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Performance Evaluation of Amplify-Quantize
and Forward Protocol for Multi-relay
Cooperative Networks

Nasaruddin *', Yusnidar **

ABSTRACT

Fading which occurs during the process of infor-
mation transmission can significantly degrade system
performance. The cooperative communication sys-
tem is a well-known diversity technique that is able
to mitigate the impact of fading. The relay proto-
col is the core of such systems. In this research, we
evaluated the performance of amplify-quantize and
forward (AQF) relays using a hybrid of two proto-
cols: amplify-and-forward (AF) and quantize-and-
forward (QF). The outage probability and through-
put of multi-relay cooperative networks were derived,
and computer simulation was used to evaluate the im-
pact of a number of parameters on the performance
of the AQF relay for multi-relay cooperative net-
works. We also compared the outage probability and
throughput of AF, QF, and direct link networks. The
outage probability of AQF decreased as the number
of relays increased, whereas the throughput increased.
We demonstrated that amplification values and quan-
tization levels have a significant impact on the perfor-
mance of AQF multi-relay networks. Overall, AQF
performed better in terms of outage probability and
throughput than AF and QF, for multi-relay cooper-
ative networks. In addition, channel capacity of AQF
was simulated, that is higher than those of AF and
QF relays.

Keywords: Performance, Outage probability,
Amplify-quantize and forward, Multi-relay, Cooper-
ative network.

1. INTRODUCTION

Rapid developments in wireless communications
have enhanced their reliability, throughput, data rate,
and system capacity. Wireless communications face
many challenges in the process of sending data. Fad-
ing is a characteristic wireless communications is-
sue, caused by obstacles in the transmission path.
Fading causes reflection, refraction, and scattering
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of the information sent by the sender, as well as
changes the phase, polarization, and level of the sig-
nal. This reduces signal quality and increases errors
in the data received by the receiver [1], [2]. In previ-
ous work, diversity techniques for multi-input multi-
output (MIMO) technology were show to mitigate the
impact of fading, by the use of multiple antennas in
the transmitter and receiver [2]. Diversity improved
the reliability of the system through combining sim-
ilar independent signals in the receiver. However,
MIMO technology is ineffective in mobile communi-
cation devices such as mobile phones and tablets, be-
cause of factors such as size, the relatively high cost
of components, and limitations in the hardware spec-
ification. Cooperative communication systems have
therefore been introduced to overcome these prob-
lems with MIMO technology. In a cooperative com-
munications system, the source sends data through
one or more relay nodes, which form a virtual multi-
antenna system for transmitting data [3]. A key fo-
cus of cooperative communication systems has been
the issue of the relay. Conventional relay protocols
include amplify-and-forward (AF) [4-6], decode-and-
forward (DF) [7-9], and quantize-and-forward (QF)
[10-12].

The AF protocol is the simplest protocol used in
cooperative communication. In this protocol, a relay
node simply amplifies the signal received from the
source before forwarding it to the destination. Am-
plification of the signal in the AF protocol is able to
balance the weakening of the signal during transmis-
sion. However, while amplifying the signal, the noise
in the signal is also amplified, decreasing the signal
quality. In the DF protocol, the received signal in the
relay node is decoded again before being forwarded
to the destination. This approach is more compli-
cated than AF and moreover, the relay node cannot
decode the signal if the signal-to-noise ratio (SNR)
value is poor. In the QF protocol, the received signal
in the relay node is quantized before being forwarded.
The QF system has no decoding, and so it is simpler
than the DF protocol. The quantization process is
able to reduce the noise in the signal, but the per-
formance under the QF protocol is lower than under
AF or DF protocol [13]. It is therefore necessary to
combine the AF, DF, and QF protocols to get the
full benefits. Hybrid protocols are being introduced,
such as the DAF protocol, which combines the DF



Performance Evaluation of Amplify-Quantize and Forward Protocol for Multi-relay Cooperative Networks 9

and AF protocols in cooperative communication [14]
and AQF, which combines the AF and QF protocols
[15], [16]. However, research on the benefits of using
the AQF protocol in cooperative communication is
under-developed. The goal of the AQF protocol is to
combine the benefits of the AF and QF schemes. AF
has been shown to be more suitable for use in an ana-
log communications system, whereas QF and DF can
be used in digital communications systems. Whereas
the DF protocol requires a decoding process, mod-
ulation, and retransmission, such processes are not
needed in AF and QF. This affects the cost, power
consumption, and size of the relays. It is hoped that
a hybrid AQF can be implemented in digital commu-
nications, whilst offering the lower complexity of the
AF and QF protocols.

The benefit of AF relay is low complexity since
it does not require encoding and decoding process
of the source signal that cooperate in a distributed
fashion which can be an attractive alternative in co-
operative networks. The relay is fast and simple as
it only requires less computation. Another advan-
tage of AF relay is that the relay can also be active
when the source-relay link is in the outage. How-
ever, this scheme can only be used to an analog relay
since it only amplifies the signal and then forward
to the destination. The main limitation of AF relay
is noise amplification which can diminish the system
performance. Therefore, AF is mainly useful in the
high-SNR, environment. Moreover, AF relaying may
offer worse performance than QF relaying since the
noise is amplified along with the useful signal. The
system performance of AF can be improved by choos-
ing an appropriate amplification factor which is less
than one. These benefits are adopted in AQF relay
and provide the solution for AF limitation such the
noise amplification can be reduced by quantization
process, the performance can be improved by choos-
ing the appropriate amplification value. Furthermore,
the benefit of QF relay is also no required to decode
the signal of the source, but the signal is quantized
before it is transmitted to the destination in digital
form. So, it can be used as a digital relay. However,
the transmitted signals may contain estimation er-
rors. Therefore, a large number of quantization code-
books is needed to negligible error [28]. The QF relay
is the most efficient scheme when the source-relay and
relay-destination links are good conditions. QF could
provide a good performance due to low SNR, on the
source-relay (SR) and relay-destination. In contrary,
the AF is not very effective at low SNR. Based on
the benefits of AF and QF relay, AQF relay has two
adjustable parameters, the amplification factor as in
AF relay and the quantization levels as in the QF.
This means that the benefit of AF and QF relays
are combined in the proposed AQF relay. Moreover,
the noise amplification in AF relay can be reduced in
AQF because it has the quantization process as in a

conventional QF relay. The error estimations in QF
relay can be solved in AQF since the received signal
by the relay is firstly amplified and then quantize.
Based on the fact, AQF relay has not only benefited
by combining the benefit of AF and QF relays but
also has solved the disadvantage of AF and QF re-
lays.

This paper evaluates the performance of multi-
relay cooperative networks using the AQF protocol.
In order to evaluate the network performance, the
AQF multi-relay network system model is proposed,
in which included all mathematical expressions for
each part of the model. Based on the model, per-
formance of multi-relay AQF cooperative network in
terms of outage probability and its network through-
put is analyzed. The performance of this network
is influenced by some parameters of AF and QF re-
lay protocol, which are amplification and quantiza-
tion level, respectively. Based on the reason, the per-
formance of multi-relay AF and QF based networks
are also analyzed in this paper. In the AQF pro-
tocol, a relay node amplifies the received signal be-
fore quantizing and forwarding it. The amplification
is designed to counteract the weakening of the sig-
nal during transmission from source to relay, while
the quantization is used to reduce noise in the signal.
The parameters evaluated in this paper include the
number of relays, the amplification values, the quanti-
zation levels, the outage probability, throughput, and
channel capacity. Afterward, the performance of the
proposed multi-relay AQF network is also compared
with the performance of AF and QF network proto-
col.

The contributions of this paper can be summarized
as follows. Firstly, we propose the hybrid cooperative
relay AQF by combining the conventional AF and QF
relay schemes. The hybrid AQF relay has the relaxing
parameters in the performance since its performance
can be improved by considering the appropriate am-
plification value as in AF and the quantization levels
as in the QF. Then, we evaluate the performance of
AQF relay in terms of outage probability, through-
put, and channel capacity and compare its perfor-
mance with the performance of AF and QF relays as
well. We believe that the proposed AQF is important
in the cooperative networks since it provides several
benefits as follows:

o AQF relay can be implemented as a digital re-
lay in which the limitation of AF relay as an analog
relay can be solved for the practical issue. Moreover,
the impact of noise amplification of AF relay can be
reduced in AQF since it has a quantization process
at relay as in a conventional QF relay.

e AQF relay can reduce the quantization noise as
in a conventional QF relay since the received signal
at relay will firstly amplified and then quantized.



10 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.15, NO.01 February 2017

2. SYSTEM MODEL

The system model of a multi-relay AQF coopera-
tive network is shown in Fig. 1, in which the source
(S) sends information to the destination (D) through
several intervening relays. A cooperative transmis-
sion system can be divided into 2 phases. In the first
phase, the source (S) sends information directly to
the destination and to the k relays (S, R;), where
i = 1,2,....k. The added AWGN noise in the re-
ceived signals in the i relay and the direct path are
calculated as follows:

YSRi = hSRZ:ES + nR»ﬂ (]')

ysp = hspxs + np, (2)

where, ygspg; is the received information signal at
relay i, hgp; is the channel coefficient between source
and relay i, zs is the transmitted information sig-
nal from source, ng; is the AWGN noise generated
between source and relay i, ysp is the information
signal received at the destination, hgp is the channel
coefficient for the direct path between source and des-
tination, and np is the AWGN noise generated over
the direct path.

In the second phase, k relays (R;, D) receive the
signal and forward those signals to the destination
(D). Cooperation in this phase is a function to per-
form the processing of the information signal by the
relay protocol during transmission over the k relays.
As the AQF is a hybrid relay method that combines
the AF and QF protocols, the signals received by
the relay node will be amplified with a fixed aver-
age power before the quantization process is carried
out [15]. Fig. 1 shows the model of the AQF relay
used in a multi-relay network. Two important pro-
cesses are performed by the relay before the signal is
forwarded to the destination node:

Amplification

AF amplification process is a basic operation per-
formed in the relay. The process is simple where each
received signal will be multiplied with amplification
value of relay and send the amplified signal to the
destination. The amplification process will include
both signal and noise. Thus, it will impact the per-
formance of overall network performance.

The information signal is broadcasted from the
source to the destination (D) node through several
relays (R;) on the network. The relay first ampli-
fies the received signal. The amplified signal can be
expressed as [6]

Usri = hsr,Bivs + nsr, (3)

where ngp, is the noise generated between source and
relay ¢ and (; is the amplification coefficient in relay

1 defined by

N @)
|hsr,|” Ps + No

where Pg, is the average transmission power from the
relay i, Ps is the transmitted power of source and Ny
isnoise variance of the channel. The noise is assumed
to be Gaussian with n(0,1) and i.i.d [17].

Quantization

The amplified signal at the relay i is then a quan-
tized process. Uniform quantization is used, because
of its simple implementation [18]. The quantizer has
an interval of [Jsgr; max; YSR;,min] Of an amplified sig-
nal ysgr, with L level of quantization, which is ob-
tained by

L=2M (5)

where M is the number of quantization bits. The
quantizer is similar to an analog to digital converter
(ADC) structure with L levels of quantization and
M resolution bits, where M = logs L. Based on the
process in quantizer, the quantized signal in (3) can
be expressed as

_ N N A ,

Usr, = Q(Jsr;) = sk, min + 5 T8 (6)
where Q(.) is a uniform quantizer for each gsg, and
7 = 1,2,,L. The quantized intervals of constant
width A is [19]

A — (QSRi,max - :'QSRi,mim)7 (7)
L
where Jsr, max and Ysr, min are maximum and min-
imum value of ygg,, respectively,
The signal received at the destination can be ex-
pressed as follows:

Yr,D = hr,DUsr, + "R, D, (8)

where, hr,p is the channel coefficient between relay
i and destination, and ng,p is the noise generated
between relay ¢ and the destination.

Maximal ratio combining (MRC) is one of many
combining techniques that can be used in wireless re-
lay networks. MRC is applied on the receiving side, in
which the receiver antenna receives signals that have
experienced multipath fading with variation of phase
and amplitude. It takes advantage of the spatial di-
versity provided by two independent paths. Signals
from each path are weighted with respect to their
instantaneous SNR. The channel coefficient can be
modeled as the independent zero mean of circularly
symmetric complex Gaussian random variables with
0%p:0%ps and 0% . The channel model follows a
Rayleigh distribution, and is known as a Rayleigh
flat-fading model [18]. The signals received in each
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Fig.1: Model of multi-relay AQF cooperative network.

phase can be combined by using Maximum Ratio
Combining (MRC), where the output signal of the
MRC is as follows [20], [21]:

k

Yy =aspysp + ZaRiyRiDa
i=1

(9)

where agp and agpr, are the MRC coefficients for the
direct path transmission and the cooperative trans-
mission. These are calculated as follows:

v Psh
asp = >0 (10)
NOa
and
_ VPshsr,hr,D
R, = (11)

[No (14 Ihr,o )|

where Pg is the transmitted power of source and Ny
is noise variance of the channel.

3. PERFORMANCE ANALYSIS
3.1 Outage Probability

Outage probability (P,,:) is defined as the prob-
ability that the system will fail when sending infor-
mation to the destination. It is a standard criterion
for characterizing the performance of communication
systems operating in fading environments, and is one
of the parameters used to determine the performance
of a wireless relay network system. In general, P,
can be expressed as [22]

Yth

Pout = g P’Y (FY) d’Yv (12)

for a slow independent identically distributed
Rayleigh fading channel. It is stated as the proba-
bility that the mutual information from the channel
is below a given SNR, threshold:
Pout = Py [”Y < Vth] . (13)
For the AF protocol, the average mutual informa-

tion for multi-relay can be calculated by the following
expression:

k
1
Izr = 3 log, <1 +vsp + ;751&) ; (14)
where
P |hspl’
Ysp = —5—— (15)
95D
and

P, |hspBihsr,|”

|th1ﬂi|2 U%‘Ri + UgD '

VSR, = (16)

Hence, the outage probability for the multi-relay
AF protocol can be expressed as [22-24]

AF AF 2(k+1)R -1
PoutZP{IAF<R}=P{7 <(7)}

“th
(17)

For the QF protocol, mutual information for multi-
relay can be calculated by the following expression [3],
[25], [26]:

k
YSR; ) ’ (18)

1
Ior = =1 1
QF = 5 og2< +’YSD+i:1 e
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where ygp is equal to that in the AF protocol, as in
(15), while vsg, can be expressed as

(19)

Therefore, the outage probability for the multi-
relay QF protocol [26] is
P = P{Igr < R}
k
=P {,}/QF < (2(k+1)R _ 1= Z (115']1;1)) } ,
i=1 o
(20)

where Ny; is a quantization noise at relay 7 which can
be calculated by

2
— JSR:ISp

Nyi = . (21)

U%@-D
For the AQF protocol, mutual information for
multi-relay can be obtained by

k.
1 VSR,

I =-1 1 E —2 . 22

AQF = 5 og2< +’YSD+i:1 1+Nqi> (22)

Then, the outage probability of a hybrid AQF
multi-relay protocol can be expressed as
PAYY = P {Irqr < R}

VSR,

k
—p {,YAQF < (2(k+1)R —1- Z:l (1+Nqi)) }7

(23)
where
P, |hsg.|?
Hsr, = 1+ % (24)
OR,D

3.2 Throughput

Throughput is one of the parameters that de-
fine network performance. Throughput measures the
amount of information that can be transmitted by
the source to the destination for each unit of time. It
is defined as the number of data packets successfully
transmitted to the receiver in each second. By using
a defined outage probability, the network throughput
can be calculated by [27], [28]

Ty (r) =7 (1 — Poyt (1)), (25)
where r is the rate of data transmission and 1 — P,
is the probability of successful information transmis-
sion. The outage probability, Py, refers to the used
relay protocol in the multi-relay networks. The P,
of AF, QF, and AQF multi-relay networks are as de-
rived in the previous sub-section. Based on the sys-
tem model in Fig. 1, it assumes that a source can
transmit the data to the direct and relay links at r
bits/second.

3.3 Simulation Settings

The performance of the proposed scheme is evalu-
ated by computer simulation using Matlab program-
ming. The simulation parameters and their values
are presented in Table 1. In the simulation, a source
generates 10° bits as data input for the target BER of
107°. The data input is modulated by BPSK scheme.
The modulated signals send to 3 or 4 relays in the net-
work. The processed signals at relays are forwarded
to a destination. The network is simulated based on
the use of relay protocol that is AF or QF or AQF.
The simulation results are combined in a graph for
a comparison purpose. To obtain outage probability
and throughput analysis, SNR, values are set from 0
to 30 dB.

The range of SNR is good enough to obtain the
target BER of 107°. The noise variance Ny is as-
sumed to 1 [29]. While, the coefficient of Rayleigh
fading is generated randomly between the relay link
by a computer simulation. The maximum ratio com-
bining (MRC) is used to combine the direct link signal
and the relay link signals at the destination because it
provides the best performance among the other com-
bining techniques [2].

In the performance analysis, the outage probabil-
ity is defined as the probability that he instantaneous
bit error rate (BER) exceeds a certain target BER
[30], [31]. So, in a wireless communication system,
in general, there will be a trade-off between the BER
performance and the outage probability. In our simu-
lation, the target BER is 10-5, then the system spec-
ifies the minimum SNR required for the acceptable
performance of the target BER which is depend on
the used relay protocol and the type network such as a
three-relay network. Different values of amplification
at relay are considered to analyse the performance of
AF and AQF networks. However, amplification value
is assumed to be equal for each relay in simulated
network. Meanwhile, the different quantization levels
are also simulated only for QF and AQF network per-
formance. Hence, the performance of AQF networks
is influenced by both amplification value and quan-
tization level. Moreover, the simulation of through-
put performance is conducted based on the outage
probability of AF, QF, and AQF networks with the
assumption using a fixed data rate of 50 Mbps.

4. RESULTS AND DISCUSSION
4.1 Outage Probability

In this study, the outage probability of a multi-
relay cooperative network was evaluated by consider-
ing several parameters that affect P,,;, such as the
number of relays, the amplification value of AF, and
the quantization level of QF. The influence of these
parameters was analyzed using computer simulations.
Theoretically, in a multi-relay cooperative network an
increase in the number of relays will significantly af-
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Table 1: Simulation parameters

Parameter Value
Data input 10°bits
Target BER 10-°
Channel Model Rayleigh Fading
Modulation scheme BPSK
Number of source 1
Number of relays 3 and 4

AF, QF, and AQF
Amplification values 0.1, 0.2, and 0.3
Quantization levels 2,4, and 8
Number of destination | 1

Relay protocols

SNR vector 0-30dB
Data rate 50 Mbps
Combining Technique | MRC

fect the P,,; performance. We demonstrated this us-
ing computer simulations. Fig. 2 shows that the num-
ber of relays was directly proportional to the network
performance of a multi-relay system using the AQF
protocol. The outage probability (P,,:) decreased as
active relays were added to the network. For exam-
ple, when SNR = 10 dB, the P,,; for AQF network
with one relay was 4.5 x 1073, When two relays were
active in the network, P,,; decreased to 2.5 x 1073.
In this case, the addition of a relay improved the net-
work performance by 1.8 x P,,; performance com-
pared when it only using one relay. Thus, the net-
work gained 5 x P,,; forP,,; = 9 x 10~* when four
relays were forwarding the information from source
to destination. This effects the principle of diver-
sity techniques, in which increasing the number of
relays used increases the number of combinations of
replicated signals at the receiver, which increases the
probability of the information signal being received at
the destination. The increase in the number of relays
in a multi-relay network significantly affected the per-
formance of the system, improving the performance
as the number of relays increased.

As discussed earlier, the AQF protocol combines
the AF and QF protocols. In evaluating the perfor-
mance of the AQF protocol, we compared its perfor-
mance with those of AF and QF when using the same
number of relays. The results of our simulation are
given in Fig. 3.

It can be seen that the overall performance of the
network using the AQF protocol was better than the
networks using the AF or QF protocol, especially
when the SNR>11 dB. However, at SNR<11 dB, QF
performance was better than AQF, because QF quan-
tization was more effective in mitigating the effects of
fading. The quantization process at AQF was effec-
tive in dealing with fading when the SNR was high
and increasing. The amplification process under AQF
performed better than the AF protocol at the same
amplification value. Overall, the P,,; performance

——AQF 1 relay

107F ——AQF 2 relays|]
. —e—AQF 3 relays
§ ——AQF 4 relays
a ., ——direct
>107F
3
8,03
a 107
o)
j=)
S
3 10%t

-5 1 1 1 1
10 5 10 15 20 25 30
SNR dB

Fig.2: Comparison of outage probability of AQF re-
lay protocol by varying number of relays

—+—AF 3 Relays
——QF 3 Relays
—e—AQF 3 Relays
—e—Direct

Outage Probability (Pout)

0 5 10 15 20 25 30
SNR (dB)

Fig.3: Comparison of outage probability among AF,
QF, and AQF relay protocol with 3 relays

of AQF showed significant improvement by exploit-
ing the amplification process of AF and the quan-
tization process of QF. Based on the result, it can
be seen that AF relay protocol are mainly used in
high SNR network environment. Contrarily, the QF
relay protocol is more appropriate for the low SNR
region network environment. The proposed AQF re-
lay protocol can considerably be reduced the perfor-
mance gap between AF and QF relay performance,
where AQF relay protocol are able to reduce the P,
performance if compared with AF at high SNR re-
gion and improved the P,,; performance if compared
with QF at low SNR region. The P,,; performance
of AQF 3 relays is better than the P,,; performance
of AF 3 relays because the noise amplification in AF
relay can be reduced by quantization process in the
proposed AQF relay. Therefore, the P,,; of AF 3
relays and AQF 3 relays look comparable. Further-
more, this is proved that the proposed AQF relay be
able to combine the benefit of a quantization process
of the QF relay in order to reduce the effect of noise
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amplification in the AF relay and also improves the
performance compared to the AF performance.

The amplification factors used in the AF protocol
also affected the P,,; performance of the AQF pro-
tocol. In the AQF performance evaluation, we there-
fore examined the effect of the amplification. In the
simulation, the amplification value was set to three
different values for both protocols: 8 = 0.1,0.2 and
0.3. The simulation results show that the coopera-
tive network with the AQF protocol performed bet-
ter than the network using the AF protocol (Fig. 4).
The P,,; performance dropped as the amplification
value at the relay increased. However, an interest-
ing result from simulation was that the performance
of both protocols decreased when the amplification
value was changed from 0.1 to 0.2. For the simulated
amplification value, the performance under both pro-
tocols was optimal at an amplification value of 0.3.
The performance of a cooperative network using the
AQF protocol can be optimized by choosing the op-
timal amplification value. The amplification value
is non-linear, so the optimal value is in the range
0.1 < B < 1.0. Generally, the amplification factors
have the impact to the performance of AF and AQF
relaying. The low amplification value decreases the
system performance because the detection probabil-
ity at destination also decreased. In other words, the
detection probability increases with an increase of the
amplification values as shown in the Fig. 4. However,
the amplification value should not very high (less than
1) because it’s also gained the noise as in the AF re-
lay. If the amplification value is greater than one,
the power of noise signal within the received signal is
increased, which amplifies the noise. Based on that,
this paper was considered the amplification values are
0.1 to 0.3. The AQF protocol uses the QF quantiza-

" [==AF, =01

10l ——AQF, p=0.1
- AF, B=0.2
5 ——AQF, p=0.2
< A ——AF, p=0.3
= ——AQF, p=0.3
3
[e] K
& 10°%
(0]
(o]
&
3 10%}

10°

0 5 10 15 20 25 30
SNR (dB)

Fig.4: Comparison of outage probability between AF
and AQF relay protocol with different amplification
values

tion process. The simulation results showed that the
P,.+ performance of both protocols increased as the

quantization level at the relay increased (Fig. 5). As
shown from the result, for P,,; — 1073, the SNR re-
quirements for L= 2, 4, and 8 are 14, 13.2 and 13 dB,
respectively. There is a performance gain of 0.8 dB
between L=2 and L=4. However, a performance gain
between L=4 and L=8 is only 0.2 dB. So, changes
in performance were less significant at high quantiza-
tion levels. The higher the quantization levels used
will give the better network performance. But, it
will increase computation complexity in the process
at the relay. Hence, the quantization levels should be
selected moderately by considering the suitable per-
formance and low computational complexity. Based
on the simulation result in Fig. 5, the quantization
level L=4 is suitable to apply in the multi-relay AQF
network. Both QF and AQF relays have the quanti-
zation process before forwards the information to the
destination. At the quantization process, the quan-
tization level influences the system performance in
which the more quantization levels, the better quality
the system will deliver. Moreover, quantization noise
is inversely proportional to the number of quantiza-
tion levels. Increasing L from 4 to 8 leads to better

——QF, L=2
, —e—AQF, L=2
10 QF, L=4
N ——AQF, L=4
5 ——QF, L=8
€, . ——AQF, L=8
107
B
©
S
a 107}
()
jo)}
g
3
107k
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10 5 10 20 25 30

15
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Fig.5: Comparison of outage probability between QF
and AQF relay protocols with different quantization
levels

performance mainly because with a higher quantiza-
tion level, the quantization error, which cannot be
recovered, is smaller.

4.2 Throughput

In a multi-relay cooperative network using the
AQF protocol, the number of relays will affect the
throughput of the system. This was demonstrated by
the results shown in Fig. 6, where the data rate was
set to 50 Mbps. In this simulation, network through-
put increased as the SNR value and number of re-
lays increased. Throughput reached its maximum at
50 Mbps at an SNR of 15 dB and remained at that
value as the SNR level increased to 30 dB. For exam-
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Fig.6: Comparison of network throughput for AQF
protocol with different number of relays
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Fig.7: Comparison of network throughput of AF,
QF, and AQF relay protocols with 3 relays

ple, at an SNR of 5 dB, the throughput of the network
with one relay was about 1.75 Mbps higher than the
throughput of the direct network with no relays. The
network throughput with four relays increased by 4
Mbps compared with the direct network, and by 1
Mbps compared with the single relay network.

Fig. 7 compares the throughput in our simula-
tions of the cooperative network with three relays,
using the AF, QF, and AQF protocols. Overall, the
throughput of the three protocols was similar at some
levels of SNR, though the throughput of the network
using AQF protocol was slightly better than that of
the networks using the AF and QF protocols. How-
ever, at an SNR of 5 dB, the throughput for all three
protocols improved significantly. This demonstrated
that the use of relays, together with a cooperative
protocol increased the efficiency of the telecommuni-
cation channel.

In this research, we also compared relay networks
using the AF and AQF protocol by varying the am-

plification value with the same number of relays. The
simulation results showed that the relay network us-
ing the AQF protocol provided better throughput
than the relay network using the AF protocol for
the same amplification value, under both low and
high SNR regimes as shown in Fig. 8. The network
throughput is affected by the amplification value for
both relay protocols in which the higher amplifica-
tion value the higher throughput is achieved in the
networks. The network reached its maximum of 50
Mbps when the SNR was greater than 15 dB. The
comparison between the relay networks using the QF
and AQF protocols is performed by varying the quan-
tization levels L between 2, 4, and 8. The results are
shown in Fig. 9, and show that the network through-
put increased as the quantization levels increased.
For SNR>5 dB, the throughput of the relay network
using the AQF protocol was higher than the network
throughput when using the QF protocol at all quanti-
zation levels. We conclude that a relay network using
the QF protocol will work better for systems with low
SNR regimes. A maximum throughput of 50 Mbps
will be reached when the SNR is greater than 15 dB.
Hence, with the increased of quantization levels, will
increase the relay channel capacity. Moreover, it will
also increase the amount of data received by the re-
lay that should be forwarded to the destination. Both
processes have influenced to the multi-relay network
throughput.
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Fig.8: Comparison of network throughput of AF and
AQF protocol with different amplification values

4.3 Channel Capacity

Channel capacity was simulated based on the max-
imum average mutual information of AF, QF, and
AQF in the Eqgs. (14), (18), and (22), respectively.
The simulation was conducted by considering 3 re-
lays in the networks, the quantization level of 2 for
QF and AQF relay, while the amplification value for
AF and AQF relay is according to the Eq. (4). The
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Fig.9: Comparison of network throughput of QF and
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Fig.10: Comparison of channel capacity of AF, QF),
and AQF protocols with 3 relays

other parameters are the same as in Table 1. The
simulation result is shown in the Fig. 10, where the
channel capacity of the proposed AQF is higher than
those of AF and QF relays due to the link capac-
ity relay-destination can be maximized by amplify-
ing the input signal prior to quantization. Moreover,
the capacity of AF relays obtains higher than that of
QF relays because low delay of AF relay. Neverthe-
less, the difference of channel capacity between AF
and QF relays is less significant. On the other hand,
the channel capacity of the proposed AQF relays in-
creases significantly compare with both AF and QF
relays. Generally, the channel capacity for the three
relay schemes increases as the SNR value increased.

4.4 Comparison of AF, QF, and AQF relay

In order to obtain the benefit of the proposed AQF
relay, it needs to compare with several parameters of
both AF and QF relays that are summarized in Table
2. Based on Table 2, the complexity of AQF is in-
creased but it could increase the channel capacity as
well. Both AF and QF relay are influenced by noise
and distortion, respectively. The problems are solved
in the AQF relay, where noise amplification is reduced
by the quantization process while the distortion is
minimized by signal amplification at relay before the
quantization process. AF relay needs nothing. More-
over, AQF relay needs only one codebook, but QF re-
lay needs channel distributions (codebooks). Today,
many communication systems are used digital trans-
mission, therefore AF relay cannot be used for such

systems. But, AQF relay can be useful for digital
Table 2: Comparison parameters of AF, QF, and
AQF relays
Parameters AF QF AQF
Complexity | Very low Low Moderate
Channel Moderate | Low High
capacity
Noise  at | Information| Information| Partially
relay plus noise | plus dis- | informa-
tortion tion
Relay Nothing Channel One code-
needs distri- book
bution
(code-
books)
Relay type | Analog Digital Digital
Performance| Amplifi- Quantization Amplifica-
factor cation level tion
value value and
quantiza-
tion levels

transmission as QF relay. In the case of the perfor-
mance parameter, AF and QF relay are only based
on amplification and quantization levels, respectively.
But, AQF performance can be adjusting of both pa-
rameters. By the facts that it believes the AQF relay
has several benefits as in Table 2.

5. CONCLUSIONS

This paper evaluated the performance of multi-
relay amplify-quantize and forward (AQF) coopera-
tive networks. We have analyzed the outage proba-
bility and throughput of multi-relay AQF networks.
Computer simulations were conducted using several
parameters known to impact on the performance of
AQF multi-relay networks. We also investigated the
performance of AQF using both AF and QF relays.
The simulation results showed that the outage prob-
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ability was improved by increasing the number of re-
lays in the network. The AQF relay network per-
formed better than AF and QF at high SNRs. The
amplification values and quantization levels in the
AQF protocol affected the outage probability, while
the throughput of the AQF network increased as the
number of relays was increased. The throughput of
the AQF network was higher than those of the AF
and QF networks, and was affected by the amplifi-
cation values and the number of quantization levels.
Moreover, the channel capacity of AQF network was
higher than those of the AF and QF networks. We
conclude that the AQF relay network can provide bet-
ter outage probability performance, higher network
throughput and higher channel capacity. The hybrid
AQF is therefore a promising relay protocol for use
in digital communications, taking advantage of the
lower complexity of the AF and QF protocols.

6. ACKNOWLEDGEMENT

This work is partly supported by the research grant
of “T'im Pascasarjana”, Ministry of Research, Technol-
ogy and Higher Education of the Republic of Indone-
sia.

References

[1] B. Sklar, “Rayleigh fading channels in mobile
digital communication systems .I. characteriza-
tion,” IEEE Comm. Magazine, vol.35, no.7, pp.
90-100, Jul, 1997.

[2] S. Alamouti, “A simple transmit diversity
technique for wireless communications,” IEEFE
JSAC., vol.16, no.8, pp. 1451-1458, Oct, 1998.

[3] A. Sendonaris, E. Erkip and B. Aazhang, “User
cooperation diversity: Part I. System descrip-
tion,” IEEE Trans. Comm., vol.51, no.11, pp.
1927-1938, Nov, 2003.

[4] C. Conne and I. Kim, “Outage probability of
multihop amplify-and-forward relay systems,”
IEEE Trans. Wireless Comm., vol.9, no.3, pp.
1139-1149, Mar, 2010.

[5] M. Kaneko, K. Hayashi, P. Popovski, K. Ikeda,
H. Sakai and R. Prasad, “Amplify-and-forward
cooperative diversity schemes for multicarrier
systems,” IEEE Trans. Wireless Comm., vol.7,
no.5, pp. 1845-1850, May, 2008.

[6] Nasaruddin, Melinda and Elizar, “Optimized
power allocation for cooperative amplify-and-
forward with convolutional codes,” TELKOM-
NIKA, vol.12, no.8, pp. 6243-6253, Aug, 2014.

[7] A.S. Avestimehr and D.N.C, Tse, “Outage ca-
pacity of the fading relay channel in the low
SNR regime,” IEEE Trans. Information Theory,
vol.53, no.4, pp. 1401-1415, Apr, 2007.

[8] Q.F. Zhou, L. Yonghui, F.C.M. Lau and
B.Vucetic, “Decode-and-forward two-way relay-
ing with network coding and opportunistic re-

lay selection,” IEEE Trans. Communications,
vol.58, no.11, pp. 3070-3076, Nov, 2010.

[9] M. Andrei, L. Trifina and D. Tarniceriu, “Per-
formance Analysis of Turbo-Coded Decode-and-
Forward Relay Channels with Middleton Class-
A Impulsive Noise,” Advances in Electrical and
Computer Engineering, vol.14, no.4, pp. 35-42,
2014.

[10] S. Yao, T.T. Kim, M. Skoglund and H.V. Poor,
“Half-duplex relaying over slow fading channels
based on quantize-and-forward,” IEEE Trans.
Information Theory, vol.59, no.2, pp. 860-872,
Feb, 2013.

[11] I. Avram, N. Aerts, H. Bruneel and M.
Moeneclaey, “Quantize and forward cooperative
communication: channel parameter estimation,”
IEEE Trans. Wireless Communications, vol.11,
1n0.3, pp. 1167-1179, Mar, 2012.

[12] I. Avram, N. Aerts and M. Moeneclaey,
“Low-complexity quantize-and-forward cooper-
ative communication using two-way relaying,”
EURASIP Journal on Wireless Communications
and Networking 2014, 194, 2014.

[13] M.R. Souryal and H. You, “Quantize-and-
forward relaying with M-ary phase shift key-
ing,” in Proc. IEEE Wireless Communications
and Networking Conference, pp. 42-47, 2008.

[14] H. Boujemaa, “tatic hybrid amplify and forward
(AF) and decode and forward (DF) relaying for
cooperative systems,” Physical Communications,
vol.4, no.3, pp. 196-215, Sep, 2011.

[15] A. Steiner and S. Shamai, “Single-user broad-
casting protocols over a two-hop relay fad-
ing channel,” IEEE Trans. Information Theory,
vol.52, no.11, pp. 4821-4838, Nov, 2006.

[16] A.H. Mohammed, B. Dai, B. Huang and M.
Azhar, “A survey and tutorial of wireless relay
network protocols based on network coding,” Fl-
sevier Journal Network and Computer Applica-
tions, vol.36, no.2, pp. 593-610, 2013.

[17] LW. McKeague, “On the capacity of channels
with Gaussian and non-Gaussian noise,” Infor-
mation and Control, vol.51, no.2, pp. 153-173,
1981.

[18] L. Tan, “Fundamentals of Analog and Digi-
tal Signal Processing,” CreateSpace Independent
Publishing Platform, 2007.

[19] P. Carbone and D. Petri, “Effect of additive
dither on the resolution of ideal quantizers,”
in IEEE Transactions on Instrumentation and
Measurement, vol.43, no.3, pp. 389-396, Jun,
1994.

[20] W. Zhuo and Hb. Yang, “,Power allocation of co-
operative amplify-and-forward communications
with multiple relays” The Journal of China Uni-
versity of Posts and Telecommunications, Sci-
enceDirect, vol.18, no.4, pp. 65-69, 2011.

[21] R. Wang, V.K.N Lau and Huang, “A new scal-



18

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31]

ing law on throughput and delay performance
of wireless mobile relay networks over parallel
fading channels,” in Proc. of IEEE ISIT 2009,
Seoul, pp. 784-788, 2009.

M.O. Hasna and M.S. Alouini, “Harmonic mean
and end-to-end performance of transmission sys-
tem with relays,” IEEE Trans. Communications,
vol.52; no.1, pp. 130-135, Jan, 2004.

J.N. Laneman, D.N.C. Tse and G.W. Wornell,
“Cooperative diversity in wireless networks: ef-
ficient protocols and outage behavior,” IEEFE
Trans. Information Theory,, vol.50, no.12, pp.
3062-3080, Dec, 2004.

K.G. Seddik, A.K. Sadek, W. Su and K.J.R.
Liu, “Outage analysis of multinode amplify-and-
forward relay networks,” in Proc. IEEE WCNC
2006, vol.2, pp. 1184-1188, 2006.

A. Sendonaris, E. Erkip and B. Aazhang, “User
cooperation diversity. part II. implementation
aspects and performance analysis,” IEEE Trans.
Communications, vol. 51, no. 11, pp. 1939-1948,
Nov., 2003.

H.H. Sneessens, L. Vandendorpe and J.N. Lane-
man, “Adaptive compress-and-forward relaying
in fading environments with or without wyner-
ziv coding,aAl in Proc. IEEE ICC 2009, pp.1-5,
2009.

T.T. Kim and M. Skoglund, “On the expected
rate of slowly fading channels with quantized
side information,” IEFE Trans. Communica-
tions, vol. 55, no. 4, pp. 820-829, 2007.

A. Steiner, A. Sanderovich and S. Shamai,
“Broadcast cooperation strategies for two colo-
cated users,” IEEE Tans. Information Theory,
vol. 53, no. 10, pp. 3394-3412, Oct. 2007.

A.S. Ibrahim, A.K. Sadek, W. Su and K.J.R.
Liu, “Cooperative communications with relay-
selection: when to cooperate and whom to co-
operate with?” IEEE Transactions on Wireless
Communications, vol. 7, no. 7, pp. 2814-2827,
July 2008.

L.G. Ordonez, D.P. Palomar and J.R. Fonollosa,
“Ordered Eigenvalues of a General Class of Her-
mitian Random Matrices With Application to
the Performance Analysis of MIMO Systems,”
IEEE Transactions on Signal Processing, vol. 57,
no. 2, pp. 672-689, Feb. 2009.

M. Cheng, K. Anwar and T. Matsumoto, “Out-
age probability of a relay strategy allowing
intra-link errors utilizing Slepian-Wolf theorem,”
EURASIP Journal on Advances in Signal Pro-
cessing, vol. 2013, no. 34, 2013.

ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.15, NO.01 February 2017

NASARUDDIN received the B.Eng.
degree in Electrical Engineering from
Sepuluh Nopember Institute of Technol-
ogy, Surabaya, Indonesia in 1997. Then
he received M. Eng and D. Eng in Phys-
ical Electronics and Informatics, Gradu-
ate School of Engineering, Osaka City
University, Japan, in 2006 and 2009,
respectively. He is currently an Asso-
ciate Professor and head of Electrical
and Computer Engineering Department,
Engineering Faculty of Syiah Kuala University. His research
interests include digital communications, cooperative commu-
nications and information theory. He is a member of IEEE and
TIAES.

YUSNIDAR received her B.Eng. from
Syiah Kuala University in 2013. She
is now working towards the master de-
gree in Electronics and Communica-
tion Engineering Department, Afstan-
bul Teknik AlJniversitesi, Turkey. Her
research interests include digital com-
munications and cooperative networks.

ELIZAR received his bachelor in engi-
neering degrees from Syiah Kuala Uni-
versity of Aceh, Indonesia. He then re-
ceived the M.Sc. and M.Phil. degrees
both from The University of York, York,
UK, all in Electronics. He began his
teaching experience as junior lecturer in
Electrical Engineering Department, En-
gineering Faculty, Syiah Kuala Univer-
sity from 2002 and still serve as lecturer
in the same department until now. His
research interest are on the area of wireless communication es-
pecially in cooperative communication, spectrum management
and cognitive radio.




