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Abstract: In this paper, we study two-hop communication protocols where several relay
terminals assist in the communication between two terminals. The terminals operate in half-
duplex mode, hence the transmission of one information symbol from the source terminal to
the destination terminal occupies two channel uses. This leads to a loss in spectral efficiency
due to the per-log factor one-half in corresponding capacity expressions. In this paper, we
propose to apply two-path and two-way protocols to multi-relay networks. These relay
protocols avoid the pre-log factor one-half. The communication channels between source and
relays and between the relays and destination are assumed to be Rayleigh flat fading. The
performance of the network is investigated for perfect and estimated channel and for decode-
and-forward scheme. The performance is measured in terms of bit error rate. Moreover the
outage probability is evaluated when one relay is used and is compared with that one for
multi-relay system. Channel estimation is performed using least square algorithm. The
performance of the channel estimation algorithm is measured in terms of the mean square
error of estimation.

Keywords: Wireless communication, relay channel, half-duplex, decode and forward, fading
channel.

1. Introduction

Cooperative relaying as a promising technology has attracted widespread attentions, since it
can achieve higher transmission quality and throughput for wireless networks [1]. The main
idea is to allow several neighboring nodes help one other by cooperating among themselves
[2]. In cooperative communication, the relay nodes can help the source to improve the
performance at the destination [3]. It fundamentally changes the abstraction of a wireless link
and offer significant potential advantages for wireless communication networks [4]. In [4] the
authors address a two-path relaying protocol assuming a unidirectional traffic model using
two half-duplex relays that assist in the communication assuming that there is no direct
connection between terminals source and destination is available and Transmission of
messages from a source to a destination is done via two relays which do not receive and
transmit simultaneously also addressing a two-way relaying protocol assuming a bidirectional
traffic model in order to compensate the spectral efficiency loss. In [5] the authors address
two IRI cancellation schemes that exploit the orthogonal projection methods using multiple
antennas at the relay nodes. In [6] the authors analyze the fundamental performance of two-
path in terms of the diversity-multiplexing tradeoff (DMT) by deriving the DMT for the
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protocol where perfect decoding at the relays is assumed, and shown that it approaches the
3x1 multiple-input single-output (MISO) DMT and then removing the assumption of perfect
decoding at relays and derive the closed-form expression of the achievable DMT based on the
relative distances nodes. In [7] and [8], the authors address conventional scheme, less
transmission cycles are required in two-way relaying, which consequently provides the
improvement in performance of spectral efficiency. Recently, two-way DF relaying has been
studied in many points of views. As an important performance measure, outage probability
has been investigated for two-way communication in the literature. Meanwhile, papers [9],
[10] and [11] conducted the outage analysis for the DF scheme. However, in [9] the two
individual outage events are still separately examined. In [10] and [11], the authors consider
symmetric traffics in their analysis.

In this paper, we extend the two way and two path protocols to the case of multi relay systems
to mitigate the loss in the spectral efficiency due to half-duplex operation of the relays. We
evaluate the performance of two-path and two-way relaying systems in perfect and estimated
channels. The relays are assumed to be operated with decode and forward scheme.

2. System Model

We consider a two-hop network model where there is one source, one destination and K
relays as shown in Fig. 1. We assume that there is no direct communication between the
source and the destination. The source, relays, and the destination are deployed with single
antenna. The total number of relays is n. we limit our discussion to the case where the
channels are flat fading. The transmission of the data is done in two time slots. The network
uses decode and forward protocol. In this protocol, the source encodes the message and
transmits it to the relays, then the relays decode the message, re-encode it by the same or a
different codebook and forward the message to the destination then the destination decodes
the received message and extracts the original data from it.

3. Two-Path and Two-Way Decode and Forward for Multi-Relay System

In order to increase the spectral efficiency and the signal strength, we propose multi-relay
system using two-path and two-way protocols. By combining the received signals send from
the relays, cooperative diversity can be achieved. It has been shown that cooperative
communications can dramatically improve the system capacity and performance. We are
assuming that all terminals are operating in half-duplex mode, the relays are using decode and
forward scheme and there is no direct connection between the source terminal and the
destination terminal is available.

/ Relay 1
\

Terminal 1 Terminal 2

Source Destination

Relay n

Fig. 1 Multi-relay communication system
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A. Two-Path Relaying
In two-path relaying scheme, the message is sent in two time slots. In the first time slot the
source transmits the message to the n relays and in the second time slot the message is
forwarded to the destination as shown in Fig.1. Where R, should always be an even number as
in two-path method the transmission is done via two relays. The length of time slot is equal to
the length of one code word (frame) and is NT, where T is the sampling interval and N is the
number of symbols in each frame. In odd time slots, k=1, 3, 5,..., half of the relays will be
receiving whereas the other half would be transmitting (except for k=1 where the relays
should transmit do not transmit). In even time slots, k=2, 4, 6,..., the relays were receiving in
the odd time slot will be transmitting and the ones were transmitting will be receiving. A
system with 8 relays is given in Table.1. This cooperation protocol avoids the pre-log factor
one-half since the source transmits a new message in every time slot and has not to be silent
in each second time slot. The receiver is using maximal ratio combining (MRC) to combine
the messages coming from half of the relays every time slot and extract the information. The
equations that describe this scheme is as follows. The received signal at the relays is given by

yilkl = hylk]xg[k] + ny[k] (1)

where hj[k] is the complex channel gain from source to relay T;, xi[k] is the transmitted
symbol of the source, and n;[k]is additive white Gaussian noise at the relay Ti;.

hi[k] = Al (2)
where A; is the random magnitude of the i™ channel which has a Rayleigh distribution and ¢
is the random phase of i channel which has a uniform distribution from [0,2x].

After the message is decoded, re-encoded and transmitted to the destination, the received
signal from each relay is given by

Vol + 1] = hilk + 1) [k + 1] + nolk + 1] (3)

where, hi[k+1] is the complex channel gain from relay T; to the destination, x;[k+1] is the
transmitted symbol of the relay T;, and n,[k+1] is additive white Gaussian noise at the
destination. At the receiver first, the receiver divide what it has received from each relay by
hi[k+1] and then combing them together (MRC) and extracting the information from it.

B. Two-Way Relaying
In the Two way Relaying Protocol the overall transmission is done in two time slots. In the
first time slot the source and the destination send their respective information symbols to all n
Relays. Let bs[k] and bg[k] represent the k™ information bit transmitted by the source and
destination and xs[k] and x4[k] denote the corresponding modulated symbols, respectively.

Table 1. Two-path relaying algorithm with 8 relays

T TX TX TX TX Tx Tx Tx
T, Rx Tx Rx Tx Rx Tx Rx
T, Rx Tx Rx Tx Rx Tx Rx
T3 Rx Tx Rx Tx Rx Tx Rx
Ty Rx Tx Rx Tx Rx Tx Rx

Ts Rx TX Rx Tx Rx Tx
Te RXx Tx RXx TX Rx TX
Ty Rx TX Rx Tx Rx Tx
Tg Rx Tx Rx TX Rx TX
R Rx Rx Rx Rx Rx Rx
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Then the corresponding received signal at the i relay transmitted from the source denoted by
yis[k]can be expressed as

Vislk] = hislk]lxg[k] + nislk] (4)

where his[k] denotes the fading coefficient between the source and the i relay and nis[k] is the
additive white Gaussian noise in the channel between the source and the relay. Consequently,
the corresponding received signal at the i relay transmitted from the destination can be
expressed as

Vialk]l = hiqlklxg[k] + niqlk] (5)

where hig[K] is the fading coefficient between the destination and the i relay and nig[K] is the
additive white Gaussian noise in the channel between the destination and the relay.

The relays decode the received signals from the source and the destination and perform the
network coding. Then, in the second time slot the relays broadcast the signal to both the
source and destination. The received signal from the i" relay at the source and destination is
given by

Virlk + 1] = hi[k + Uxg[k + 1] + higlk + Uxglk + 1] + [k + 1] + gk + 1] (6)

Then, the signals received from all relays are combined at the source and destination using
MRC (assuming the channel is known by estimation). The source and destination decode the
received signal and estimates

by[k] = bs[k] ® ba[k] (7)

Let b,,[k] and b, [k] represent the estimated b[k] at the source and the destination
respectively. Since the source knows its own transmitted bits bs[k], it can recover the
destination bits by simply XORing 5, .[k] Wwith its own bits by[k] denoted by b;[k]

bailk] = by [k] @ bs[k] (8)

Z| Terminal 2

Fig. 2 Multi-relay using two-way protocol
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4. Channel Estimation

Channel estimators are used to obtain the unknown fading channel complex gain. Each
potential relay estimates the instantaneous channel quality between itself and the source (S) as
well as itself and destination (D), respectively. This could be achieved as follows: Node S
sends a ready-to-send (RTS) message which is received by the N relays. Upon the reception
of RTS, the N relays send back a clear-to-send (CTS) message. Both messages are pilot
signals. They contain no further information and are transmitted with the same carrier
frequency and the same power used for the payload data transmission later on. By receiving
the RTS message the N relays can determine the channel state information from the source to
each of them. Then the N relays send RTS message which is received by the destination and
upon the reception of RTS. The destination sends back a CTS message to the N relays. Also
both messages are pilot signals. By receiving the RTS, the destination can determine the
channel state information from each relay. The received signal at the relays is given by:

ri(t) = h; s¢(t) +n 9

where h; is the required channel complex gain and Sq(t) is the pilot signal. By using least
square method the channel complex gain is estimated as follows:

he = (Sg" Sg) ~'Ser (10)

Where Sq is the pilot signal vector containing the pilot sequence of bits and r; is the received
vector. The performance of the least square algorithm is measured in terms of mean square
error (MSE) which is one of many ways used to measure the accuracy of the estimation
algorithm. Mean square error defines the significance of the channel estimator and it is given
by

MSE = E(Jh; — ) (1

where E(.) denotes the expectation.

5. Simulation and Results

In this section, numerical results are represented to evaluate the performance of the multi-
relay networks when two-path and two-way protocols are used. The results are obtained for
perfect and estimated channels. The simulation parameters are as follows. The number of bits
is 100,000; the type of modulation is binary phase shift key (BPSK), the number of pilot bits
used for channel estimation is 100 bits. In two-path protocol, 8 relays are used and in two-
path protocol 4 relays are used. MRC is used to combine the signals.

The BER of the network using the two path and two way protocols for the perfect and
estimated channel is shown in Figs. 3 and 4 respectively. The results show that there is a gap
between the BER for perfect and estimated channel about 0.5 dB at 10 BER. This gap is due
to the channel estimation errors which affect the BER.

Outage probability is another commonly used performance measure of digital
communications. The outage is defined as the probability that the output instantaneous SNR
falls below a certain given threshold yr that is: Pyt = Pr(0 < » < s). Fig. 5 illustrates the
outage probability when one relay is used and for » =13 dB, 16 dB, and 17 dB. Figure 6
illustrates the outage probability for the two-path protocol when 8 relays are used. These
figures show that for a fixed SNR as the threshold increases, the outage probability increases.
By comparing the two figures we can see that the outage probability when using 8-relays is
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better than that one when using one relay. This is because a MRC is used to combine the
signals which have optimum performance.

All the channels between source and the relays and between the relays and destination are
estimated using the least square algorithm. We present only second channel from both sides
as an example. The absolute of perfect and estimated channel between source and second
relay and between second relay and the destination (channel 2) is shown in Figs. 7 and 8
respectively. The results show that at low SNR, the noise dominates the performance and
there is a gap between the true and estimated channel. When SNR increases, the estimated
channel converges to the true one.

Another measure of channel estimation accuracy is the normalized mean square error of
estimation which is plotted in Figs. 9 and 10 for the n channels between the source and the
relays and between the n relays and destination respectively. These figures are obtained by
calculating the square error for the n channels between source and relays and then mean of
them is evaluated to obtain NMSE of estimation. The results show that the NMSE of
estimation decreases as SNR increases until reach small values after SNR=15 dB.

A e e i :f —4— Estimated Channs
' : .1 —#— Perfect Channel

SNR [dB]

Fig. 3 BER of the network using two-path protocol for the perfect
and estimated channels
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Fig. 4 BER of the network using two-way protocol for the
perfect and estimated channels
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Fig. 5 Outage probabilities for different threshold values
and for one relay only
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Fig. 6 Outage probabilities of eight relays using the two-path protocol
and for different number of thresholds
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Fig. 7 Absolute values of perfect and estimated channels
between source and second relay
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Ahsolute Of Channel Parameter
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Fig. 8 Absolute values of perfect and estimated channels
between second relay and destination
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Fig. 9 Normalized mean square error of estimation of the channels
between the source and the n relays
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Fig. 10 Normalized mean square error of estimation
of the relays and the destination

6. Conclusions

In this paper, the two-way and two-path protocols have been applied to multi-relay networks.
Decode and forward scheme are used for perfect and estimated channels. These protocols
used to enhance the spectral efficiency of the multi-relay networks. The channels between
source and relays and between relays and destination have been estimated using least square
algorithm. Simulation results show that there is a gap between the BER for perfect and
estimated channel about 0.5 dB at 10-4 BER due to the estimation error. Moreover, the outage
probability is greatly enhanced when using multi-relay system.
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