
strategy [1-3]. This technique does not require any CSI at the receiver or at the transmitter, however it needs
(R+ 1) time slots to transmit each symbol where R is the number of relay nodes. As a result, the spectral
efficiency will decrease with the increase of the number of used relays. Finally, several relaying protocols
have been proposed [4-8, 26] for wireless relay networks such as amplify-and-forward (AF) and decode-and-
forward (DF) protocol.

In this paper, we propose a novel strategy based on beam-forming and differential coding with
power allocation scheme to be used for two-way wireless relay networks that improves the overall system
performance in terms of bit error rate (BER) with low decoding complexity and low latency without
requiring CSI at any transmitting or receiving node.

2. RESEARCH METHOD

Differential encoding techniques based on the amplify-and-forward protocol are well known for
their poor BER performance, high decoding complexity, and long latency. On the other hand, differential
beamforming techniques provide higher BER performance, optimal decoding complexity, and low
latency [1-4]. This article combines the differential diversity and the distributed beamforming techniques
using either the AF or the DF protocol, as well as employs a power allocation strategy and M-ary phase shift
keying (M-PSK) constellations to provide an improved BER performance, low decoding complexity,
and optimal delay without the need for any CSI.

2.1. System model

As the differential beamforming technique does not perform any channel estimation at all nodes,
then the knowledge of any CSI is not required [1, 6]. Furthermore, differential beamforming employs either
the AF and DF protocols using four-phase modulation schemes to achieve a high BER performance,
small end-to-end delay, and low decoding complexity through adjusting the phase of the received signal at
the relay-nodes, and by forming a beam steered toward the receiving nodes [1-3, 17, 18]. Our system model
is shown in Figure 1 that is composed of r + 2 half duplex wireless network nodes, including two terminal
nodes 71 and 72 who are willing to exchange signals through r relay nodes located between them. Those relay
nodes are equipped with a single antenna and are working in the half-duplex mode. It is assumed here that
the channel remains constant for the duration of a frame and it may vary independently from one frame to
the other. Furthermore, the channels are assumed to be a Rayleigh fading channel with zero mean and o2
variance, i.e., fr~(N (0,07 ) and g- ~(N(0, o2.). Moreover, we denote the channel from z; to the k™ relay node
as fr (k), and the channel from 7, to the k™ relay node as gr (k). Finally, it is assumed that the relay- nodes are
perfectly synchronized and that CSI are not required to z; and 7, and that all nodes have limited average
transmit powers [P, P;,, Pg,, ... Pr,].The two terminals 71 and 7, are transmitting the differentially encoded
scalars x,, (k) and x., (k) respectively, then a transmitted signal by terminals z; and z, can be expressed as:

X, (k) = x7,(k — D)s, (k) @)

where t =1, 2, s; (k) and s., (k) are the data symbols of the k" block. Note here that the initial symbols in
the first transmission round, x, (0) = x,,(0) =1 can be used as a reference at the receiver, and that

E{|x,1(k)|2}:E{|x,1(k)|2} =1 and |x,, (k)| = |s;,(k)|. Now, assuming the use of M-PSK constellation

denoted by a set S;, in respect to =, hence s, (k)e S;,. Then at the first phase, the rt" relay R, receives
the following signal:

Yrir(k) = \/afr(k)xn (k) + gy (k) @)

Similarly, the r" relay Ry in the second phase receives the below signal:
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Vra2r (k) = \/P_‘L'Zgr(k)x‘rz (k) + Ngor (k) 3)

where ng, (k) and ng, (k) denotes the independent and identically distributed additive white Gaussian
noise (AWGN), and nRZ’T(k)~CN(O, angIT) . At this point, each relay-node will receive the transmission of

both terminals 7; and 7 , adjust their phases, amplifies their amplitudes, and forwards them back to
the intended terminals. Therefore, in the third and fourth phase, the " relay transmits the following signals:

Xr1,(K) = B1ygar (k)elOr1r() 4

Xpor(K) = BoYra,(k)elOr2r® ()
where B, and 3, are two scaling factors.

Note here that the optimal value of 8, (k),t = 1,2,r = 1,2,3,.., R, can be found using coherent

superposition of the received signals at each relay-node, such that the overall signal to noise ratio (SNR) at
both terminals is maximized, and can be given as:

ngf;(k) = - (Zs'le,r(k -+ ZU’Rz,r(k)) +c (6)
0555 (k) = = (8Yrr (k) + &Ypop (k= 1)) + ¢ Y
where c is an arbitrary constant. Now, let us assume that Pg; = Pg, = --- = Pg_ = Pg. Then, the overall SNR

at terminal 7, can be given as

Pz PR
Pry+1

E{|Z§=1fr(k)gr(mefem.r(k>|2}

E{[n+12, (0|}

]/1—2 = (8)

where (n +n,,(k)) denotes the noise at the second terminal. Using Cauchy-Schwarz inequality theorem,
we get:

S, £ (k) g, (e R |* < IR, £ (k) g, ()2 )

Note here that (9) holds with equality when the phase shift 6z, , is — (45, + 44,00) + €, V7.

TR R R RN NS

Figure 1. Tow-ways wireless relay network (TWRN) with multiple single-antenna relays

Using our previous assumption that there is no channel state information (CSI) available at any
node, and assuming g.(k) = g,.(k —1),f.(k) = f,(k—1) and under the ideal noise free scenario
where ng,(k—1) =0, t =1,2,r = 1,2,3,...,R. Thus, (6) and (7) can now be rewritten as:
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Orir (k) = —(8£(K) + £g,()) = (2, (e = 1) + 2x,, () ) (10)
Orar (k) = —(8£,(k) + £g,(K)) — (8, () + &0, (k = 1)) (11)

It can be noted here that in (10) and (11), the two phase terms — (z&xrl (k—1) + &x,(k — 1))

and — (ziwc,1 (k—1) + #x, (k — 1)) are constants. Then, the signals received at the terminals 7, and 7, in
the third and fourth time slot of the k*"* transmission block, are given by:

Ve, (k) = s fr () xRz, (K) + 1, () (12)
Ve, (k) = X1 9r () XR1,- (k) + 71z, (K) (13)

where 1., (k) and n,, (k) are the noise signals at the two terminals 7, and t, in respect to the k" block.
Given the high SNR in (12) and (13), those two equations can be rewritten as:

Yo, 00 = Ty [ 1 W0llg, (010 W5, 00 + we, (14)

Yo, (00 = Ty [ 1 @0llg, (01 ®)s, ) + wr, (15)
where

We, = Ty [ (el )y (16)

We, = Ty [ (9, (el )y 4, (17)

Now, to retrieve the transmitted signal at the first terminal ,, the following decoder can be performed:

Y11 (k) z

G(xe, ()

yr, (k-1)
o (e, (k=)

s(k)

arg min

miy (18)

Similarly, the following decoder can be performed to recover the transmitted signal at the second terminal t,:

e, (K) Y, (k=1) z

G(sxr, () L(—jafo(k—l))

s(k)

wre 3l

(19)

Considering [xrr(k)]r‘md [§Tt(k)]rand using M-PSK constellations of the set of §,(k) can be
found corresponding to the receiving terminals 7., where [x,t(k)]r € S, and [§,t(k)]r €S,.

2.2. Differential beamforming using the DF protocol
From (2) and (3) the relay-nodes can decode §; (k) and §;,(k). In order to recover the transmitted
signals at the relay-nodes, the following decoder can be performed:

5, () = arg min Iy (k) = |ye1(k = Dls, I (20)
T1

52, () = arg min [lynz (k) = |z (k= Dls, (0| (21)
T2

Then, the rt" relay-node transmits the following signal to both terminals during the third and fourth
time slots:

Int J Elec & Comp Eng, Vol. 10, No. 6, December 2020 : 5923 - 5931



Int J Elec & Comp Eng ISSN: 2088-8708 O 5927

(yR,z (k))* _
[yr200)|

tur (K) = Bue, (e 40R2®) = g 5 (1) Bi5,, (k) e J49rRe=isr () (22)
tray (k) = BiSe, (k) e /#r (= 4m () (23)

Meanwhile, in the third and fourth time slot of the k" trans3mission block, the received signals at
terminals T, and t, can be expressed as:

Ve, (k) = Efes fr()try,r (K) + 1, () (24)
Ve, (k) = 1 Gr () trar (k) + 1z, (K) (25)

where 7, (k)and n., (k) are the noise signals at the two terminals t; and 7, in respect to k" block.
Assuming high SNR, then (24) and (25) can be expressed as:

e, 00 = Ber [ 1 G0le T ®@)s, (0 + w, (26)

ye, (00 = They. [ 19,001l s () + e, 27)
where,

We, = Ty [ (Gl )y oy, (28)

We, = Ty [ (g (el o)y (29)

Finally, to retrieve the transmitted signal at the first terminal t,, the following decoder can be performed:

Yz, (K) yrqy (k—1) z

G(sxey (0) |e(— jaxe, (k1))

5(k)

arg min

30
S0 (30)

Similarly, the following decoder can be performed to recover the transmitted signal at the second terminal 7:

Ve, (k) Ve, (k=1) z

G(Isxe, () |e(— jaxr, (k-1))

5(k)

arg min

31
S0 (31)

Considering [xrt(k)]rand [§,t(k)]rand using M-PSK  constellations of the set of 3,(k) can be
found corresponding to the receiving terminals t,, where [xrt(k)]r € S, and [§Tt(k)]r €S,.

2.3. Differential beamforming using power allocation strategy
From (2), (3), (4), (20) and (21) discussed earlier, the 7" relay broadcasts to the receiving terminals
the following two signals bg4 ;- and b, ., given by:

bpyy = Yr1,r57, (k) e ~J%9r () g=Jsxr; (k) (32)
Va1 () e/ ORLr(=1) o .
where yg,, = : T = |f.(k)|. Similarly, bg,, can be written as follows:
T1
bgyyr = Yr2,rSt, (k) e I8 (10 g=Jxe, (k) (33)

/2 R2,r(k=1))

T = |g,(k)|. Similarly, in the third and fourth time slots of the k"
T2
transmission block, the signal is received at the two terminals 7, and t, can be expressed as:

YRZ,T(k)

where ygy » =
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Ve, (k) = Ees fr (K)bga (k) + 11, () (34)
Ve, (k) = X721 gr (k) bga,r (K) + 17, (k) (35)

where 7., (k)and n.,(k) are the noise signals at the two receiving terminal 7, and 7, in respect to the kth
block. Assuming high SNR, (34) and (35) can be rewritten as:

Yo, (00 = Thes. [ 1 G011, (01 ®)s,, 00 + w, (36)
A OED X ree 1 GOllgr () le ), (1) + wy, (37)

The expression of the maximum likelihood (ML) decoder while recovering the transmitted signal at
the first receiving terminal t,, can be expressed as:
2
ye, () | Yz, (k=1)
(isxe (0) | (—isxe, (k1)

arg min 5(k)

s(k)

(38)

Similarly, the decoder can be performed to recover the transmitted signal at the second receiving terminal .
Where, s, (k) is decoded as:

Y1, (k) z
o(—J3xe, ()

V1, (k—1)
o (3T, (k1)

arg min 5(k) (39)

s (k)

Considering [xft(k)]rand [§Tt(k)]rand using M-PSK constellations of the set of §,,(k) can be found
corresponding to the receiving terminals 7,, where [xrt(k)]r € S, and [§Tt(k)]r €S,.

3. RESULTS AND ANALYSIS

Figure 2 to Figure 4 show the performance of a wireless relay network using R = 2; under an
independent flat Rayleigh fading channels, and equally power distributed through communicating terminals
and relay nodes which is given as P, = P, = YF_, Pg,. In addition, the total power can be expressed as
Pr=P +P,+ YR, Py, ,Pg, = Pg, = - = Pg_. Figure 2 and Figure 3 show a 3 dB performance difference
between coherent and differential techniques using binary PSK (BPSK) and quadrature PSK (QPSK)
modulation, AF protocol, and two relays. This is because differential techniques do not require the knowledge
of CSI at any node and can be applied in fast fading channels.

BER versus SNR

Coherent BPSK
—— Differential BFSK

SNR [dB]

Figure 2. Comparison of coherent and differential techniques using BPSK modulation and 2 relays
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BER versus SMR

- Coherent QPSK
--| —=— Differential QPSK

SHR [dB]

Figure 3. Comparison of coherent and differential techniques using QPSK modulation and 2 relays

Figure 4 shows the BER performance versus SNR using distributed beamforming technique in
the presence of two and four relay-nodes, and each of the relay-nodes has a single antenna. The figure uses
16-PSK modulation and compares a four-phase differential beamforming scheme under power allocation and
when using equal power distribution. From this figure, we can observe that the technique with power
allocation shows improved performance compared to the technique with equal power distribution.

BER versus SNR (16-PSK)

Two Relay without Power allocation in Relay Netwaork(DF)
—&— Four Relay without Power allocation in Relay Network(DF)
--| —*— Two Relay with Power allocation in Relay Network(DF)
Four Relay with Power allocation in Relay Metwork(DF)

SNR [dB]

Figure 4. Power allocation in distributed relay network (R = 2 and 4) using 16-PSK

4.  CONCLUSION

The idea of proposing a cooperative diversity technique for wireless relay networks is to improve
the overall system performance in terms of either BER or achievable data rate with low decoding complexity
and delay, and to transmit and decode the information symbols without needing CSI at either side of
the communicating parties to overcome the overhead associated with estimating channel information.
Therefore, in this work, we have suggested a distributed differential beamforming technique with power
allocation to be used for two-way wireless relay networks. The proposed technique improves the overall
system performance in terms of BER with low decoding complexity and delay without requiring CSI at any
transmitting or receiving antenna.

Distributed differential beamforming and power allocation ... (Samer Alabed)
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