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^Äëíê~ÅíK The IEEE 802.16j amendment has been developed to improve the performance of 
the IEEE 802.16e standard in terms of its network capacity and coverage area via employment of 
relay stations. An optional feature of cooperative relay has been initiated to fully utilize multihop 
network environment. This work focuses on the selection of cooperative relay path/paths through 
cross-layer approach to forward data from source to destination. The selection scheme jointly 
considers the signal-to-noise ratio (SNR) from physical (PHY) layer and buffer status from 
medium access control (MAC) layer. The SNR of the communication link between the base-
station and the mobile station has to be compared to a certain threshold before making decision 
on the optimal cooperative relaying mode. Numerical and simulation results show that 
cooperative relaying improves the throughput and delay of the IEEE 802.16j system. In addition, 
the average transmission time of cooperative relay system decreases when the parameter from the 
MAC layer is considered in the relay selection scheme. 
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As responding to the high demand on wireless communication technology, the 
IEEE developed the standard IEEE 802.16e [1], also known as WiMAX which 
gives excellent capabilities in terms of data rate and coverage area. These 
advantages are further extended with the introduction of the amendment IEEE 
802.16j [2] via usage of relay station (RS). RS comes with the advantages of 
improving throughput at cell edges, extending coverage area of the BS, and 
increasing system capacity. 
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RS is known to improve network capacity and provide coverage extension with 
much lower cost than employing a new base-station (BS). Thus, the research on 
relaying technology is becoming more popular since a few years back. A feature in 
IEEE 802.16j include cooperative relay, where RS or several RSs cooperatively 
transmit data to the destination.  
  Cooperative relaying is a method designed to improve data rate between source 
and destination. It is an extension to relay network where it exploits the spatial 
diversity and MIMO technology [3]. The diversity concept achieved by 
cooperating is based on two features; the broadcasting nature of wireless medium 
and viewing the individual nodes of relaying systems as distributed antennas as a 
generalization of multiple antenna systems [4]. In order to achieve a good system 
performance, choosing the right RS to cooperatively relay data is essential.  
  It is crucial to look into the path selection of cooperative relay as it determines 
the performance of the communication system. IEEE 802.16j applies static tree 
topology which faces possible link degradation that would require retransmission 
at the source. Network congestion at RS is also an issue regarding selecting relays, 
in such a RS may have a good channel condition, but it is heavily loaded with 
traffics from other users. Thus, cooperative relay with reliable path selection 
scheme is believed to improve the performance of IEEE 802.16j network in terms 
of delay and throughput. 
  There are a few relay selection schemes at date, namely, fixed relay selection 
scheme, threshold-based adaptive relay selection scheme and best relay selection 
scheme. Fixed relay selection scheme chooses a fixed number of relays (M) out of 
available RSs (K) to transmit data [5], while in threshold-based adaptive relaying 
scheme, a destination computes an optimum threshold and broadcasts it to relays 
in the reverse link [6]. As for best relay selection scheme, only RS with the best 
channel condition is chosen [7]. This research will focus on fixed relay selection 
scheme to ease the space-time code used during data transmission. 
  Antenna diversity has been proven as one of the best ways to reduce the effect 
of multipath fading in scattering environment [8]. Alamouti [9] has proposed 
space-time code (STC) for 2x1 transmit diversity system. With the application of 
maximum ratio combining (MRC) scheme and maximum likelihood detection 
(MLD), full transmit diversity can be achieved in Alamouti scheme. The use of 
STC in cooperative relay system was initially proposed by Erkip et. al [10] and 
Ohtsuki et. al [11]. Coded cooperative communication works by sending different 
portions of user data through independent fading channels. An enhanced STC 
was then proposed by the authors in [12] known as distributed STC to reduce the 
complexity at the RS. 
  The operation at the RS could be improved using cross-layer design. This 
technique can be utilized in many ways to ensure QoS is attained in a system. The 
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interdependence of the parameters from candidate layers must be carefully revised 
in order to design the strategies of a cross-layer functional system. The authors in 
[13] used cross-layer design in selecting relays and resource allocation for 
cooperative relay networks. Stackelberg game is also included to further optimized 
the system developed. 
  This work is intended to propose an enhanced cross-layer relay selection 
scheme for cooperative relay system in IEEE 802.16j based on the channel 
condition and buffer status at the candidate RS. A cross-layer selection at the 
MAC and PHY layers is done in the relay selection scheme whereby M out of K 
relay stations are selected to cooperatively relay data from source to destination.  
  This paper is organized as follow. This section gives an introductory to the 
whole work in this paper with its related references. Section 2 briefly explains the 
IEEE 802.16j PHY layer and MAC layer specifications along with RS mode and 
RS’s forwarding data scheme. In the same section, the cooperative relay strategies 
used in this work is also discussed. In section 3, the proposed relay selection 
scheme and its numerical analysis are described thoroughly. Results and 
discussions are provided in Section 4. Finally, Section 5 concludes this paper. 
 
 
OKM= qeb=fbbb=UMOKNSà=tfj^u=obi^v=
 
One of the most interesting physical modes supported by WiMAX standard is 
orthogonal frequency division multiple access (OFDMA) technology. In physical 
(PHY) layer, OFDMA divides a channel into a number of subcarriers. These 
subcarriers are grouped together into sub-channels. A particular subscriber is 
assigned one or more sub-channels in multiple access process. These sub-channels 
are then grouped into bursts which can be allocated to multiple users for 
simultaneous transmissions. Each burst allocation can be changed from frame to 
frame as well as it is within the modulation order. Adaptive modulation and 
coding (AMC) is suggested in WiMAX standards for different SNR condition. In 
OFDMA technology, data is transmitted via multiple parallel channels over 
wireless networks. Thus, by applying OFDMA in WiMAX PHY layer, the 
interference is reduced resulting in improved system capacity and better QoS 
guarantee. In medium access control (MAC) layer, IEEE 802.16 standard 
specifies QoS parameters for different service classes like data rate, packet error 
rate, latency, and jitter. There are five distinct classes of service including 
Unsolicited Grand Service (UGS), real-time Polling Service (rtPS), extended real-
time Polling Service (ertPS), non-real-time Polling Service (nrtPS), and Best Effort 
(BE) service to support a wide variety of multimedia applications.  
  As defined in the IEEE 802.16j draft amendment, relaying can be done in two 
modes which is transparent mode and non-transparent mode. In transparent 
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mode, RSs become invisible to each MS. When connecting to a RS, the MS 
considers it as being connected to a BS. The allowable number of hops is two as 
the RS only forwards the signal received without any preamble, frame control 
header (FCH), DL/UL-MAP, and DCD/UCD message. In addition, this mode 
can only operate in centralized scheduling and RS employment is purposely for 
capacity enhancement. While non-transparent mode can support more than two 
hops communication as the RS transmit its own preamble, FCH, DL/UL-MAP, 
and DCD/UCD message. Thus, this mode not only enhanced user capacity but 
also increase coverage area of the BS. Contrary to transparent mode, the MS 
recognizes the non-transparent RS as a BS. Both centralized and distributed 
scheduling can be used in this mode. 
  There are two ways of forwarding data using RS which are amplify-and-forward 
(AF) and decode-and-forward (DF). AF relay is also known as wireless repeater 
[16]. In AF scheme, RS receives a signal, amplifies, and re-shapes it. Then, re-
transmit the signal to the destination. The main advantages of AF are simplicity, 
low cost, and low delay. The disadvantage is that AF scheme amplified and re-
transmitted noise and interference together with the desired signals. As for DF 
scheme, the RS decodes the signal received from source before forwarding it to 
the destination [17]. If there are no decoding errors, DF scheme always performs 
better at the cost of higher complexity. The major advantage of DF relaying is that 
noise and interference are not propagated to the destination. The drawback is that 
the decoding and re-encoding process incurs a significant delay as compared to the 
AF scheme. 
 
 
OKN= `ççéÉê~íáîÉ=oÉä~ó=píê~íÉÖáÉë=
=
In IEEE 802.16j amendment, RS aims at enhancing the network capacity via 
transparent relaying using two hops communication. On the other hand, it looks 
forward on improving the network coverage via non-transparent relaying using two 
or more hops. Both scenarios are illustrated in Figure 1. Current implementation 
of WiMAX relay is that the base station (BS) chooses RS with higher signal-to-
noise ratio (SNR) to send the data packets to the MS or the BS just use direct 
transmission to MS. The BS needs to decide on which path to take to fully utilize 
the channel. By using cooperative relay, BS chooses alternative relay routes when 
the SNR is low. This method aiming at increasing downlink bandwidth rather than 
following the pre-determined routed, so that the capacity and network throughput 
is increased, and the end-to-end delay decreased hence, enhancing quality-of-
service (QoS). 
=
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cáÖìêÉ=N Multihop relay network model 
 
 

  The work is focused on cooperative relay and connection-based approach. The 
cooperative relay adopts some of cognitive radio (CR) features, which is able to 
sense and analyze the surrounding radio condition. When a link is detected, the 
BS will compute the SNR in each path of BS-MS, BS-RS, and RS-MS and decide 
the modulation scheme to use based on the SNR values. Then, it will adapt the 
weight (symbols per bit) of each link based on its modulation and coding schemes 
(MCS). The computation of weight is shown in Table 1. The radio cognition 
implemented in this work is cooperative relay based on connection-based 
networking such that MS is allowed to choose its route when certain condition 
does not match the criteria. Connection-based implementation will be applied on 
the MAC layer of BS, RS, and MS. The BS uses this information to decide on 
whether it needs to implement cooperative communication or not.  
  In connection-based method, BS will decide a connection based on SNR 
condition, initially. Then, BS will receive transmission from a MS in uplink 
connection. BS will decide to use alternative path when SNR condition is weak so 
that packets will be sent via more than one relay at a time. If the weightage of the 
selected link is more than 0.33 (1/3), it means that the SNR from BS to MS value 
is lower than 16-QAM (½) or SNR received is lower than 11 dB. The threshold 11 
dB is chosen from an experimental work done in [15] showing that 11dB is the 
minimum value which the cooperation strategy is better than single RS selection 
strategy. When SNR is above 11 dB, the capacity gain achieved by two RS 
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selection strategy is better than single RS and direct connection from MS to BS. 
This is because MS in WiMAX network can gain higher channel capacity when 
two RS are selected rather than only have single RS. In this work, the 
corresponding SNR threshold  used is 11 dB, therefore any signal power lower 
than this is considered as having low SNR condition.  
 

 
q~ÄäÉ=N MCS table defines the relationship between weight and modulation coding scheme 
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nmph= ½ 5 1 1 
nmph= ¾ 8 3/2 2/3 

NSJn^j= ½ 10.5 2 ½ 
NSJn^j= ¾ 14 3 1/3 
SQJn^j= ½ 16 3 1/3 
SQJn^j= 2/3 18 4 ¼ 
SQJn^j= ¾ 20 9/2 2/9 
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Figure 2 illustrates the network model considered in this work. The figure shows a 
3-hop cooperative relay network consists of a two-antenna BS, single-antenna RSs 
and one single-antenna MS. The RS is in non-transparent mode, using decode-
and-forward (DF) technique and it is half-duplex mode; which indicates that 
transmit and receive cannot be carried out at the same time. The proposed 
algorithm will only focus on downlink communication.   
 

 
 

 
cáÖìêÉ=O 3-hop cooperative relay topology 

 

K (RSs) 

MMR-BS SS 
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Say, for a hop link, the transmitting node is denoted by A and the receiving node 
by B. The received signal at node B can be defined as: 
 
                                                           yB ൌ hA,BxA ൅ nB                                                                                (1) 
where xA is the signal transmitted at the node A, hA,B is the channel gain of a link 
from A to B, and nB represents the additive white Gaussian noise (AWGN) at the 
node B with zero mean and equal variance N0. The signal to noise ratio (SNR) can 
be defined as  
 
                                                   SNRൌPr/N0                                                                                                        (2) 

 

  where Pr is the received power. From Shannon’s capacity formula, where BW 
represents the bandwidth used in this network, the maximum achievable data 
transmission rate can be obtained as 
 
                                       ܴ௠௔௫ ൌ ଶሺ1݃݋݈ ܹܤ ൅ ௥ܲ ଴ܰሻ⁄                                           (3) 

 
  It is also assumed that the channels between all hops are uncorrelated, and the 
channels are independent and identically distributed, and the nodes have full 
knowledge of channel parameters for the next hop in order to obtain a theoretical 
bound of performance. 
  As mentioned previously, the relay selection scheme will be decided using 
cross-layer design between PHY and MAC layers. The parameters involved would 
be the channel SNR value, total buffer size and buffer status at candidate RSs. A 
mathematical analysis on selection criteria will be explained briefly for one hop, as 
the next hop only repeats the same procedure. 
  Initially, the BS will sense its environment to get the instantaneous SNR. The 
RSs will periodically report its buffer status to the BS and superordinate RS. The 
optimal problem formulation of relay selection can be denoted as 

 
 (4)                                                       ߝ ,maximize throughput        ߛ                       

   minimize latency, τ 
 
  where and  ߛ represents the set of selected relays. Throughput of the 
cooperative system depends on the capacity or maximum data transmission rate, 
ܴ௠௔௫ while latency, τ can be represented as 
 

߬ ൌ
ߚ െ ௥௡ߚ
ܴ௠௔௫

 

 

(5) 
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  where ߚ is the total buffer size at the candidate RS and ߚ௥௡ is the buffer status 
(empty buffer) at the candidate RS. As a start, relay selection will consider the 
parameters from the corresponding hop and estimation of the parameters from 
the next hop. For instance, if the selection is performed at the BS, it will decide on 
choosing RSs using the parameters from the first hop and second hop. From 
equation (3), the value of BW is normalized to 1. Selection would be made to 
maximize the following equation 
 

ܴ௠௔௫ ൌ ଶ݃݋݈ ൤1 ൅
ଵܲ,௥

଴ܰ
൨ ൅ ܧ ൜݈݃݋ଶ ൤1 ൅

ଶܲ,௥

଴ܰ
൨ൠ 

 
ଵܲ represent the power at the intended RS and  ଶܲ is the power at the next hop 

which will only be determined by the distribution of Rayleigh fading. Total 
transmission time can be computed as 
 

 ߬௧௢௧௔௟ ൌ ߬ଵ ൅  ሼ߬ଶሽܧ
 

ൌ ఉభିఉೝభ
ோ೘ೌೣ
భ ൅ ܧ ቄఉమିఉೝమ

ோ೘ೌೣ
మ ቅ 

 
in which the notation ߬ଵ and ߬ଶ are the transmission time at the corresponding 
hop and the next hop. The total buffer size (ߚଵ, ,௥ଵߚ) ଶ) and buffer statusߚ  ௥ଶ) atߚ
the RSs are attained from the MAC layer and the calculation of the maximum 
achievable rate is obtained from the instantaneous SNR at PHY layer. Since the 
selection of relays should minimize transmission time, the set of selected relays 
must obey, 
 

ߛ ൌ argmin௔௟௟ ௡אேሺ߬ଵ ൅  ሼ߬ଶሽሻܧ
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Mathematical analysis provided in this section shows the average transmission time 
for the next hop, given only the distribution of Poisson data arrival and Rayleigh 
fading. As mentioned, both distributions will be considered jointly. Given the 
following joint probability property 

 
ሼܻܺሽܧ ൌ  ሼܻሽܧሼܺሽܧ

 
The estimated transmission time from M RS/s to destination (ܧሼ߬௥ௗሽ) can be 
represented as 

(6) 

(7) 

(8) 

(9) 

(10) 
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ሼ߬௥ௗሽܧ ൌ ሾ∑ ∞௜ܨ௜ݔ௥௡ߚ
௜ୀ଴ ሿ ቈ׬ ଵ

௟௢௚మቀଵା
ು
഑మ
௬ቁ
݃ሺݕሻ݀ݕ∞

଴ ቉ 

 
where Fi and g(y) is the probability density function (pdf) for Poisson and Rayleigh 
distribution respectively. According to the authors in [14], for the Rayleigh 
distribution, it follows the pdf of the (N-M+1)th order statistic of N independent 
random variables.  
  There are two different functions need to be multiplied in the right hand 
portion of equation (11). The second part has been derived and proved in [14]. 
The first part shows a sum function that represents the expected value for a 
discrete Poisson distribution. Given the pdf of Poisson distribution as 

ሺܺ݌ ൌ ሻݔ ൌ ఒೣ.௘షഊ

௫!
 

 
  where ࣅ is the mean number of success of arrival data (that occur) in a 
specified region. Thus,  
 
  

ሼ߬௥ௗሽܧ ൌ ൥෍ߚ௥௡ݔ
λ௫. ݁ି஛

!ݔ

∞

௫ୀ଴

൩ ቎න
1

ଶ݃݋݈ ቀ1 ൅
ܲ
ଶߪ ቁݕ

݃ሺݕሻ݀ݕ
∞

଴
቏ 

 
  After simplifications and factorization, the closed-form, lower bound analytical 
approximation of ܧሼ߬௥ௗሽ is obtained as 

 

ሼ߬௥ௗሽܧ ൌ .௥௡ߚ .ࣅ
1

ଶ݃݋݈ ቆ1 െ
ܲ
ଶߪ ଶ݃݋݈ ቀ

ܯ െ 1
ܰ ቁቇ

 , 1 ൏ ܯ ൏ ܰ 

 
  Whereas for upper bound, 

 

ሼ߬௥ௗሽܧ ൌ .௥௡ߚ .ࣅ
ଵ

௟௢௚మ൬ଵି
ು
഑మ
௟௢௚మቀ

ಾ
ಿቁ൰

  , 1 ൏ ܯ ൏ ܰ 

 
  In which N represents the total available RSs and M is the number of 
cooperating relays. 
 
 
 
 

(11) 

(12) 

(13) 

(14) 

(15) 
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This section provides both numerical and simulation results based on the 
explained cooperative relay system. Numerical result includes the performance of 
the cross-layer relay selection in terms of its average transmission time in 
comparison to the single relay selection scheme. Moreover, the simulation results 
give an insight of the advantages obtained using cooperative relay system when 
looking into the throughput and delay performance.  
 
 
QKN= kìãÉêáÅ~ä=oÉëìäí=

 
In Figure 3, the numerical result for the upper bound and lower bound of the 
average transmission time in the next hop when cross-layer relay selection 
considered is provided. The result shows improvement in the average 
transmission time of the cooperative relay system in comparison to the single layer 
relay selection done in [14].  

 

 
 

cáÖìêÉ=P Comparison of average transmission time for cross-layer relay selection and single-layer 
relay selection 

 
 

  From the numerical result obtained, both relay selection schemes show similar 
pattern of average transmission time when the number of cooperating relays 
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varies. For upper bound with six cooperating relays, the average transmission time 
for cross-layer relay selection improves 31% compared to the single-layer relay 
selection scheme. Consequently, at six cooperating relays, the lower bound for 
cross layer relay selection gives 35% improvement in comparison to the lower 
bound of single layer cooperative relay system. The analysis of average 
transmission time does not exceed 14 cooperating relays as the upper bound of 
the cross layer relay selection scheme tends to go to infinity. The result proves that 
considering the parameter from MAC layer could improve system performance as 
it lessens the probability of congestion at the RS. 
 
 
QKO= páãìä~íáçå=êÉëìäíë=
 
We consider IEEE 802.16j based two-hop wireless relay network to investigate the 
network performance in terms of throughput and delay. The modulation chosen 
for the simulation is 16-QAM with 3/4 coding rate and 3 bits per symbol. The 
corresponding SNR to this modulation is 11 dB, therefore any signal power lower 
than this is considered as having low SNR condition. For this study, 10 MSs are 
added to an 802.16j network where the distance from each MS is approximately 5 
km to BS as depicted in Figure 4. The number of RS is varied from 1 to 3. 
 

 
 

cáÖìêÉ=Q Network model to study the effect of number of relays in 2-hops communication 
 

distance ൎ 5 km 

BS 

RS RS RS 

MSs 
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The deployment of cooperative relay in WiMAX has a few major effects on the 
QoS of the system. In this work, the effect of the number of RSs is observed 
accordingly with consideration on the throughput and delay. In WiMAX relay 
network, data throughput is a major issue when more than one relay is deployed in 
a cell due to bandwidth partitioning. Therefore, cooperative relay is used to tackle 
this issue.  
  The deployment of RS will affect the throughput between BS and MS. 
Throughput for cooperative relay and without cooperative relay implemented in 
the network are shown in Figure 5. 

 
cáÖìêÉ=R Average throughput for 10 users in a network 

 
 

  From Figure 5, it can be observed that when there is no RS deployed in a 
network, the average throughput is 10.103 Mbps. As a RS is placed in a network, 
there is an enhancement in throughput. The throughput is increased to 10.202 
Mbps. There is no difference made to throughput when cooperative relay is 
applied for one RS. When two RS is used, the average throughput is 10.5 Mbps 
and enhanced by 4.95% to 11.02 Mbps using cooperative relay. When three RS is 
placed in a network, throughput is raised of 7.5% from 10.7 Mbps to 11.5 Mbps. 
  The deployment of RS in two-hop communication will also affect the delay 
between BS and MS. The delay performance for a cooperative relay system and 
non-cooperative relay system is shown in Figure 6. 
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cáÖìêÉ=S Average delay for 10 users in a network 

 
 
  Figure 6 showed that the delay is the same for both cooperative and without 
cooperative relay cases, when there is direct communication between BS-MS and 
one RS is added to the network. This is due to the fact that cooperative relay only 
takes effect when two or more RSs is used. When there is no RS, the delay is 9.5 
ms. The delay is increased to 14.1 ms when one RS is added to the network. This 
is due to an additional time in scheduling process at the BS. When two RS are 
deployed in the network, average delay is increased to 15.2 ms. By using 
cooperative relay, the delay reduced by 5.26% to 14.4 ms. This result is acquired 
by considering of alternative path selection method used in cooperative relay. This 
is also because of a reduction in delivery time when data is send via two or more 
paths in cooperative relay. When three RS is placed in the network, delay is 
increased to 15.7 ms for non-cooperative relay case. However, when cooperative 
relay is implemented, the delay is more minimal which is 14.1 ms. The delay 
difference between cooperative and without cooperative relay when three RS are 
added in a network is 1.6 ms which is declined of 10%. 
  These results obviously showed that delay increases when one or more RSs are 
added in a network. Even though there has been significant growth in throughput, 
delay increase as a trade off. To deal with these problems, cooperative relay shows 
its ability to reduce delay. 
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RKM= `lk`irpflkp==
 
Cooperative communication is a good method to consider in improving the 
system of the IEEE 802.16j mobile multihop relay network. By using cooperative 
communication, the throughput of the system improves by 4.95% using two RSs. 
Furthermore, delay is reduced by 5.26% when employing cooperative relay 
compared to conventional relaying. This work focuses on improving relay 
selection method with cross layer relay selection scheme to create reliable paths 
for data transmission. Hence, the relation of the parameters in PHY and MAC 
layer need to be considered jointly in a carefully designed cross layer algorithm. 
Numerical result shows 31% improvement in average transmission time when 
relay selection considers cross-layer parameters.  
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