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ABSTRACT

Fading whi
h o

urs during the pro
ess of infor-

mation transmission 
an signi�
antly degrade system

performan
e. The 
ooperative 
ommuni
ation sys-

tem is a well-known diversity te
hnique that is able

to mitigate the impa
t of fading. The relay proto-


ol is the 
ore of su
h systems. In this resear
h, we

evaluated the performan
e of amplify-quantize and

forward (AQF) relays using a hybrid of two proto-


ols: amplify-and-forward (AF) and quantize-and-

forward (QF). The outage probability and through-

put of multi-relay 
ooperative networks were derived,

and 
omputer simulation was used to evaluate the im-

pa
t of a number of parameters on the performan
e

of the AQF relay for multi-relay 
ooperative net-

works. We also 
ompared the outage probability and

throughput of AF, QF, and dire
t link networks. The

outage probability of AQF de
reased as the number

of relays in
reased, whereas the throughput in
reased.

We demonstrated that ampli�
ation values and quan-

tization levels have a signi�
ant impa
t on the perfor-

man
e of AQF multi-relay networks. Overall, AQF

performed better in terms of outage probability and

throughput than AF and QF, for multi-relay 
ooper-

ative networks. In addition, 
hannel 
apa
ity of AQF

was simulated, that is higher than those of AF and

QF relays.

Keywords: Performan
e, Outage probability,

Amplify-quantize and forward, Multi-relay, Cooper-

ative network.

1. INTRODUCTION

Rapid developments in wireless 
ommuni
ations

have enhan
ed their reliability, throughput, data rate,

and system 
apa
ity. Wireless 
ommuni
ations fa
e

many 
hallenges in the pro
ess of sending data. Fad-

ing is a 
hara
teristi
 wireless 
ommuni
ations is-

sue, 
aused by obsta
les in the transmission path.

Fading 
auses re�e
tion, refra
tion, and s
attering
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of the information sent by the sender, as well as


hanges the phase, polarization, and level of the sig-

nal. This redu
es signal quality and in
reases errors

in the data re
eived by the re
eiver [1℄, [2℄. In previ-

ous work, diversity te
hniques for multi-input multi-

output (MIMO) te
hnology were show to mitigate the

impa
t of fading, by the use of multiple antennas in

the transmitter and re
eiver [2℄. Diversity improved

the reliability of the system through 
ombining sim-

ilar independent signals in the re
eiver. However,

MIMO te
hnology is ine�e
tive in mobile 
ommuni-


ation devi
es su
h as mobile phones and tablets, be-


ause of fa
tors su
h as size, the relatively high 
ost

of 
omponents, and limitations in the hardware spe
-

i�
ation. Cooperative 
ommuni
ation systems have

therefore been introdu
ed to over
ome these prob-

lems with MIMO te
hnology. In a 
ooperative 
om-

muni
ations system, the sour
e sends data through

one or more relay nodes, whi
h form a virtual multi-

antenna system for transmitting data [3℄. A key fo-


us of 
ooperative 
ommuni
ation systems has been

the issue of the relay. Conventional relay proto
ols

in
lude amplify-and-forward (AF) [4-6℄, de
ode-and-

forward (DF) [7-9℄, and quantize-and-forward (QF)

[10-12℄.

The AF proto
ol is the simplest proto
ol used in


ooperative 
ommuni
ation. In this proto
ol, a relay

node simply ampli�es the signal re
eived from the

sour
e before forwarding it to the destination. Am-

pli�
ation of the signal in the AF proto
ol is able to

balan
e the weakening of the signal during transmis-

sion. However, while amplifying the signal, the noise

in the signal is also ampli�ed, de
reasing the signal

quality. In the DF proto
ol, the re
eived signal in the

relay node is de
oded again before being forwarded

to the destination. This approa
h is more 
ompli-


ated than AF and moreover, the relay node 
annot

de
ode the signal if the signal-to-noise ratio (SNR)

value is poor. In the QF proto
ol, the re
eived signal

in the relay node is quantized before being forwarded.

The QF system has no de
oding, and so it is simpler

than the DF proto
ol. The quantization pro
ess is

able to redu
e the noise in the signal, but the per-

forman
e under the QF proto
ol is lower than under

AF or DF proto
ol [13℄. It is therefore ne
essary to


ombine the AF, DF, and QF proto
ols to get the

full bene�ts. Hybrid proto
ols are being introdu
ed,

su
h as the DAF proto
ol, whi
h 
ombines the DF
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and AF proto
ols in 
ooperative 
ommuni
ation [14℄

and AQF, whi
h 
ombines the AF and QF proto
ols

[15℄, [16℄. However, resear
h on the bene�ts of using

the AQF proto
ol in 
ooperative 
ommuni
ation is

under-developed. The goal of the AQF proto
ol is to


ombine the bene�ts of the AF and QF s
hemes. AF

has been shown to be more suitable for use in an ana-

log 
ommuni
ations system, whereas QF and DF 
an

be used in digital 
ommuni
ations systems. Whereas

the DF proto
ol requires a de
oding pro
ess, mod-

ulation, and retransmission, su
h pro
esses are not

needed in AF and QF. This a�e
ts the 
ost, power


onsumption, and size of the relays. It is hoped that

a hybrid AQF 
an be implemented in digital 
ommu-

ni
ations, whilst o�ering the lower 
omplexity of the

AF and QF proto
ols.

The bene�t of AF relay is low 
omplexity sin
e

it does not require en
oding and de
oding pro
ess

of the sour
e signal that 
ooperate in a distributed

fashion whi
h 
an be an attra
tive alternative in 
o-

operative networks. The relay is fast and simple as

it only requires less 
omputation. Another advan-

tage of AF relay is that the relay 
an also be a
tive

when the sour
e-relay link is in the outage. How-

ever, this s
heme 
an only be used to an analog relay

sin
e it only ampli�es the signal and then forward

to the destination. The main limitation of AF relay

is noise ampli�
ation whi
h 
an diminish the system

performan
e. Therefore, AF is mainly useful in the

high-SNR environment. Moreover, AF relaying may

o�er worse performan
e than QF relaying sin
e the

noise is ampli�ed along with the useful signal. The

system performan
e of AF 
an be improved by 
hoos-

ing an appropriate ampli�
ation fa
tor whi
h is less

than one. These bene�ts are adopted in AQF relay

and provide the solution for AF limitation su
h the

noise ampli�
ation 
an be redu
ed by quantization

pro
ess, the performan
e 
an be improved by 
hoos-

ing the appropriate ampli�
ation value. Furthermore,

the bene�t of QF relay is also no required to de
ode

the signal of the sour
e, but the signal is quantized

before it is transmitted to the destination in digital

form. So, it 
an be used as a digital relay. However,

the transmitted signals may 
ontain estimation er-

rors. Therefore, a large number of quantization 
ode-

books is needed to negligible error [28℄. The QF relay

is the most e�
ient s
heme when the sour
e-relay and

relay-destination links are good 
onditions. QF 
ould

provide a good performan
e due to low SNR on the

sour
e-relay (SR) and relay-destination. In 
ontrary,

the AF is not very e�e
tive at low SNR. Based on

the bene�ts of AF and QF relay, AQF relay has two

adjustable parameters, the ampli�
ation fa
tor as in

AF relay and the quantization levels as in the QF.

This means that the bene�t of AF and QF relays

are 
ombined in the proposed AQF relay. Moreover,

the noise ampli�
ation in AF relay 
an be redu
ed in

AQF be
ause it has the quantization pro
ess as in a


onventional QF relay. The error estimations in QF

relay 
an be solved in AQF sin
e the re
eived signal

by the relay is �rstly ampli�ed and then quantize.

Based on the fa
t, AQF relay has not only bene�ted

by 
ombining the bene�t of AF and QF relays but

also has solved the disadvantage of AF and QF re-

lays.

This paper evaluates the performan
e of multi-

relay 
ooperative networks using the AQF proto
ol.

In order to evaluate the network performan
e, the

AQF multi-relay network system model is proposed,

in whi
h in
luded all mathemati
al expressions for

ea
h part of the model. Based on the model, per-

forman
e of multi-relay AQF 
ooperative network in

terms of outage probability and its network through-

put is analyzed. The performan
e of this network

is in�uen
ed by some parameters of AF and QF re-

lay proto
ol, whi
h are ampli�
ation and quantiza-

tion level, respe
tively. Based on the reason, the per-

forman
e of multi-relay AF and QF based networks

are also analyzed in this paper. In the AQF pro-

to
ol, a relay node ampli�es the re
eived signal be-

fore quantizing and forwarding it. The ampli�
ation

is designed to 
ountera
t the weakening of the sig-

nal during transmission from sour
e to relay, while

the quantization is used to redu
e noise in the signal.

The parameters evaluated in this paper in
lude the

number of relays, the ampli�
ation values, the quanti-

zation levels, the outage probability, throughput, and


hannel 
apa
ity. Afterward, the performan
e of the

proposed multi-relay AQF network is also 
ompared

with the performan
e of AF and QF network proto-


ol.

The 
ontributions of this paper 
an be summarized

as follows. Firstly, we propose the hybrid 
ooperative

relay AQF by 
ombining the 
onventional AF and QF

relay s
hemes. The hybrid AQF relay has the relaxing

parameters in the performan
e sin
e its performan
e


an be improved by 
onsidering the appropriate am-

pli�
ation value as in AF and the quantization levels

as in the QF. Then, we evaluate the performan
e of

AQF relay in terms of outage probability, through-

put, and 
hannel 
apa
ity and 
ompare its perfor-

man
e with the performan
e of AF and QF relays as

well. We believe that the proposed AQF is important

in the 
ooperative networks sin
e it provides several

bene�ts as follows:

• AQF relay 
an be implemented as a digital re-

lay in whi
h the limitation of AF relay as an analog

relay 
an be solved for the pra
ti
al issue. Moreover,

the impa
t of noise ampli�
ation of AF relay 
an be

redu
ed in AQF sin
e it has a quantization pro
ess

at relay as in a 
onventional QF relay.

• AQF relay 
an redu
e the quantization noise as

in a 
onventional QF relay sin
e the re
eived signal

at relay will �rstly ampli�ed and then quantized.
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2. SYSTEM MODEL

The system model of a multi-relay AQF 
oopera-

tive network is shown in Fig. 1, in whi
h the sour
e

(S) sends information to the destination (D) through

several intervening relays. A 
ooperative transmis-

sion system 
an be divided into 2 phases. In the �rst

phase, the sour
e (S) sends information dire
tly to

the destination and to the k relays (S,Ri), where
i = 1, 2, ..., k. The added AWGN noise in the re-


eived signals in the i relay and the dire
t path are


al
ulated as follows:

ySRi
= hSRi

xs + nRi
,

(1)

ySD = hSDxs + nD,
(2)

where, ySRi is the re
eived information signal at

relay i, hSRi is the 
hannel 
oe�
ient between sour
e

and relay i, xs is the transmitted information sig-

nal from sour
e, nRi is the AWGN noise generated

between sour
e and relay i, ySD is the information

signal re
eived at the destination, hSD is the 
hannel


oe�
ient for the dire
t path between sour
e and des-

tination, and nD is the AWGN noise generated over

the dire
t path.

In the se
ond phase, k relays (Ri, D) re
eive the

signal and forward those signals to the destination

(D). Cooperation in this phase is a fun
tion to per-

form the pro
essing of the information signal by the

relay proto
ol during transmission over the k relays.

As the AQF is a hybrid relay method that 
ombines

the AF and QF proto
ols, the signals re
eived by

the relay node will be ampli�ed with a �xed aver-

age power before the quantization pro
ess is 
arried

out [15℄. Fig. 1 shows the model of the AQF relay

used in a multi-relay network. Two important pro-


esses are performed by the relay before the signal is

forwarded to the destination node:

Ampli�
ation

AF ampli�
ation pro
ess is a basi
 operation per-

formed in the relay. The pro
ess is simple where ea
h

re
eived signal will be multiplied with ampli�
ation

value of relay and send the ampli�ed signal to the

destination. The ampli�
ation pro
ess will in
lude

both signal and noise. Thus, it will impa
t the per-

forman
e of overall network performan
e.

The information signal is broad
asted from the

sour
e to the destination (D) node through several

relays (Ri) on the network. The relay �rst ampli-

�es the re
eived signal. The ampli�ed signal 
an be

expressed as [6℄

ŷSRi = hSRi
βixs + nSRi

(3)

where nSRi
is the noise generated between sour
e and

relay i and βi is the ampli�
ation 
oe�
ient in relay

i de�ned by

βi =

√

PRi

|hSRi
|2 PS +N0

(4)

where PRi
is the average transmission power from the

relay i, PS is the transmitted power of sour
e and N0

isnoise varian
e of the 
hannel. The noise is assumed

to be Gaussian with n(0, 1) and i.i.d [17℄.

Quantization

The ampli�ed signal at the relay i is then a quan-

tized pro
ess. Uniform quantization is used, be
ause

of its simple implementation [18℄. The quantizer has

an interval of [ŷSRi,max, ŷSRi,min] of an ampli�ed sig-

nal ŷSRi
with L level of quantization, whi
h is ob-

tained by

L = 2M , (5)

where M is the number of quantization bits. The

quantizer is similar to an analog to digital 
onverter

(ADC) stru
ture with L levels of quantization and

M resolution bits, where M = log2L. Based on the

pro
ess in quantizer, the quantized signal in (3) 
an

be expressed as

ỹSRi
= Q(ŷSRi

) = ŷSRi,min +
∆

2
+∆.j, (6)

where Q(.) is a uniform quantizer for ea
h ỹSRi
and

j = 1, 2, , L. The quantized intervals of 
onstant

width ∆ is [19℄

∆ =
(ŷSRi,max − ŷSRi,min)

L
, (7)

where ŷSRi,max and ŷSRi,min are maximum and min-

imum value of ŷSRi
, respe
tively,

The signal re
eived at the destination 
an be ex-

pressed as follows:

yRiD = hRiDỹSRi
+ nRiD,

(8)

where, hRiD is the 
hannel 
oe�
ient between relay

i and destination, and nRiD is the noise generated

between relay i and the destination.

Maximal ratio 
ombining (MRC) is one of many


ombining te
hniques that 
an be used in wireless re-

lay networks. MRC is applied on the re
eiving side, in

whi
h the re
eiver antenna re
eives signals that have

experien
ed multipath fading with variation of phase

and amplitude. It takes advantage of the spatial di-

versity provided by two independent paths. Signals

from ea
h path are weighted with respe
t to their

instantaneous SNR. The 
hannel 
oe�
ient 
an be

modeled as the independent zero mean of 
ir
ularly

symmetri
 
omplex Gaussian random variables with

σ2
SD, σ2

SRi, and σ2
RiD

. The 
hannel model follows a

Rayleigh distribution, and is known as a Rayleigh

�at-fading model [18℄. The signals re
eived in ea
h
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Fig.1: Model of multi-relay AQF 
ooperative network.

phase 
an be 
ombined by using Maximum Ratio

Combining (MRC), where the output signal of the

MRC is as follows [20℄, [21℄:

y = αSDySD +

k
∑

i=1

αRi
yRiD, (9)

where αSD and αSRi
are the MRC 
oe�
ients for the

dire
t path transmission and the 
ooperative trans-

mission. These are 
al
ulated as follows:

αSD =

√
PShSD

N0,
(10)

and

αRi
=

√
PShSRi

hRiD
[

N0

(

1 + |hRiD|2
)] ,

(11)

where PS is the transmitted power of sour
e and N0

is noise varian
e of the 
hannel.

3. PERFORMANCE ANALYSIS

3.1 Outage Probability

Outage probability (Pout) is de�ned as the prob-

ability that the system will fail when sending infor-

mation to the destination. It is a standard 
riterion

for 
hara
terizing the performan
e of 
ommuni
ation

systems operating in fading environments, and is one

of the parameters used to determine the performan
e

of a wireless relay network system. In general, Pout


an be expressed as [22℄

Pout =
γth

∫
0
Pγ (γ) dγ, (12)

for a slow independent identi
ally distributed

Rayleigh fading 
hannel. It is stated as the proba-

bility that the mutual information from the 
hannel

is below a given SNR threshold:

Pout = Pr [γ < γth] . (13)

For the AF proto
ol, the average mutual informa-

tion for multi-relay 
an be 
al
ulated by the following

expression:

IAF =
1

2
log2

(

1 + γSD +

k
∑

i=1

γSRi

)

, (14)

where

γSD =
Ps |hSD|2

σ2
SD

(15)

and

γSRi
=

Ps |hSDβihSRi
|2

|hsRi
βi|2 σ2

SRi
+ σ2

SD

.
(16)

Hen
e, the outage probability for the multi-relay

AF proto
ol 
an be expressed as [22-24℄

PAF
out = P {IAF < R} = P

{

γAF <

(

2(k+1)R − 1

γth

)}

.

(17)

For the QF proto
ol, mutual information for multi-

relay 
an be 
al
ulated by the following expression [3℄,

[25℄, [26℄:

IQF =
1

2
log2

(

1 + γSD +

k
∑

i=1

γSRi

1 +Nqi

)

, (18)
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where γSD is equal to that in the AF proto
ol, as in

(15), while γSRi

an be expressed as

γSRi
=

Ps |hSRi
|2

σSRi

. (19)

Therefore, the outage probability for the multi-

relay QF proto
ol [26℄ is

P
QF
out = P {IQF < R}

= P

{

γQF <

(

2(k+1)R − 1−
k
∑

i=1

γSRi

(1+Nqi)

)}

,

(20)

where Nqi is a quantization noise at relay i whi
h 
an

be 
al
ulated by

Nqi =
γSRi

σ2
SD

σ2
RiD

.
(21)

For the AQF proto
ol, mutual information for

multi-relay 
an be obtained by

IAQF =
1

2
log2

(

1 + γSD +

k
∑

i=1

γ̃SRi

1 +Nqi

)

. (22)

Then, the outage probability of a hybrid AQF

multi-relay proto
ol 
an be expressed as

P
AQF
out = P {IAQF < R}

= P

{

γAQF <

(

2(k+1)R − 1−
k
∑

i=1

γ̃SRi

(1+Nqi)

)}

,

(23)

where

γ̃SRi
= 1 +

Ps |hSRi
|2

σ2
RiD

. (24)

3.2 Throughput

Throughput is one of the parameters that de-

�ne network performan
e. Throughput measures the

amount of information that 
an be transmitted by

the sour
e to the destination for ea
h unit of time. It

is de�ned as the number of data pa
kets su

essfully

transmitted to the re
eiver in ea
h se
ond. By using

a de�ned outage probability, the network throughput


an be 
al
ulated by [27℄, [28℄

Th (r) = r (1− Pout (r)) , (25)

where r is the rate of data transmission and 1−Pout

is the probability of su

essful information transmis-

sion. The outage probability, Pout, refers to the used

relay proto
ol in the multi-relay networks. The Pout

of AF, QF, and AQF multi-relay networks are as de-

rived in the previous sub-se
tion. Based on the sys-

tem model in Fig. 1, it assumes that a sour
e 
an

transmit the data to the dire
t and relay links at r

bits/se
ond.

3.3 Simulation Settings

The performan
e of the proposed s
heme is evalu-

ated by 
omputer simulation using Matlab program-

ming. The simulation parameters and their values

are presented in Table 1. In the simulation, a sour
e

generates 105 bits as data input for the target BER of

10−5
. The data input is modulated by BPSK s
heme.

The modulated signals send to 3 or 4 relays in the net-

work. The pro
essed signals at relays are forwarded

to a destination. The network is simulated based on

the use of relay proto
ol that is AF or QF or AQF.

The simulation results are 
ombined in a graph for

a 
omparison 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 10−5
. The noise varian
e N0 is as-

sumed to 1 [29℄. While, the 
oe�
ient of Rayleigh

fading is generated randomly between the relay link

by a 
omputer simulation. The maximum ratio 
om-

bining (MRC) is used to 
ombine the dire
t link signal

and the relay link signals at the destination be
ause it

provides the best performan
e among the other 
om-

bining te
hniques [2℄.

In the performan
e analysis, the outage probabil-

ity is de�ned as the probability that he instantaneous

bit error rate (BER) ex
eeds a 
ertain target BER

[30℄, [31℄. So, in a wireless 
ommuni
ation system,

in general, there will be a trade-o� between the BER

performan
e and the outage probability. In our simu-

lation, the target BER is 10-5, then the system spe
-

i�es the minimum SNR required for the a

eptable

performan
e of the target BER whi
h is depend on

the used relay proto
ol and the type network su
h as a

three-relay network. Di�erent values of ampli�
ation

at relay are 
onsidered to analyse the performan
e of

AF and AQF networks. However, ampli�
ation value

is assumed to be equal for ea
h relay in simulated

network. Meanwhile, the di�erent quantization levels

are also simulated only for QF and AQF network per-

forman
e. Hen
e, the performan
e of AQF networks

is in�uen
ed by both ampli�
ation value and quan-

tization level. Moreover, the simulation of through-

put performan
e is 
ondu
ted based on the outage

probability of AF, QF, and AQF networks with the

assumption using a �xed data rate of 50 Mbps.

4. RESULTS AND DISCUSSION

4.1 Outage Probability

In this study, the outage probability of a multi-

relay 
ooperative network was evaluated by 
onsider-

ing several parameters that a�e
t Pout, su
h as the

number of relays, the ampli�
ation value of AF, and

the quantization level of QF. The in�uen
e of these

parameters was analyzed using 
omputer simulations.

Theoreti
ally, in a multi-relay 
ooperative network an

in
rease in the number of relays will signi�
antly af-
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Table 1: Simulation parameters

Parameter Value

Data input 105bits
Target BER 10−5

Channel Model Rayleigh Fading

Modulation s
heme BPSK

Number of sour
e 1

Number of relays 3 and 4

Relay proto
ols AF, QF, and AQF

Ampli�
ation values 0.1, 0.2, and 0.3

Quantization levels 2, 4, and 8

Number of destination 1

SNR ve
tor 0 - 30 dB

Data rate 50 Mbps

Combining Te
hnique MRC

fe
t the Pout performan
e. We demonstrated this us-

ing 
omputer simulations. Fig. 2 shows that the num-

ber of relays was dire
tly proportional to the network

performan
e of a multi-relay system using the AQF

proto
ol. The outage probability (Pout) de
reased as

a
tive relays were added to the network. For exam-

ple, when SNR = 10 dB, the Pout for AQF network

with one relay was 4.5× 10−3
. When two relays were

a
tive in the network, Pout de
reased to 2.5 × 10−3
.

In this 
ase, the addition of a relay improved the net-

work performan
e by 1.8 × Pout performan
e 
om-

pared when it only using one relay. Thus, the net-

work gained 5 × Pout forPout = 9 × 10−4
when four

relays were forwarding the information from sour
e

to destination. This e�e
ts the prin
iple of diver-

sity te
hniques, in whi
h in
reasing the number of

relays used in
reases the number of 
ombinations of

repli
ated signals at the re
eiver, whi
h in
reases the

probability of the information signal being re
eived at

the destination. The in
rease in the number of relays

in a multi-relay network signi�
antly a�e
ted the per-

forman
e of the system, improving the performan
e

as the number of relays in
reased.

As dis
ussed earlier, the AQF proto
ol 
ombines

the AF and QF proto
ols. In evaluating the perfor-

man
e of the AQF proto
ol, we 
ompared its perfor-

man
e with those of AF and QF when using the same

number of relays. The results of our simulation are

given in Fig. 3.

It 
an be seen that the overall performan
e of the

network using the AQF proto
ol was better than the

networks using the AF or QF proto
ol, espe
ially

when the SNR>11 dB. However, at SNR<11 dB, QF

performan
e was better than AQF, be
ause QF quan-

tization was more e�e
tive in mitigating the e�e
ts of

fading. The quantization pro
ess at AQF was e�e
-

tive in dealing with fading when the SNR was high

and in
reasing. The ampli�
ation pro
ess under AQF

performed better than the AF proto
ol at the same

ampli�
ation value. Overall, the Pout performan
e

Fig.2: Comparison of outage probability of AQF re-

lay proto
ol by varying number of relays

Fig.3: Comparison of outage probability among AF,

QF, and AQF relay proto
ol with 3 relays

of AQF showed signi�
ant improvement by exploit-

ing the ampli�
ation pro
ess of AF and the quan-

tization pro
ess of QF. Based on the result, it 
an

be seen that AF relay proto
ol are mainly used in

high SNR network environment. Contrarily, the QF

relay proto
ol is more appropriate for the low SNR

region network environment. The proposed AQF re-

lay proto
ol 
an 
onsiderably be redu
ed the perfor-

man
e gap between AF and QF relay performan
e,

where AQF relay proto
ol are able to redu
e the Pout

performan
e if 
ompared with AF at high SNR re-

gion and improved the Pout performan
e if 
ompared

with QF at low SNR region. The Pout performan
e

of AQF 3 relays is better than the Pout performan
e

of AF 3 relays be
ause the noise ampli�
ation in AF

relay 
an be redu
ed by quantization pro
ess in the

proposed AQF relay. Therefore, the Pout of AF 3

relays and AQF 3 relays look 
omparable. Further-

more, this is proved that the proposed AQF relay be

able to 
ombine the bene�t of a quantization pro
ess

of the QF relay in order to redu
e the e�e
t of noise
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ampli�
ation in the AF relay and also improves the

performan
e 
ompared to the AF performan
e.

The ampli�
ation fa
tors used in the AF proto
ol

also a�e
ted the Pout performan
e of the AQF pro-

to
ol. In the AQF performan
e evaluation, we there-

fore examined the e�e
t of the ampli�
ation. In the

simulation, the ampli�
ation value was set to three

di�erent values for both proto
ols: β = 0.1, 0.2 and

0.3. The simulation results show that the 
oopera-

tive network with the AQF proto
ol performed bet-

ter than the network using the AF proto
ol (Fig. 4).

The Pout performan
e dropped as the ampli�
ation

value at the relay in
reased. However, an interest-

ing result from simulation was that the performan
e

of both proto
ols de
reased when the ampli�
ation

value was 
hanged from 0.1 to 0.2. For the simulated
ampli�
ation value, the performan
e under both pro-

to
ols was optimal at an ampli�
ation value of 0.3.
The performan
e of a 
ooperative network using the

AQF proto
ol 
an be optimized by 
hoosing the op-

timal ampli�
ation value. The ampli�
ation value

is non-linear, so the optimal value is in the range

0.1 < β < 1.0. Generally, the ampli�
ation fa
tors

have the impa
t to the performan
e of AF and AQF

relaying. The low ampli�
ation value de
reases the

system performan
e be
ause the dete
tion probabil-

ity at destination also de
reased. In other words, the

dete
tion probability in
reases with an in
rease of the

ampli�
ation values as shown in the Fig. 4. However,

the ampli�
ation value should not very high (less than

1) be
ause it's also gained the noise as in the AF re-

lay. If the ampli�
ation value is greater than one,

the power of noise signal within the re
eived signal is

in
reased, whi
h ampli�es the noise. Based on that,

this paper was 
onsidered the ampli�
ation values are

0.1 to 0.3. The AQF proto
ol uses the QF quantiza-

Fig.4: Comparison of outage probability between AF

and AQF relay proto
ol with di�erent ampli�
ation

values

tion pro
ess. The simulation results showed that the

Pout performan
e of both proto
ols in
reased as the

quantization level at the relay in
reased (Fig. 5). As

shown from the result, for Pout = 10−3
, the SNR re-

quirements for L= 2, 4, and 8 are 14, 13.2 and 13 dB,

respe
tively. There is a performan
e gain of 0.8 dB

between L=2 and L=4. However, a performan
e gain

between L=4 and L=8 is only 0.2 dB. So, 
hanges

in performan
e were less signi�
ant at high quantiza-

tion levels. The higher the quantization levels used

will give the better network performan
e. But, it

will in
rease 
omputation 
omplexity in the pro
ess

at the relay. Hen
e, the quantization levels should be

sele
ted moderately by 
onsidering the suitable per-

forman
e and low 
omputational 
omplexity. 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 pro
ess before forwards the information to the

destination. At the quantization pro
ess, the quan-

tization level in�uen
es the system performan
e in

whi
h the more quantization levels, the better quality

the system will deliver. Moreover, quantization noise

is inversely proportional to the number of quantiza-

tion levels. In
reasing L from 4 to 8 leads to better

Fig.5: Comparison of outage probability between QF

and AQF relay proto
ols with di�erent quantization

levels

performan
e mainly be
ause with a higher quantiza-

tion level, the quantization error, whi
h 
annot be

re
overed, is smaller.

4.2 Throughput

In a multi-relay 
ooperative network using the

AQF proto
ol, the number of relays will a�e
t 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 in
reased as the SNR value and number of re-

lays in
reased. Throughput rea
hed its maximum at

50 Mbps at an SNR of 15 dB and remained at that

value as the SNR level in
reased to 30 dB. For exam-
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Fig.6: Comparison of network throughput for AQF

proto
ol with di�erent number of relays

Fig.7: Comparison of network throughput of AF,

QF, and AQF relay proto
ols 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 dire
t network with no relays. The

network throughput with four relays in
reased by 4

Mbps 
ompared with the dire
t network, and by 1

Mbps 
ompared with the single relay network.

Fig. 7 
ompares the throughput in our simula-

tions of the 
ooperative network with three relays,

using the AF, QF, and AQF proto
ols. Overall, the

throughput of the three proto
ols was similar at some

levels of SNR, though the throughput of the network

using AQF proto
ol was slightly better than that of

the networks using the AF and QF proto
ols. How-

ever, at an SNR of 5 dB, the throughput for all three

proto
ols improved signi�
antly. This demonstrated

that the use of relays, together with a 
ooperative

proto
ol in
reased the e�
ien
y of the tele
ommuni-


ation 
hannel.

In this resear
h, we also 
ompared relay networks

using the AF and AQF proto
ol by varying the am-

pli�
ation value with the same number of relays. The

simulation results showed that the relay network us-

ing the AQF proto
ol provided better throughput

than the relay network using the AF proto
ol for

the same ampli�
ation value, under both low and

high SNR regimes as shown in Fig. 8. The network

throughput is a�e
ted by the ampli�
ation value for

both relay proto
ols in whi
h the higher ampli�
a-

tion value the higher throughput is a
hieved in the

networks. The network rea
hed its maximum of 50

Mbps when the SNR was greater than 15 dB. The


omparison between the relay networks using the QF

and AQF proto
ols 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 in
reased as the quantization levels in
reased.

For SNR>5 dB, the throughput of the relay network

using the AQF proto
ol was higher than the network

throughput when using the QF proto
ol at all quanti-

zation levels. We 
on
lude that a relay network using

the QF proto
ol will work better for systems with low

SNR regimes. A maximum throughput of 50 Mbps

will be rea
hed when the SNR is greater than 15 dB.

Hen
e, with the in
reased of quantization levels, will

in
rease the relay 
hannel 
apa
ity. Moreover, it will

also in
rease the amount of data re
eived by the re-

lay that should be forwarded to the destination. Both

pro
esses have in�uen
ed to the multi-relay network

throughput.

Fig.8: Comparison of network throughput of AF and

AQF proto
ol with di�erent ampli�
ation values

4.3 Channel Capa
ity

Channel 
apa
ity was simulated based on the max-

imum average mutual information of AF, QF, and

AQF in the Eqs. (14), (18), and (22), respe
tively.

The simulation was 
ondu
ted by 
onsidering 3 re-

lays in the networks, the quantization level of 2 for

QF and AQF relay, while the ampli�
ation value for

AF and AQF relay is a

ording to the Eq. (4). The
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Fig.9: Comparison of network throughput of QF and

AQF proto
ols with di�erent levels of quantization

Fig.10: Comparison of 
hannel 
apa
ity of AF, QF,

and AQF proto
ols with 3 relays

other parameters are the same as in Table 1. The

simulation result is shown in the Fig. 10, where the


hannel 
apa
ity of the proposed AQF is higher than

those of AF and QF relays due to the link 
apa
-

ity relay-destination 
an be maximized by amplify-

ing the input signal prior to quantization. Moreover,

the 
apa
ity of AF relays obtains higher than that of

QF relays be
ause low delay of AF relay. Neverthe-

less, the di�eren
e of 
hannel 
apa
ity between AF

and QF relays is less signi�
ant. On the other hand,

the 
hannel 
apa
ity of the proposed AQF relays in-


reases signi�
antly 
ompare with both AF and QF

relays. Generally, the 
hannel 
apa
ity for the three

relay s
hemes in
reases as the SNR value in
reased.

4.4 Comparison of AF, QF, and AQF relay

In order to obtain the bene�t of the proposed AQF

relay, it needs to 
ompare with several parameters of

both AF and QF relays that are summarized in Table

2. Based on Table 2, the 
omplexity of AQF is in-


reased but it 
ould in
rease the 
hannel 
apa
ity as

well. Both AF and QF relay are in�uen
ed by noise

and distortion, respe
tively. The problems are solved

in the AQF relay, where noise ampli�
ation is redu
ed

by the quantization pro
ess while the distortion is

minimized by signal ampli�
ation at relay before the

quantization pro
ess. AF relay needs nothing. More-

over, AQF relay needs only one 
odebook, but QF re-

lay needs 
hannel distributions (
odebooks). Today,

many 
ommuni
ation systems are used digital trans-

mission, therefore AF relay 
annot be used for su
h

systems. But, AQF relay 
an be useful for digital

Table 2: Comparison parameters of AF, QF, and

AQF relays

Parameters AF QF AQF

Complexity Very low Low Moderate

Channel


apa
ity

Moderate Low High

Noise at

relay

Information

plus noise

Information

plus dis-

tortion

Partially

informa-

tion

Relay

needs

Nothing Channel

distri-

bution

(
ode-

books)

One 
ode-

book

Relay type Analog Digital Digital

Performan
e

fa
tor

Ampli�-


ation

value

Quantization

level

Ampli�
a-

tion

value and

quantiza-

tion levels

transmission as QF relay. In the 
ase of the perfor-

man
e parameter, AF and QF relay are only based

on ampli�
ation and quantization levels, respe
tively.

But, AQF performan
e 
an be adjusting of both pa-

rameters. By the fa
ts that it believes the AQF relay

has several bene�ts as in Table 2.

5. CONCLUSIONS

This paper evaluated the performan
e of multi-

relay amplify-quantize and forward (AQF) 
oopera-

tive networks. We have analyzed the outage proba-

bility and throughput of multi-relay AQF networks.

Computer simulations were 
ondu
ted using several

parameters known to impa
t on the performan
e of

AQF multi-relay networks. We also investigated the

performan
e of AQF using both AF and QF relays.

The simulation results showed that the outage prob-
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ability was improved by in
reasing the number of re-

lays in the network. The AQF relay network per-

formed better than AF and QF at high SNRs. The

ampli�
ation values and quantization levels in the

AQF proto
ol a�e
ted the outage probability, while

the throughput of the AQF network in
reased as the

number of relays was in
reased. The throughput of

the AQF network was higher than those of the AF

and QF networks, and was a�e
ted by the ampli�-


ation values and the number of quantization levels.

Moreover, the 
hannel 
apa
ity of AQF network was

higher than those of the AF and QF networks. We


on
lude that the AQF relay network 
an provide bet-

ter outage probability performan
e, higher network

throughput and higher 
hannel 
apa
ity. The hybrid

AQF is therefore a promising relay proto
ol for use

in digital 
ommuni
ations, taking advantage of the

lower 
omplexity of the AF and QF proto
ols.
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