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Abstract. Being an emerging wireless broadband technology with numerous 
prospects, Worldwide Interoperability for Microwave Access (WiMAX) not 
only provides high data rate but also the last mile solution for broadband wireless 
access (BWA). WiMAX enables both point to multi-point (PMP) and mesh 
topologies solution. In centrally controlled WiMAX mesh mode, all data packets 
are routed to the subscriber stations (SSs) via base station (BS). Thus, the BS 
link may be constantly congested with data traffic which impacts the 
performance of the system. The goal of this paper is to create an efficient multi-
hops routing with suitable scheduling algorithm in WiMAX mesh networks 
(WMN). This algorithm is called energy/bit minimization routing and centralized 
scheduling (EbMR-CS) algorithm. Here, a routing tree is constructed based on 
the energy/bit minimization (EbM). This algorithm looks for a short path from 
the current node to BS, while the optimal path is achieved when the whole path 
has the lowest EbM. After the route is fixed, and the traffic demanded at each 
node is known, the total traffic arriving at a node is centrally scheduled such that 
the transmission interferences can be avoided. The proposed algorithm has 
considered some important design metrics such as fairness, reuse timeslot, 
balanced load, concurrent transmissions and hop count. The result shows that the 
proposed EbMR-CS algorithm has reduced the length of scheduling up to 43%. 
The system throughput and channel utilization ratio (CUR) have been enhanced 
up to 68% and 45%, respectively.  

Keywords: WiMAX mesh networks, fairness, CUR, EbM routing, centralized 
scheduling. 

1   Introduction 

Advances in broadband wireless access (BWA) technologies over the years intensively 
stimulate the interest of customers [1]. The IEEE 802.16 family of technologies which 
is popularly known as Worldwide Interoperability for Microwave Access (WiMAX) is 
one such standard that renders various service types in last mile BWA solutions. 
Currently, this standard enables both point to multi-point (PMP) and mesh topologies 
solutions [2]. 
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The authors in [11] suggested that the path with the least number of blocking nodes 
improve system throughput. In recognition to the transmission requirements of real-
time services, and attempting to improve efficiency, the authors in [12] achieved this 
goal by inducing adjustments to the key parameter of interest. Constructing a routing 
path in a short path algorithm was done by Han et. al. in [13, 14] and Peng et. al. in 
[15]; they select the neighbouring subscriber station (SS) with the least node ID 
(Identifier) number as parent node (PN). Similarly, Wang in [16] used the Breadth 
First Search (BFS) algorithm to construct the routing tree by firstly choosing the BS 
in the first level as the new routing tree’s root node and then selecting the 
neighbouring node by choosing the node with a small ID number. All the nodes in 
this routing may choose the same node with the least ID number from their 
neighbouring nodes, and this may cause series of interferences in the network. 
Moreover, in [16], the assignment of the transmission slots to the nodes is determined 
by the number of service tokens. It is crucial to note that a node is allocated a service 
token based on its packets. In the nearest-to-the BS model, which gives a better result 
than the farthest model in [16], the author did not consider other important parameters 
into the selection process such as the traffic load and the interferences. Kyasanur and 
Vaidya in [17] introduced a multi-radio network for the IEEE 802.11 network 
interface card. While one radio is kept fixed to one channel, the other radio keeps 
switching between the remaining channels for communication with the fixed channel 
of its neighbor nodes. Kodialam and Nandagopal in [18] proposed a WMN with the 
assumption that fast channel switching can be attained. With that in mind, the authors 
modeled a dynamic Channel Allocation algorithm; however, the algorithm resembles 
a fixed channel allocation algorithm.  

In this paper, an efficient multi-hops routing for WMN through suitable scheduling 
algorithm called energy/bit minimization routing and centralized scheduling (EbMR-
CS) is proposed. We focus on eliminating the collision packets and enhancing the 
performance of WMN system. Some important design metrics such as fairness, reuse 
timeslot, balanced load, concurrent transmission, relay model and hop-count are 
considered. The results show that the proposed EbMR-CS algorithm has reduced the 
length of scheduling up to 43% besides enhanced the system throughput and channel 
utilization ratio (CUR) up to 68% and 45% respectively. 

The rest of this paper is arranged as follows. Scheduling in IEEE 802.16 WMN is 
presented in Section 2. In Section 3, the interference in WMN is described. The 
proposed EbMR-CS algorithm is explained in Section 4. The system performances of 
the proposed EbMR-CS algorithm in terms of length of scheduling, CUR and system 
throughput are discussed in Section 5. This paper is concluded in Section 6. 

2   Scheduling in IEEE 802.16 WMN 

To be precise, scheduling in WiMAX can be defined as an array of fixed length 
timeslots as shown in Figure 2. Each potential transmission is allocated some 
timeslots in a manner that higher priority is given to the SS with higher traffic 
demand. Thus, the SS with higher traffic demand needs a longer scheduling period 
and causes a transmission delay to the SS with lower traffic demand. For a mesh 
networks operating in the centralized mode, the BS is charged with the responsibility 



236 Y.A.A. Qasem et al. 

of determining the scheduling for the whole network. However, it is usually employed 
in the communication between BS and SS. An example of centralized scheduling in 
the WiMAX based mesh networks is illustrated in Figure 3. 

 

 

Fig. 2. The IEEE 802.16 frame structure 

The WiMAX based mesh networks supports both mesh centralised scheduling 
(MSH-CSH) and mesh distributed scheduling (MSH-DSCH) schemes. To allocate 
data (time) mini slots to the various SSs in either of these scheduling schemes, control 
packets are exchanged in the scheduling control sub frame [19]. However, the total 
number of possible transmissions per sub frame is a reconfigurable parameter as 
shown in Figure 2. While centrally controlled scheduling is most favoured for 
communication between BS and SSs which corresponds to internet traffic, distributed 
scheduling tends to favour SS to SS communication which corresponds to intranet 
traffic. When operating in centralized mode, all scheduling decisions are made at the 
BS to allocate the mini slots to all the SSs. 

 

  

(a) Network topology   (b) Scheduling tree 

Fig. 3. The network architecture; (a) network topology and (b) scheduling tree 
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3   Interferences in WMN 

As IEEE 802.16 networks operate synchronously in a timeslot mode. It is also 
essential to allocate timeslots such that collision is avoided over the network to 
achieve the required bandwidth and high system throughput in each connection. A 
challenging issue in the IEEE 802.16-2004 WiMAX networks is that the routing and 
scheduling schemes are strongly coupled. This is particularly different from that in 
Wi-Fi based mesh networks, in which the medium access control (MAC) layer is 
contention-based. Their routing algorithms and MAC layer protocols can be 
separately designed and operated. 

To schedule two links at the same timeslot, the scheduling should be done in such a 
way that interference is avoided [20]. This particularly depends on the transmission 
and signalling mechanism between the nodes. Packet collision in the IEEE 802.16d 
WiMAX networks basically occurs in two distinct forms, namely primary and 
secondary interferences [21]. Primary interference is due to the half duplex nature of 
the transceiver. A node cannot transmit and receive simultaneously as shown in 
Figure 4(A) [13]. Besides that, a node also cannot transmit to or receive from multiple 
neighbour nodes at the same time as shown in Figure 4(B) [14].  

Secondary interference occurs where the transmission of one link can be corrupted 
by the interference from a neighbouring link as shown in Figure 5 [22]. Figure 5 
explains this case, when a receiver of node D tuned to a transmitter of node C is 
within the range of transmitter of node B which is transmitting to node A, D’s 
reception interferes with B’s transmission, though not intended for receiver D. 
Peculiar to multi-hops communication is the problem of contention for channel access 
by both the arriving and departing data packets. This is solved by equipping the nodes 
with a multiple transceivers system, with each tuned to a different channel, thus 
enabling simultaneous transmission and reception per node. 

 

 
Fig. 4. Primary interference in WMN 

 
Fig. 5. Secondary interference in WMN 

4   Proposed EbMR-CS Algorithm 

The proposed EbMR-CS algorithm is presented in this section. Here, a routing tree is 
constructed based on EbM. This algorithm looks for a short path from the current node 
to BS, while the optimal path is achieved when the whole path has the lowest EbM. 
After the routing is fixed and the traffic demanded at each node is known, the total 
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traffic arriving at a node must be determined for further transmission. This system 
design algorithm consists of four parts: namely network model, EbM routing algorithm, 
channel allocation and multi-transceivers scheduling algorithm as shown in Figure 6. 

In order to avoid interference and system bottleneck, a network model is 
constructed where both path loss (PL) and signal to noise ratio (SNR) are taken into 
consideration to maintain the communication link between the transmitter and 
receiver. Hence, the EbM routing algorithm is designed to find the optimal path from 
source to destination to create a balanced network. The multi-channel allocation is 
then implemented by using first order algorithm to increase the reuse timeslot and 
concurrent transmission. Finally, a multi-transceiver scheduling algorithm is added to 
enhance the performance of the system and avoid the collision in the network. 

 

Fig. 6. The EbMR-CS algorithm methodology stages 

4.1   Network Model 

The network topology is modelled as a directed graph G(V,E). An example of this 
topology is shown in Figure 3a, where V represents the set of nodes in the mesh cell 
{SS1, SS2, ........, SSn}, n is the number of nodes in the network, and E represents the 
set of edges between every SS and its PN that carry data. In wireless communication, 
the signal from transmitter suffers from PL attenuation as it traverses the network to 
the receiver. This PL is a function of the distance of separation, d of the nodes. Thus, 
we can calculate the PL using the NLOS equation [23] as follows  

 (1) 

If node p, for example, sends packets to node q, it is regarded successful if and only if 
the following condition holds [24]. 

 (2) 

Where, PTx is the mean power at the antenna port, BW is the occupied bandwidth, 
GTx, GRx are the antenna gain for Tx and Rx respectively, NF is the receiver noise 
figure and KTo = -144 dBW/MHz = Equipartition Law. 

The SNR thresh is the minimum threshold below which the signal will not be 
received at node q. Table 1 shows the value of SNR threshold [2], which can be 
applied to calculate the SNRp,q at the receiver of every link. The SNR must always be 
kept above the QPSK ½ threshold for correct reception of data packets at receiver. 
Whenever the SNR falls below this threshold, the link disconnects immediately and  
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link capacity nullified. In this way, a connectivity graph G(V,E) is derived using the 
links marked with its capacity, which is then used as the basis for routing-tree 
construction. 

Table 1. Receiver SNR threshold assumptions [2] 

Receiver SNR (dB) Coding Rate Modulation 

6.4 ½ BPSK 
9.4 ½ 

QPSK 
11.2 ¾ 
16.4 ½ 

16-QAM 
18.2 ¾ 
22.7 2/3 

64-QAM 
24.4 ¾ 

 
In the proposed algorithm, the nodes are randomly distributed. The link between 

any two nodes is selected. The PL and SNR of this link are measured. If the SNR is 
found to be larger than the SNR threshold, the link is connected. Otherwise the link 
fails. This procedure is repeated until all the nodes select their neighbours. In this 
way, the PL and SNR are used to reduce the number of link connectivity, which helps 
the routing algorithm to make optimal decisions for selecting their parents. 

4.2   EbM Routing Algorithm 

The routing strategy is employed to transfer traffic from a node to the BS to determine 
which path is feasible. As such, only static routes are considered in this paper. 
Beginning with the BS, the SS nodes are added into the tree one by one. The routing 
tree is constructed after the connectivity graph is obtained. Since EbM model 
minimizes energy used per bit transmitted to the mesh BS, the overall energy 
consumption is kept to a minimum without any regard to the number of hops. In 
Wireless MAN/HIPERMAN systems, this function is handled by the Mesh Networks 
Configuration (MSH-NCFG) messages. 

The energy value eb(n) = eb(n,PN(n)) is the dissipated energy per unit data byte 
received by the parent node PN(n) from node n [24]. To compute the energy metric 
Eb(i) dissipated along the routing path from node i to Mesh BS, the following formula 
is used [24] 

 
(3) 

The BS is chosen as the new routing tree’s root node. For each of the candidate 
subscriber node (CSN), n is the node with neighbours in the routing tree but as at now 
not in the tree themselves. Hence, the route to mesh BS is found by choosing the path 
with the smallest energy (E) and its parent node PN(n) is selected as follows 

 (4) 

This strategy typically produces a fairly high hop count to reach the BS. This 
results in using shorter hops with higher modulation complexities. 

∑
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After the topology is fixed, the algorithm can select only one PN to obtain the 
routing tree. Four metrics are of paramount significance to this algorithm instead of 
one used in [24]; these are minimum energy per bit (EpB), minimum collision metric, 
minimum hop-count and smallest ID number. However, the collision metric and hop-
count metrics play important roles to maintain a balanced network. 

 

• In the algorithm, for each CSN, the parent node is selected from the upper level 
which has the minimum hop count to the BS. At initialization, there is only one 
sponsor node (SN), and hence this SN is selected to be the PN.  
(If the number of SN=1, then PN1=SN, where PN1 is the parent node with only 

one SN). 
• If there is more than one SN for each CSN, the PN with the minimum EpB is 

selected as the PN.  
(If the number of SN1 >1, then , where SN1 is the 

number of SNs, and PNe is the parent node with minimum EpB). 
• If there are more than one SN having the same minimum EpB, the PN with the 

smallest collision metric (the number of neighbouring nodes) is selected as the PN. 
(If the number of SNe>1, then , where SNe is the 

number of the SNs that have equal minimum EpB, PNc is the PN having the minimum 
collision metric and Neigh(SNe) is the number of neighbouring nodes for each SNe). 
• If there are more than one SN that has the same minimum collision metric, the PN 

having the minimum hop-count to the BS is selected as the PN. 
(If the number of SNc>1, then , where SNc is the 

number of SNs having equal minimum collision metric, PNh is the PN with the 
minimum hop-count and hop(SNc) is the number of hop-count from the SNc to BS). 
• If there are more than one SN having equal minimum hop-count to BS, the SN 

with the smallest ID number is selected as the PN.  
(If the number of SNh>1, then , where SNh is the 

number of SNs with equal minimum hop-count to BS, the PNid is the PN which has 
the smallest ID number, and ID (SNh) is the ID number of each SNh). 

4.3   Channel Allocation 

The idea behind the graph G(V,E) is to join the mesh nodes. On a given set of SSs and 
BS, communication trees with the BS as roots need to be built. An important 
prerequisite to this channel allocation strategy is the important assumption that nodes 
are fitted with one or two radios. The goal is to model a channel assignment set for 
the set of radios such that interference is kept at a minimum and capacity fairly 
distributed. 

Figure 7 shows the nodes fitted with two radio interfaces, with each having a 
distinct function. While one maintains connectivity with other colleague nodes, the 
other ensures connectivity with subscriber stations. Hence, a reliable allocation 
mechanism should put into consideration, the service demands of each and every node 
in the network. Channel distribution for interference minimization is one good way to 
achieve this. 

 

)},()(min{arg ineiEPNe bb +=

)}(min{arg SNeNeighPNc =
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Fig. 7. An example of network with multiple interfaces 

The following aptly describes the channel assignment mechanism of this network. 
 

• As depicted in Figure 7, all the other nodes are subscribers to node B. As such, 
they must use a common channel to access B. The channel used for this purpose is 
dependent on B’s base station interface. Similarly, each station tunes its SS 
interface to match B’s BS interface. 

• To establish subscription to some other node, i.e. C in our scenario, a different 
channel is used by B. as shown in Figure 7. 

• Nodes transmitting on different channels do not cause any interference to one another. 
 

In this paper, the breadth first order is used. As depicted in Figure 8, a channel is 
first allocated to the BS, followed by assigning it to the SSs nearest to the BS, and 
then to all the SSs with more than one hop away from BS, and so on. However, taking 
into consideration the cost implication of equipping all the nodes with multi 
transceivers, the nodes in the edges {SS3, SS5, SS6, SS7, SS8} of the network are 
fitted with only one transmitter. This is because of the fact that while a multi 
transceiver for these edge nodes will raise their cost, there is no child node for these 
nodes and hence need not be fitted with multi transceivers as shown in Figure 8. 
Furthermore, since the BS is also fitted with two receivers operating at different 
channels, the proposed model uses both for transmitting because there is no PN for 
BS as shown in Figure 8. 

 

 
Fig. 8. Breadth first algorithm 
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4.4   Multi-transceiver Scheduling Algorithm 

This is an infrastructure based multi-hop WMN comprising of a BS and a number of 
SSs, where the BS also acts as the internet gateway. In such a scenario, the SSs not 
only transmit packets to and from BS, but also act as routers. The multiple 
transceivers on the SSs enable multi channel operations to reduce interferences. In the 
centralized scheduling algorithm, the following assumptions were made according to 
the WiMAX standard: 
 

• We assume that the transceiver cannot switch to other channels after the transceiver 
is fixed at one channel. 

• Any pair of nodes separated by two-hops and using different channels is considered 
to be none interfering.  

• Multi-transceiver nodes may communicate simultaneously with as many 
neighbours as there are transceivers without interference. 

• Each node’s communication radius is only enough to cover its one-hop neighbours. 
• Concurrent interference-free communication is possible along different channels. 
• The network is assumed to be constant throughout the course of any particular 

scheduling. Control and scheduling sub-frames are considered to be of considerable 
length. 
 

The aim of the centralized scheduling is to employ reuse timeslot and concurrent 
transmission to reduce the length of schedule and to attain optimum performance of 
the system. To achieve this, we must maximize concurrent transmissions while 
simultaneously minimizing interferences in the network. Therefore, we must take into 
account the traffic needs of the various SSs in the network. 

In 802.16-2004, two scenarios of centralized scheduling algorithm are therefore 
proposed. First scenario: multi-transceiver systems as shown in Figure 9, which 
enable transmission and reception simultaneously at all nodes. Second scenario: the 
nearest multi-transceiver system (only the nearest nodes to the BS have two 
transceivers) as shown in Figure 10. In this system, only the nodes closest to the BS 
can transmit and receive simultaneously.  

 

 
Fig. 9. Multi-transceiver system 

 
Fig. 10. The nearest multi-transceiver system 
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In both types of centralized scheduling algorithm scenarios (i.e. the multi-
transceiver system and the nearest multi-transceiver system), the hop-count, rely 
model, node ID number, reuse timeslot, concurrent transmission and fairness (for this, 
the fairness constraints need to be taken into account to prevent starvation to nodes 
further away from the BS) are considered. 

The idea behind the centralized scheduling algorithm is to take note of all 
interfering nodes in the forward link and to allow non-interfering nodes to transmit 
simultaneously for optimal bandwidth use. The algorithm considers four important 
metrics instead of only the two used in [14]; these metrics are nearest nodes 
(minimum hop-count to BS) to reduce the system bottleneck, number of traffic 
(number of packet) to achieve the fairness among the nodes, number of interfering 
node to maximize the reuse timeslot and concurrent transmissions. The node ID 
number is finally used to break the tie between the nodes. 

The allocation of service tokens to the subscriber stations is a function of their 
traffic demand. The procedure ensures that timeslot allocation is directly 
proportionate to the traffic requirement of the various links, thereby ensuring fairness. 
For scheduling of a link to occur, its associated service token must not be zero. In 
short concerned SS must at least have a free non-interfering channel and its PN 
having buffer capacity for the incoming packets. Once these conditions are fulfilled, 
the link is considered available; else it is considered unavailable. 

In addition to fulfilling the above conditions, for a link to be available, it must 
satisfy the nearest to BS condition (meaning it exhibits the minimum hops to the base 
station BS) and is scheduled in the current timeslot. In the case of a tie in the nearest 
to base station condition, the first priority is accorded to the node having the 
maximum packets for achieving QoS and fairness. In the case of a tie in the number 
of packets, priority is given to the node with the minimum interfering neighbours for 
want of maximum reuse timeslot and concurrent transmissions. 

As a final step, if a tie occurs in the number of interfering nodes, priority is given 
to the node with the smallest ID number. When the link is finally selected, it is 
denoted as scheduled while its interfering neighbours are denoted as interfered. Now 
that the link is allocated a timeslot, the transmitter’s service token is decremented by 
one while the receiver’s is incremented by one at every timeslot. Then, the algorithm 
keeps repeating itself in this manner until the service tokens of all the SSs are 
decreased to 0. Hence, using the change of service token, the 802.16-2004 can be 
integrated into the proposed algorithm. 

Multi-channel multi-transceivers lead to shorter lengths of scheduling, increase 
system throughput, improve the CUR and provide collision free channel access. 
Hence, it can provide a better performance as compared to the single transceiver 
system. The proposed scheme has shown good performance and can be implemented 
in the IEEE 802.16 WiMAX based mesh networks. In addition, it has also achieved 
better system throughput in WMNs. 

5   System Performances of Proposed EbMR-CS Algorithm 

In this paper, an efficient algorithm of EbMR-CS is developed with the aim of finding 
the optimal path of routing and scheduling, which is evaluated through simulation. In 
the simulation, the performance of the EbMR-CS scheme was assessed using 



244 Y.A.A. Qasem et al. 

MATLAB platform [25]. A
is collected and averaged
simulated model consists of
for uplink traffic. The SS
multiple hops. Neverthele
increment of 5 nodes, the n
of packets was selected for
packets.  

The results from the m
nearest multi-transceiver 
interference and reduce the
the EbM routing tree alg
transceivers in the network
CS1 and a construct of the E
is equipped with two transc
transceiver system, which 
channel scheduling equipp
Moreover, reuse timeslot, 
transmission and fairness a
and EbMR-CS2 are compa
Wang in [16] in terms of len

The results from the sim
11 and 12. They are based
randomly generated packet
the heterogeneous traffic de
transceiver can transmit at m
the duration of the schedu
scenarios as shown in Figu
length of scheduling as sho
that the EbMR-CS1 achieve
length compared to the ot
shorter length of scheduling
CS1 at 80, for example, w
timeslot, whereas the EbNR

Fig. 11. Leng

After a series of 300 Monte Carlo simulation runs, the d
. The simulation configurations are set as follows: 
f 100 SSs positioned around a BS operating in mesh m

S to BS communication was ensured through single
ess, SS mobility is not considered. Using a step w
network is loaded from 5 to 100. For each SS, the num
r one packet and between one to three randomly genera

multi-transceiver consist of multi-transceiver system 
system which are intended to eliminate the prim

e scheduling length. These two schemes are dependent
gorithm, multi-channel scheduling and the number 

k. The first multi-transceiver system is denoted as EbM
EbM routing, multi-channel scheduling; the whole netw
ceivers except the nodes in the edges. In the nearest mu
is denoted by EbMR-CS2, the EbM routing and mu

ped only the nearest nodes to BS with multi-transceiv
the hop-count, relay model, node ID number, concurr

are also considered in both systems. Both the EbMR-C
ared with the routing and scheduling schemes proposed
ngth of scheduling, CUR and system throughput. 

mulation on the scheduling length are presented in Figu
d on packet generation for one packet and between 1 t
s, as shown in Figures 11 and 12 respectively, to repres
emands for all the nodes. Based on the assumption that 
most one token (packet) at a timeslot, it is clearly seen t
uling cycle gradually increases with network size for
ure 11. The increasing traffic demand also led to lon

own in Figure 12. The results from the simulation indic
ed a higher system performance in terms of the schedul
ther schemes. In other words, the EbMR-CS1 mainta
g as compared to EbMR-CS2 and Wang [16]. The EbM

where the node has one packet to send is equivalent to
R-CS2 is equivalent to 47 timeslots.  

gth of scheduling with one packet for each node 

data 
the 

mode 
e or 
wise 
mber 
ated 

and 
mary 
t on 
 of 

MR-
work 
ulti-
ulti-
vers. 
rent 
CS1 
d by 

ures 
to 3 
sent 
one 
that 

r all 
nger 
cate 
ling 
ains 

MR-
o 42 

 



 Collision-free Rout

Fig. 12. Length of sc

Using Wang [16], this is 
this study achieved better sy

The simulation results 
number of packet generatio
packets respectively. After 
required to send all the pac
CUR using the following eq

Based on this equation, 
the network can reduce the 
number of interfering SS no
This may be due to the fac
the case where only one 
number of concurrent tran
number of packet is increas
the reuse timeslot and the c

However, the results fro
higher CUR. For example,
send is equivalent to 7%, w

 

Fig. 

(%)CUR =

ting Centralized Scheduling Using EbMR-CS Algorithm 

cheduling with random packets from 1 to 3 in each node 

found to be 57 timeslot. Besides, both schemes proposed
ystem performance than the scheme presented in Wang [1
for the CUR are presented in Figures 13 and 14, w

on for one packet and between 1 to 3 randomly genera
obtaining the length of scheduling, the number of times

ckets to BS has to be determined, so as to identify the to
quation: 

 

it is observed that the increase in the number of node
CUR, as the additional nodes in the network increases 

odes when one node is transmitting as shown in Figure 
t that the additional nodes worsen the interference leve
node is sending data, thereby downgrading the possi

nsmissions. In addition, it is also observed that when 
sed, the CUR is stabilized. It is determined by the ratio
oncurrent transmissions as illustrated in Figure 14. 
om the simulation indicate that the EbMR-CS1 achie
, the EbMR-CS1 at 60 when the node has one packe

whereas the EbNR-CS2 is equal to 6%.  

 

13. CUR with each node has one packet 

)..*.(

).*.(

schedulingofLengthNodesNo

HopsNoPacketsNo=

245 

 

d in 
6]. 

with 
ated 
lots 
otal 

(6) 

s in 
the 
13. 

el in 
ible 
the 

o of 

eved 
t to 



246 Y.A.A. Qasem et al. 

Fig. 14. CUR w
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Both Figures 15 and 16 show that the throughput is reduce as the number of the 
service tokens and nodes increase. For example, the system throughput at 80 nodes, 
for the EbMR-CS1 is equal to 1.9 packets/timeslot, while in the EbMR-CS2 it is equal 
to 1.7 packets/timeslot when each node has one packet to send. In Wang’s scheme, 
the system throughput is very small as compared to the other schemes which are 
equivalent to 1.4 packets/timeslot. Based on this example, the analyzed results show 
that the algorithms in the present study not only optimizes system throughput, but also 
enhances the overall efficiency of centrally controlled scheduling scheme. 

6   Conclusions 

Routing and scheduling in WiMAX are active areas of research, in which many 
algorithms have been proposed in an attempt to enhance system throughput, reduce 
the length of scheduling, increase CUR and provide more robustness over the wireless 
channel. The related problems of routing and scheduling for IEEE 802.16-2004 are 
still open research challenges left unsolved. The impact of interference on IEEE 
802.16-2004 based mesh networks is very strong. In this paper, the EbMR-CS1 and 
EbMR-CS2 have been proposed for centralized scheduling in WiMAX to improve 
system throughput. In particular, the EbMR-CS1 and EbMR-CS2 use the multi-
transceiver and multi-channel systems. Therefore, the interferences could be virtually 
eliminated. The results from simulation indicate that the proposed schemes achieved 
shorter lengths of scheduling, higher CUR and higher system throughput, as 
compared to Wang [16]. At the same time, it ensures fairness and better load balanced 
in the IEEE 802.16-2004 based mesh networks, particularly when the number of 
nodes is large. Moreover, the algorithms increase the reuse timeslot and concurrent 
transmission which allows the non-interfering links to transmit simultaneously. In 
addition, the proposed EbMR-CS can avoid packet loss and afford collision-free 
operations. The work in this paper can be extended in several directions. First, it can 
be further extended to distribute traffic when multiple paths are available to the 
destination. Second, the SS mobility can be introduced so as to compare its 
performance on IEEE 802.16d and IEEE 802.16e. 

References 

1. Lu, K., Qian, Y., Chen, H.H.: Wireless broadband access: WiMAX and beyond - a secure and 
service-oriented network control framework for WiMAX networks. IEEE Communications 
Magazine 45(5), 124–130 (2007) 

2. IEEE Standard 802.16-2004: IEEE Standard for Local and metropolitan area networks Part 
16: air interface for fixed broadband wireless access systems (2004) 

3. Akyildiz, I.F., Wang, X., Wang, W.: Wireless mesh networks: a survey. Computer 
Networks 47(4), 445–487 (2005) 

4. Akyildiz, I.F., Wang, X.: A survey on wireless mesh networks. IEEE Communications 
Magazine 43(9), S23–S30 (2005) 

5. Viswanathan, H., Mukherjee, S.: Throughput-range tradeoff of wireless mesh backhaul 
networks. IEEE Communications 24(3), 593–602 (2006) 

6. Narlikar, G., Wilfong, G., Zhang, L.: Designing multihop wireless backhaul networks with 
delay guarantees. Wireless Networks 16(1), 237–254 (2008) 



248 Y.A.A. Qasem et al. 

7. Chen, J., Chi, C., Guo, Q.: A Bandwidth Allocation Model with High Concurrence Rate in 
IEEE802.16 Mesh Mode. In: IEEE Communications, Asia-Pacific Conference, pp. 750–
754 (2005) 

8. Peng, M., Wang, Y., Wang, W.: Cross-layer design for tree-type routing and level-based 
centralised scheduling in IEEE 802.16 based wireless mesh networks. IET Journal 1(5), 
999–1006 (2007) 

9. Kim, D., Ganz, A.: Fair and efficient multihop scheduling algorithm for IEEE 802.16 
BWA systems. In: IEEE, BroadNets Conference, vol. 2, pp. 833–839 (2005) 

10. Tao, J., Liu, F., Zeng, Z., Lin, Z.: Throughput enhancement in WiMax mesh networks 
using concurrent transmission. IEEE, Wireless Communications, Networking and Mobile 
Computing 2, 871–874 (2005) 

11. Wei, H.H., Ganguly, S., Izmailov, R., Haas, Z.J.: Interference-aware IEEE 802.16 WiMax 
mesh networks. In: IEEE, VTC 2005, vol. 5, pp. 3102–3106 (Spring 2005) 

12. Fu, F., Cao, Z., Fan, P.: Spatial reuse in IEEE 802.16 based wireless mesh networks. In: 
IEEE International Symposium, Communications and Information Technology, ISCIT 
2005, vol. 2, pp. 1358–1361 (2005) 

13. Han, B., Tso, F.P., Ling, L., Jia, W.: Performance Evaluation of Scheduling in IEEE 
802.16 Based Wireless Mesh Networks. In: IEEE Mobile Adhoc and Sensor Systems 
(MASS), IEEE International, pp. 789–794 (2006) 

14. Han, B., Jia, W., Lin, L.: Performance evaluation of scheduling in IEEE 802.16 based 
wireless mesh networks. Computer Communications 30, 782–792 (2007) 

15. Peng, D., Weijia, J., Liusheng, H., Wenyan, L.: Centralized Scheduling and Channel 
Assignment in Multi-Channel Single-Transceiver WiMax Mesh Network. In: IEEE, 
Wireless Communications and Networking Conference, WCNC, pp. 1734–1739 (2007) 

16. Wang, J., Jia, W., Huang, L.: An efficient centralized scheduling algorithm for IEEE 802.16 
multi-radio mesh networks. In: ACM, Proceedings of the 2nd International Conference on 
Ubiquitous Information Management and Communication Suwon, Korea, pp. 1–5 (2008) 

17. Kyasanur, P., Vaidya, N.H.: Routing and interface assignment in multi-channel multi-
interface wireless networks. Wireless Communications and Networking 4, 2051–2056 (2005) 

18. Kodialam, M., Nandagopal, T.: Characterizing the capacity region in multi-radio multi-
channel wireless mesh networks. In: Mobile computing and networking, MobiCom,  
pp. 73–87 (2005) 

19. Djukic, P., Valaee, S.: 802.16 mesh networking. In: WiMAX: Standards and Security,  
pp. 147–174 (2007) 

20. Wang, W., Wang, Y., Li, X.Y., Song, W.Z., Frieder, O.: Efficient interference-aware 
TDMA link scheduling for static wireless networks. In: ACM, 12th Annual International 
Conference on Mobile Computing and Networking, Los Angeles, pp. 262–273 (2006) 

21. Ramanathan, S., Lloyd, E.: Scheduling algorithms for multihop radio networks. 
IEEE/ACM Transactions on Networking (TON) 1, 166–177 (1993) 

22. Kuran, M.S., Gur, G., Tugcu, T., Alagoz, F.: Cross-layer routing-scheduling in IEEE 802.16 
mesh networks. In: 1st international conference on MOBILe Wireless MiddleWARE, 
Operating Systems, and Applications Innsbruck. ICST, Austria (2007) 

23. Grńsund, P., Engelstad, P., Johnsen, T., Skeie, T.: The physical performance and path loss 
in a fixed WiMAX deployment. In: International Conference on Wireless Communications 
and Mobile Computing, IWCMC 2007, p. 444 (2007) 

24. Wenhua, J., Pin, J., Ruoju, L., Ming, L.: Centralized Scheduling Tree Construction Under 
multi-Channel IEEE 802.16 Mesh Networks. In: IEEE, Global Telecommunications 
Conference, GLOBECOM 2007, pp. 4764–4768 (2007) 

25. The Mathworks accelerating the pace of engineering and science,  
  http://www.mathworks.com/access/helpdesk/help/techdoc/ 
 learn_matlab/f0-14059.html 


	Collision-free Routing Centralized Scheduling Using EbMR-CS Algorithm for IEEE 802.16 Mesh Networks
	Introduction
	Scheduling in IEEE 802.16 WMN
	Interferences in WMN
	Proposed EbMR-CS Algorithm
	Network Model
	EbM Routing Algorithm
	Channel Allocation
	Multi-transceiver Scheduling Algorithm

	System Performances of Proposed EbMR-CS Algorithm
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




