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EDITORIAL PREFACE 

 
The International Journal of Computer Networks (IJCN) is an effective medium to interchange 
high quality theoretical and applied research in the field of computer networks from theoretical 
research to application development. This is the Third Issue of Volume Six of IJCN. The Journal 
is published bi-monthly, with papers being peer reviewed to high international standards. IJCN 
emphasizes on efficient and effective image technologies, and provides a central for a deeper 
understanding in the discipline by encouraging the quantitative comparison and performance 
evaluation of the emerging components of computer networks. Some of the important topics are 
ad-hoc wireless networks, congestion and flow control, cooperative networks, delay tolerant 
networks, mobile satellite networks, multicast and broadcast networks, multimedia networks, 
network architectures and protocols etc. 
 
The initial efforts helped to shape the editorial policy and to sharpen the focus of the journal. 
Started with Volume 6, 2014, IJCN aims to appear with more focused issues. Besides normal 
publications, IJCN intend to organized special issues on more focused topics. Each special issue 
will have a designated editor (editors) – either member of the editorial board or another 
recognized specialist in the respective field. 
 
IJCN give an opportunity to scientists, researchers, engineers and vendors to share the ideas, 
identify problems, investigate relevant issues, share common interests, explore new approaches, 
and initiate possible collaborative research and system development. This journal is helpful for 
the researchers and R&D engineers, scientists all those persons who are involve in computer 
networks in any shape.  
 
Highly professional scholars give their efforts, valuable time, expertise and motivation to IJCN as 
Editorial board members. All submissions are evaluated by the International Editorial Board. The 
International Editorial Board ensures that significant developments in computer networks from 
around the world are reflected in the IJCN publications. 
 
IJCN editors understand that how much it is important for authors and researchers to have their 
work published with a minimum delay after submission of their papers. They also strongly believe 
that the direct communication between the editors and authors are important for the welfare, 
quality and wellbeing of the journal and its readers. Therefore, all activities from paper submission 
to paper publication are controlled through electronic systems that include electronic submission, 
editorial panel and review system that ensures rapid decision with least delays in the publication 
processes.  
 
To build its international reputation, we are disseminating the publication information through 
Google Books, Google Scholar, Directory of Open Access Journals (DOAJ), Open J Gate, 
ScientificCommons, Docstoc and many more. Our International Editors are working on 
establishing ISI listing and a good impact factor for IJCN. We would like to remind you that the 
success of our journal depends directly on the number of quality articles submitted for review. 
Accordingly, we would like to request your participation by submitting quality manuscripts for 
review and encouraging your colleagues to submit quality manuscripts for review. One of the 
great benefits we can provide to our prospective authors is the mentoring nature of our review 
process. IJCN provides authors with high quality, helpful reviews that are shaped to assist 

authors in improving their manuscripts.  
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Abstract 
 
In IEEE 802.16j relay networks, wireless communications are carried out based on TDMA where 
the wireless network resources are divided into multiple time slots and they are assigned to 
wireless links between relay nodes as transmission opportunities. The network performance is 
improved by decreasing the total number of different time slots assigned to all links in a single 
scheduling cycle, because it brings the increase in the transmission opportunities of the links per 
unit time. Although it can be achieved when multiple links utilize the same time slot, the capacity 
of such links is degraded due to the radio interference. On the other hand, since all links in the 
network need to have enough time slots to accommodate their traffic load, degrading the link 
capacity may increase the total number of different time slots in the scheduling cycle. Therefore, 
we should determine the time slot assignment by considering the above-mentioned tradeoff 
relationship. In this paper, we propose heuristic algorithms for time slot assignment problem in 
IEEE 802.16j relay networks, and evaluate them through extensive simulation experiments. Two 
algorithms based on different heuristic are introduced. One algorithm assigns a set of time slots 
to links by a greedy approach. The other algorithm determines a set of links that use a time slot 
by a brute-force search for maximizing the total link capacity. Performance evaluation results 
exhibit that the proposed algorithms reduces around 34% and 39% of the total time slots 
compared with the case where no link utilizes the same time slot, respectively. Meanwhile, they 
also show that calculation time of the latter algorithm is longer than that of the former algorithm to 
reduce the total time slots. Thus, we show that there is a tradeoff between performance and 
calculation time. 
 
Keywords: IEEE 802.16j, Radio Interference, TDMA, Time Slot Assignment, Heuristic Algorithm. 
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1. INTRODUCTION 

Wireless relay networks based on IEEE 802.16 (referred as relay networks below) are attracting 
increasing attention because they can provide wireless broadband service at low cost [1]. 
Specifically, IEEE 802.16j [2–4] is the standard that adds a multihop relay function to IEEE 
802.16e [5].  By the multihop relay function, we can easily provide wide area access environment. 
As show in Figure 1, a relay network is composed of a gateway node, relay nodes and client 
terminals. The gateway node is connected to the backhaul networks with wired links and the relay 
nodes relay messages between the backhaul networks and the client terminals via wireless links 
[6]. 
 

 
FIGURE 1: IEEE 802.16j Relay Network. 

 
Generally, in wireless networks, when multiple nodes communicate on the same channel at the 
same time, the nodes cannot communicate correctly due to radio interference [7–9]. IEEE 802.16j 
adopts Time Division Multiple Access (TDMA) mechanism to reduce the radio interference [10, 
11]. In TDMA, the wireless network resources are divided into multiple time slots and they are 
assigned to wireless links between relay nodes as transmission opportunities. The relay nodes 
communicate via the wireless links only at assigned time slots. To avoid performance degradation 
due to radio interference, disjoint time slots are assigned to links that would interfere with each 
other [12, 13]. Conversely, multiple links can communicate simultaneously at a single time slot if 
interference is weak. This means the spatial reuse of the wireless network resource [14, 15].  
 
Decreasing the total number of different time slots which assigned to all links in the scheduling 
cycle, referred as schedule length below, means the improvement of the network performance, 
since the transmission opportunities of the links per unit time increases [16, 17]. We can reduce 
the schedule length by the reasonable level of spatial reuse. However, the excessive level of 
spatial reuse brings strong interference because too many links communicate simultaneously at 
the same time slot. In addition, the link capacity at an assigned time slot changes according to 
received signal and interference strengths, which is evaluated by signal to interference noise ratio 
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(SINR). This is because IEEE 802.16j employs Adaptive Modulation and Coding (AMC) [18–20], 
which selects the modulation method according to the SINR of the link and determines the link 
capacity at a time slot. On the other hand, since all links in the network need to have enough time 
slots to accommodate their traffic load [21, 22], degrading the link capacity may increase the 
schedule length. Therefore, we should determine the time slot assignment by considering the 
complex tradeoff between the link capacity and the degree of the spatial reuse. 
 
The past literature [23] revealed that finding the optimum solution for time slot assignment is NP-
hard problem, meaning that reasonable heuristic algorithms are required. Although there are 
researches on the time slot assignment for IEEE 802.16j relay networks, as in [24–29], none of 
them considers the detailed transmission quality in time slot assignment. 
 
In this paper, we propose heuristic algorithms for time slot assignment problem in IEEE 802.16j 
relay networks with consideration of the detailed transmission quality. Two algorithms based on 
different heuristic are introduced. One algorithm is based on a greedy approach that assigns a set 
of time slots for a link to minimize the number of different time slots utilized by the link. The other 
algorithm is based on a brute-force search that determines a set of links for a time slot to 
maximize the total link capacity at the time slot. We conduct extensive simulation experiments to 
evaluate the performance of these algorithms and assess the tradeoff relationships between the 
obtained network performance and the calculation time. We also evaluate the performance of 
these algorithms in the various network size. 
 
The rest of this paper is organized as follows. In Section 2, we explain the network model, the 
radio propagation model, and the problem definition. We propose the time slot assignment 
algorithms in Section 3. Section 4 gives the performance evaluation results through simulation 
experiments. Finally, we present the conclusions of this paper and areas for future work in 
Section 5. 

 
2. SYSTEM MODEL AND PROBLEM DEFINITION 

2.1 Network Model 
Figure 2 depicts a relay network model used in this paper. The network is composed of � 
wireless nodes. One node is a gateway node denoted by ��  and the others are relay nodes 
denoted by ��, … ��	�. When the network topology is being formed, a parameter called as the 
estimated transmission distance is used. Each node constructs links to other nodes within the 
distance from itself and the tree network topology is constructed the topology construction 
algorithms such as in [30]. In the network topology, the gateway node is the root of the tree and 
the relay nodes are the internal or leaf nodes. A communication graph 
 = �, �� is defined 
where  = ���|0 ≤ � ≤ � − 1� is the set of all nodes and � = ���|1 ≤ � ≤ |�|� is the set of links. |�|  
denotes the number of links in the network. To simplify the explanation below, we introduce the 

notations of  �����
 and �����

 to represent the sender and receiver nodes of the link ��, respectively. 
 
We assume that the network traffic occurs from the client terminals to the backhaul networks. ����  
denotes the amount of total traffic generated from all client terminals during a single frame 
defined in IEEE 802.16j. The traffic load on each link is determined by the sum of the traffic from 
the client terminals whose path to the backhaul network includes the link. We denote the traffic 
load on �� as ��. 
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FIGURE 2: Network Model. 

 
2.2 Time Division Multiple Access (TDMA) 
IEEE 802.16j adopts TDMA to avoid the performance degradation due to the radio interference. 
In TDMA, the wireless network resources are divided into multiple time slots and they are 
assigned to links in the network as transmission opportunities. The relay nodes communicate via 
the wireless links only at assigned time slots. The time slots are sequentially denoted as ��1�, ��2�, … from the head of the frame. 
 
We denote the time slot assignment as the matrix ! shown below. 
 

 ! = " #��1� #��2� …#$�1� #$�2� …… … …#|%|�1� #|%|�2� …& (1) 

 
Here, #��'� represents the assignment information of the time slot ��'� on the link �� as follows. 
 

 #��'� =  (1 if ��'� is assigned to ��0 otherwise 6 (2) 

 
Also, we introduce the variable 7�'� as follows. 
 

 7�'� =  (1 if ��'� is assigned to one or more links0 otherwise 6 (3) 

 
We denote a schedule length as ;, which is defined as follows. 
 

 ; = < 7�'�=
>?�  (4) 
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Note that the time slot assignment with smaller ; means the larger performance since we can 
accommodate the traffic load on all links in the network with smaller number of different time 
slots. Moreover, a set of links assigned ��'� is denoted as ��'�. 
 
 ��'��⊆ �� = ���|#��'� = 1, ∀�� (5) 
 
2.3 Radio Interference Environment 
In this paper, we assume the Rayleigh fading channel, which considers multipath fading in non-
line-of-sight environments [31, 32]. In this channel, the radio signal strength changes temporally 
due to various factors such as distance, reflection, diffraction, and shadowing [33]. Then, the 
radio signal strength received at receiver node �B from sender node ��, denoted as C�,B, is defined 

as follows [34]. 
 

 C�,B = D$EFGH�,B	IC� (6) 

 
Here, D$ denotes the influence of multipath fading where D is a random variable according to 

Rayleigh distribution. EF denotes the shadowing effect where J is a random variable according to 
normal distribution with mean 0 and variance K$. G and L are variables of power decay due to 
distance. H�,B is the distance between �� and �B. C� is the transmission signal strength of ��. 
 

On the transmission on the link ��, the SINR of the radio signal received at receiver node �����
 from 

sender node �����
 at time slot ��'� is defined as follows [35]. 

 

 M��'� = 10 log�� C�,�C�N�OP + ∑ CN,��S∈%�>�\�V  (7) 

 
Here, C�N�OP is the strength of environmental noise. 
 
We assume that the receiver node successfully receives the radio signal from the sender node if 
the SINR at receiver node is larger than W that represents the capture threshold. Because we 
also assume the Rayleigh fading channel, the SINR is stochastically changed for every 
communication even if the condition about interference are same. Therefore, the probability at 

which the SINR at receiver node �����
 from sender node �����

 at time slot ��'� is larger than W is 
defined as follows [35]. 
 

 X�,Y�G� = X ZC�,� > 10 \]^ _C�N�OP + < CN,��S∈%�>�\�V
`a (8) 

 
In this paper, the capacity of a link at assigned a time slot is determined by AMC defined in IEEE 
802.16-2009 [3]. AMC selects the modulation method according to the SINR of the link. If the 
SINR is large, the sender node selects a modulation method that enables high-speed 
transmission. If the SINR is small, the sender node selects a low-speed modulation method with 
robustness against bit errors [36, 37]. Considering stochastic fluctuation of SINR in Rayleigh 
fading channel assumed in this work, we calculate b��'�, that represents the capacity of the link �� 
at a time slot ��'� as follows. 
 

 b��'� = c< d��X�,ef�'� −g
h?� X�,efi]�'�� if #��'� = 1

0 otherwise 6 (9) 
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Here, the capacity of the link �� becomes dh�j = 0,1, … k, d� = 0� when Wh ≤ M��'� ≤ Whl� �j =0,1, … k, j� = −∞, mgl� =∞� holds as shown in Table 2. 
 

SINR [dB] Modulation Method Link Capacity 
[bits per symbol] 

<3 - 0 

3-6 BPSK 0.5 

6-8.5 QPSK 1 

8.5-11.5 QPSK 1.5 

11.5-15 16QAM 2 

15-19 16QAM 3 

19-21 64QAM 4 

>21 64QAM 4.5 
 

TABLE 1: Adaptive Modulation and Coding in IEEE 802.16-2009. 

 
2.4 Time Slot Assignment Problem 
Smaller schedule length means higher network performance, since the transmission opportunities 
of the links per unit time increases. Finding the smallest schedule length for time slot assignment 
is defined as follows. 
 

 

minimize ; = < 7�'�∞

>?�
subject to < b��'� ≥ ��

∞

>?� �∀� = 1, 2, … , |�|�
b��'� ≥ 0 �#��'� = 1, ∀� = 1, 2, … , |�|, ∀' ∈ ℕ�

 (10) 

 

When this problem is solved by brute-force search, 2|%|×v∗
 time complexity is needed, where ;∗ is 

shown as follows. 
 

 ;∗ = < x��d�y|%|
�?�  (11) 

 ;∗  is equivalent to the schedule length when time slots where a link can transmit smallest 
capacity are assigned to all links without spatial reuse. 

 
3. PROPOSED ALGORITHMS 
This section introduces the proposed algorithms for time slot assignment problem explained in 
Subsection 2.4. We propose two algorithms based on different heuristics called as Time slots for 
Link (TfL) algorithm and Links for time Slot (LfT) algorithm. In the following subsections, we 
explain the detailed algorithms in turn. 
 
3.1 Time Slots for Link (TfL) Algorithm 
TfL algorithm determines time slots utilized by each link in the pre-determined order. In what 
follows we assume to assign time slots to links in the order of ���, �$, … , �|%|�. This means that TfL 

algorithm is equivalent to determining the values in Equation (1) row by row from the top row for 
link �� to the bottom row for link �|%|. 
 
We here explain how to assign time slots utilized by ��, meaning that we determine the values of �th row in Equation (1) after 1st, 2nd, …, �� − 1�th rows are already calculated. The set of time 
slots assigned to �� is obtained by solving the optimization problem defined as follows. 
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minimize < 7��'�∞

>?�
subject to < bB�'� ≥ �B

∞

>?� �∀z = 1, 2, … � − 1�
b��'� ≥ 0 �#��'� = 1, ∀' ∈ ℕ�

 

(12) 
 
 

(13) 
 

(14) 

 
Here, 7��'� is shown as follows. 
 

 7��'� =  (1 if ��'� is assigned to one or more links in ���, �$, … , ���0 otherwise 6 (15) 

 
Equation (12) means that we minimize the schedule length for links ��, �$, … , ��. Equations (13) and 
(14) represent the constraints in minimization of Equation (12) that the assignment 
accommodates the traffic load of links ��, �$, … , ��, and that all links using a time slot have the 

effective bitrates, respectively. When this problem is solved by brute-force search, 2vV∗ of the time 
complexity is needed where ;�∗ is shown as follows. 
 

 ;�∗ = < 7�	��'� + x��d�y∞

>?�  (16) 

 
This equation means that the calculation time for the brute-force search for �th link increases 
rapidly when � approaches to |�|. Therefore, we utilize the following algorithm based on a greedy 
approach. 
 
When assigning time slots to the link ��, TfL algorithm first tries to use time slots that have been 
already assigned to other links to minimize the number of consumed time slots. Then, it uses new 
time slots that are not yet assigned to any links. In detail for determining whether the time slot ��'�  is assigned to link �� , TfL algorithm calculates the capacity of the other links that are 
assigned the time slot ��'� when ��  also uses ��'�. This is because the SINR would degrade 
when the number of links using the same time slot increases. When all links using ��'� satisfy 
their traffic load, ��'� is assigned to the link ��. After that, we assess whether or not the traffic load 
on �� is satisfied. If not, we try to add another time slot for the link ��. 
 
3.2 Links for Time Slots (LfT) Algorithm 
LfT algorithm selects links which utilize each time slot to maximize the total link capacity in the 
time slot, based on a brute-force search. Therefore, LfT algorithm is equivalent to determining the 
values in Equation (1) column by column from left to right. 
 
In what follows we present how to select links which utilize ��'�, meaning that we determine the 
values of 'th column in Equation (1) after 1st, 2nd, …, �' − 1�th columns are already calculated. 
The set of links which utilize the time slot ��'� is obtained by solving the optimization problem 
which is defined as follows. 
 

 

minimize < b��'�∀�V∈%�>�
subject to #��'� = 0 {< b��G� ≥ �� , ∀� = 1, 2, … , |�|>	�

|?� }
b��'� ≥ 0 �#��'� = 1, ∀� = 1, 2, … , |�|�

 

(17) 
 
 

(18) 
 

(19) 

 
Equation (17) means that we maximize the total capacity of links assigned the time slot ��'�. 
Equations (18) and (19) show the constraints in maximization of Equation (17) that we avoid 
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assigning time slots to links whose traffic load is already satisfied, and that all links in ��'� have 
positive value of the capacity, respectively. When this problem is solved by a simple brute-force 

search, 2|%|	~%�~ of the time complexity is needed where �> is shown in the following equation. 
 

 �>�∈ �� = ���� < b��'� ≥ �� , ∀� = 1, 2, … , |�||	�
>?� � (20) 

 �>  means a set of links which have already been satisfied their traffic load with time slots ��1�, ��2�, … ��' − 1� . This equation means that the calculation time by brute-force search 
increases rapidly when |�|  increases. Therefore, we introduce the parameter ���� , which 
denotes the upper limit of the number of links using the same time slot. This dramatically 
suppresses the space for the brute-force search. 
 
After determining the link assignment for time slot ��'�, we check whether or not all links are 
satisfied their traffic load. If not, we move to the link assignment for the next time slot ��' + 1�. 

 
4. PERFORMANCE EVALUATION RESULTS AND DISCUSSIONS 
In this section, we evaluate the performance of the proposed algorithms through simulation 
experiments. 
 
4.1 Simulation Settings 
In the experiments, one gateway is placed at the center of a 1x1 square area, and relay nodes 
are randomly distributed. The network topology is constructed by the topology construction 
algorithm shown in [30] so that the hop count from each relay node to the gateway node becomes 
minimized. All nodes have an estimated transmission distance of 0.2, which is used for the 
network topology construction. Figure 3 shows an example of the network topology in the 
simulation experiments. The traffic load on each link is determined by the sum of the traffic from 
the client terminals whose path to the backhaul network includes the link. The traffic demand from 
the relay nodes is determined based on their Voronoi Cell [38] size assuming that client terminals 
are distributed uniformly in the square area, connect to the nearest relay node, and generate the 
same amount of traffic toward backhaul networks. 
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FIGURE 3: An Example of relay network topology for simulation experiments. 

 
For determining the signal strength from the relay node, we assume that the transmission signal 
strength, power decay, and the degree of shadowing effects are identical for all relay nodes. 

Then, Equation (8), which represents the probability at which the SINR at receiver node �����
 from 

sender node �����
 at time slot ��'� is larger than W, is calculated as follows [39, 40]. 

 

 
X�,Y�'� = exp �− WC�N�OPC�H�,�	I � � 11 + W ���,��S,� �I�S∈%�>�\�V

 
(21) 

 
Note that L and W are set to 5.0 and 4.0, respectively. 
 
We conduct the simulation experiments for the proposed algorithms in Section 3 with various 
parameter values. For each parameter set we conduct multiple experiments with different node 
placements and evaluate the average performance. We also observe the result of each 
simulation trial to assess the detailed performance characteristics of the proposed methods. 
 
4.2 Evaluation Results and Discussions 
4.2.1 Schedule Length 
Figure 4 shows the distribution of the schedule length obtained by TfL algorithm. We set the 
amount of total traffic, which is denoted by ����  is set to 307,200. This is the result of 100 times 
simulation trials, each of which has a different time slot assignment order of links with a fixed 
placement of thirty nodes. From this figure, we find that the schedule length obtained by TfL 
algorithm is distributed widely even when the node placement is identical, that means that the 
performance is largely affected by the time slot assignment order. Therefore, in the rest of the 
performance evaluation, we take the shortest schedule length out of 100 simulation trials as the 
performance of TfL algorithm. 
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FIGURE 4: Schedule Length Distribution by TfL Algorithm. 

 
Figure 5 plots the schedule lengths of TfL and LfT algorithms for sampled five placements of thirty 
nodes. ����  is set to 307,200. Note that the results for other node placements have similar 
tendency. In the graph, the horizontal axis represents the identifier of the node placement, and 
the vertical axis represents the schedule length. For LfT algorithm, we show the results where the 
parameter ���� is set to one through five. Note that LfT algorithm with ����= 1 represents the 
case where no spatial reuse of the wireless network resource is exploited, meaning that only one 
link communicates at each time slot. By comparing the results of LfT algorithm with ���� = 1 and 
other results, we observe that the spatial reuse of the wireless network resources can greatly 
reduce the schedule length. 
 

 
 

FIGURE 5: Schedule Length of Proposed Algorithms. 
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Table 2 shows the average reduction ratio of the schedule length of the proposed algorithms 
against no spatial reuse case. This plots the results of 100 times simulation trials with different 
node placements. We can see from Figure 5 and Table 2 that the schedule length of TfL 
algorithm is larger than that of LfT algorithm with larger values of ���� . The reason for this 
difference is due to the characteristics of TfL and LfT algorithms. TfL algorithm tries to assign time 
slots which are already used by other links. It causes the decrease in the capacity of such links at 
the time slots. Consequently, a larger number of different time slots are required for the links to 
satisfy their traffic loads. On the other hand, LfT algorithm selects links to maximize the total link 
capacity in each time slot. Therefore, in LfT algorithm the interference strength at each time slot is 
smaller compared with TfL algorithm. We can also observe from Figure 5 that the schedule length 
of LfT algorithm reduces by increasing values of ����. However, when ���� is larger than around 
three, the degree of performance improvement becomes smaller. This means that the limitation of 
search space in LfT algorithm is reasonable as expected. 
 

 TfL LfT ���� = 2 LfT ���� = 3 LfT ���� = 4 LfT ���� = 5 

Reduction 
Ratio (%) 

34.2 31.2 36.2 37.9 38.6 

 
TABLE 2: Average Reduction Ratio of Schedule Length. 

 
4.2.2 Effect of Total Traffic Amount 
Figure 6 shows the comparison of the average schedule lengths of both algorithms as a function 
of the amount of total traffic (����). The number of nodes is set to thirty and ���� of LfT algorithm 
is set to five. We conduct 50 times of experiments for each value of ���� . We also plot the 99% 
confidential intervals of the schedule length with errorbars. From this figure we first find that the 
schedule length increases with the increase in the amount of total traffic. The reason is that the 
traffic load of all links increases and the number of required time slot becomes large. We also find 
that the schedule length of TfL algorithm is shorter than that of LfT algorithm when the amount of 
total traffic is small, and the relationship becomes opposite with large total traffic amount. This is 
because of the characteristics of both algorithms in time slot assignment against the traffic load 
on each link. TfL algorithm explicitly takes care the satisfaction of the traffic load at each time slot 
assignment for a certain link. On the other hand, LfT algorithm first selects the link combinations 
to maximize the total link capacity for a certain time slot, and then assesses the satisfaction of 
traffic loads on the selected links. This difference affects the effectiveness of time slot assignment 
especially when the total traffic amount is small. 
 

 
 

FIGURE 6: Average Schedule Length as a Function of Total Traffic Amount. 
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4.2.3 Comparison With Optimal Solutions 
Figure 7 shows the distribution of the schedule length of the proposed algorithms and optimum 
solutions for 100 simulation experiments with different node placements. We set the number of 
nodes to five and ���� to 30,720. We obtained the optimum solutions by simple brute-force search 
algorithm for all combinations of the time slot assignment to satisfy Equation (10). We observe 
from this figure that TfL and LfT algorithms give solutions equivalent to the optimal values in 91% 
and 86% of simulation experiments, respectively. From these results we conclude that both 
algorithms can give reasonable results of time slot assignment compared with the optimum 
solutions. 
 

 
FIGURE 7: Comparison of Proposed Algorithms with Optimum Solutions. 

 
 
4.2.4 Calculation Time 
Figure 8 presents the calculation time required for a single simulation run by TfL and LfT 
algorithms. In Figure 8, the horizontal axis represents the number of nodes in the network and the 
vertical axis represents the calculation time. We conducted the simulation experiments on a 
computer with a 2.93 GHz CPU and 3 GB of RAM. 
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FIGURE 8: Calculation Time of Proposed Algorithms. 

 
From Figure 8, we observe for LfT algorithm that the calculation time increases rapidly with the 
increase in ���� and the number of nodes. This is because the number of link combinations by 
the brute-force search expands drastically. In detail, when LfT algorithm selects links which utilize 
the time slot ��1�  in the �  nodes network, the number of possible combinations of links is ∑ ��� ������?� . Therefore, whichever ���� and the number of nodes increases, the calculation time for 

LfT algorithm increases rapidly. 
 
On the other hand, the calculation time for TfL algorithm increases almost linearly with the 
increase in the number of nodes. The reason is that in TfL algorithm, the number of calculations 

for the link capacity is ∑ �V�] �� − 1���?�  at most. 

 
4 CONCLUSIONS 
In this paper, we proposed two heuristic algorithms for time slot assignment problem in IEEE 
802.16j relay networks. One algorithm assigns a set of time slots to links by a greedy approach to 
minimize the number of consumed time slots, while the other algorithm determines a set of links 
that use a time slot by a brute-force search for maximizing the total link capacity.  
 
Through extensive simulation experiments, we found that the proposed algorithms can reduce the 
number of required time slots by up to 34% and 39%, respectively, compared with the case 
where no link utilizes the same time slot. We also found that calculation time of the latter 
algorithm is longer than that of the former algorithm. Therefore, we conclude that there is a 
tradeoff between performance and calculation time in both algorithms and it is necessary to 
choose the algorithm according to which the performance or the calculation time is more 
important. Additionally, we showed that the proposed algorithms can obtain the optimum 
solutions 91% and 86% simulation experiments. 
 
In future work, the comparative evaluation of the proposed method with existing methods is 
necessary.  We also plan to improve the proposed algorithms, for example reducing calculation 
time and schedule length by exploiting other kinds of heuristic algorithms such as simulated 
annealing. Furthermore, we will evaluate the proposed algorithms based on other performance 
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metrics such as transmission latency and throughput.  Implementation of the proposed method as 
the driver for the actual WiMAX interface is one of possible future research direction. 

 
5  REFERENCES 
[1] I. F. Akyildiz, X. Wang, and W. Wang, “Wireless mesh networks: a survey,” Computer 

Networks, vol. 47, no. 4, pp. 445–487, Mar 2005. 
 
[2] V. Genc, S. Murphy, Y. Yu, and J. Murphy, “IEEE 802.16j relay-based wireless access 

networks: An overview,” Wireless Communications, vol. 15, no. 5, pp. 56–63, Oct 2008. 
 
[3]  IEEE Std 802.16-2009, “IEEE standard for local and metropolitan area networks, part 16: Air 

interface for broadband wireless access systems,,” IEEE Standard for Local and metropolitan 
area networks, May 2009. 

 
[4]  IEEE Std 802.16j-2009, “IEEE standard for local and metropolitan area networks part 16: Air 

interface for broadband wireless access systems amendment 1: Multiple relay specification,” 
IEEE Standard for Local and metropolitan area networks, June 2009. 

 
[5]  IEEE Std 802.16e-2005 and IEEE Std 802.16-2004/Cor 1-2005, “IEEE standard for local and 

metropolitan area networks part 16: Air interface for fixed and mobile broadband wireless 
access systems amendment 2: Physical and medium access control layers for combined 
fixed and mobile operation in licensed bands and corrigendum 1,” IEEE Std 802.16e-2005 
and IEEE Std 802.16-2004/Cor 1-2005 (Amendment and Corrigendum to IEEE Std 802.16-
2004), Feb 2006. 

 
[6]  S. W. Peters and R. W. Heath, “The future of WiMAX: Multihop relaying with IEEE 802.16j,” 

IEEE Communications Magazine, vol. 47, no. 1, pp. 104–111, Jan. 2009. 
 
[7] P. Gupta and P. R. Kumar, “The capacity of wireless networks,” IEEE Transactions on 

Information Theory, vol. 46, no. 2, pp. 388–404, Mar 2000. 
 
[8]  A. P. Subramanian, M. M. Buddhikot, and S. Miller, “Interference aware routing in multiradio 

wireless mesh networks,” in Proceedings of WiMesh 2006, pp. 55–63, Sept 2006. 
 
[9]  G. Zhou, T. He, J. A. Stankovic, and T. Abdelzaher, “RID: Radio interference detection in 

wireless sensor networks,” in Proceedings of INFOCOM 2005, vol. 2, pp. 891–901, Mar 
2005. 

 
[10] C. Cicconetti, I. F. Akyildiz, and L. Lenzini, “Bandwidth balancing in multi-channel IEEE 

802.16 wireless mesh networks,” in Proceedings of INFOCOM 2007, pp. 2108 –2116, May 
2007. 

 
[11] R. Nelson and L. Kleinrock, “Spatial TDMA: A collision-free multihop channel access 

protocol,” Communications, vol. 33, no. 9, pp. 934 – 944, Sept 1985. 
 
[12] W. Wang, Y. Wang, X.-Y. Li, W.-Z. Song, and O. Frieder, “Efficient interference-aware TDMA 

link scheduling for static wireless networks,” in Proceedings of ACM MOBICOM 2006, pp. 
262–273, Sept 2006. 

 
[13] S. C. Ergen and P. Varaiya, “TDMA scheduling algorithms for wireless sensor 

networks,”Wireless Networks, vol. 16, no. 4, pp. 985–997, May 2010. 
 
[14] P. Djukic and S. Valaee, “Link scheduling for minimum delay in spatial re-use TDMA,” in   

Proceedings of INFOCOM 2007, pp. 28 –36, May 2007. 
 



Go Hasegawa, Shoichi Takagi, Yoshiaki Taniguchi, Hirotaka Nakano & Morito Matsuoka 

International Journal of Computer Networks (IJCN), Volume (6) : Issue (3) : 2014 64 

[15]  L. Kleinrock and J. Silvester, “Spatial reuse in multihop packet radio networks,” Proceedings 
of the IEEE, vol. 75, no. 1, pp. 156–167, Jan 1987. 

 
[16] S. Kompella, J. E. Wieselthier, A. Ephremides, H. D. Sherali, and G. D. Nguyen, “On optimal 

SINR-based scheduling in multihop wireless networks,” IEEE/ACM Transactions on 
Networking, vol. 18, no. 6, pp. 1713–1724, Dec 2010. 

 
[17] N. A. Abu Ali, A.-E. M. Taha, H. S. Hassanein, and H. T. Mouftah, “IEEE 802.16 mesh 

schedulers: Issues and design challenges,” IEEE Network, vol. 22, no. 1, pp. 58 –65, Feb 
2008. 

 
[18] A. J. Goldsmith and S. G. Chua, “Adaptive coded modulation for fading channels,” 

Communications, vol. 46, no. 5, pp. 595–602, June 1998. 
 
[19] Q. Liu, X.Wang, and G. B. Giannakis, “A cross-layer scheduling algorithm with QoS support 

in wireless networks,” IEEE Transactions on Vehicular Technology, vol. 55, no. 3, pp. 839–
847, May 2006. 

 
[20]  S. Catreux, V. Erceg, D. Gesbert, and R.W. Heath, “Adaptive modulation and MIMO coding 
 for broadband wireless data networks,” IEEE Communications Magazine, vol. 40, no. 6, pp. 

108–115, June 2002. 
 
[21] R. Fei, K. Yang, S. Ou, and H.-H. Chen, “QoS-aware two-level dynamic uplink bandwidth 

allocation algorithms in IEEE 802.16j based vehicular networks,” Wireless Personal 
Communications, vol. 56, no. 3, pp. 417–433, Feb. 2011. 

 
[22] D. Ghosh, A. Gupta, and P. Mohapatra, “Admission control and interference-aware 

scheduling in multi-hop WiMAX networks,” in Proceedings of MASS 2007, pp. 1–9, Oct 
2007. 

 
[23] S. Ramanathan and E. Lloyd, “Scheduling algorithms for multihop radio networks,” 

IEEE/ACM Transactions on Networking, vol. 1, no. 2, pp. 166–177, Apr 1993. 
 
[24]  I.-K. Fu,W.-H. Sheen, and F.-C. Ren, “Deployment and radio resource reuse in IEEE 802.16j 

multi-hop relay network in manhattan-like environment,” in Proceedings of ICICS 2007, pp. 
1–5, Dec 2007. 

 
[25] S. W. Kim, J. Y. Jung, and J. W. Jang, “Frequency reuse during relay transmission for 

twohop IEEE 802.16j relay networks,” in Proceedings of WCSP 2009, pp. 1–5, Nov 2009. 
 
[26] B. Jaumard, T. M. Murillo, and S. Sebbah, “Scheduling vs. pseudo-scheduling models in 

IEEE 802.16j wireless relay networks,” in Proceedings of QBSC 2012, pp. 101–106, May 
2012. 

 
[27]  G. Hasegawa, R. Ishii, Y. Taniguchi, and H. Nakano, “Time slot assignment algorithms for 

reducing transmission latency in IEEE 802.16j multi-hop relay networks,” Journal of 
Communications and Networking, vol. 2, no. 3, Mar 2012. 

 
[28] W.-H. Liao, K.-P. Shih, C. Liu, A. K. Dubey, S. Arora, and S. P. Kedia, “An efficient 

scheduling algorithm for radio resource reuse in IEEE 802.16j multi-hop relay networks,” 
Computers and Electrical Engineering, vol. 37, no. 4, pp. 511–525, July 2011. 

 
[29] W. Wang, C. Chen, Z. Guo, J. Cai, and X. S. Shen, “Isolation band based frequency reuse 

scheme for IEEE 802.16j wireless relay networks,” in Proceedings of QSHINE 2008, pp. 1–
7, July 2008. 

 



Go Hasegawa, Shoichi Takagi, Yoshiaki Taniguchi, Hirotaka Nakano & Morito Matsuoka 

International Journal of Computer Networks (IJCN), Volume (6) : Issue (3) : 2014 65 

[30] F. Li, Y. Wang, X.-Y. Li, A. Nusairat, and Y. Wu, “Gateway placement for throughput 
optimization in wireless mesh networks,” Mobile Networks and Applications, vol. 13, no. 1-2, 
pp. 198–211, Apr 2008. 

 
[31] G. Farhadi and norman C. Beaulieu, “Ergodic capacity of multi-hop wireless relaying systems 

in Rayleigh fading,” in Proceedings of GLOBECOM 2008, pp. 1–6, Dec 2008. 
 
[32] B. Sklar, “Rayleigh fading channels in mobile digital communication systems .I. 

Characterization,” IEEE Communications Magazine, vol. 35, no. 7, pp. 90–100, July 1997. 
 
[33] A. Chockalingam, M. Zorzi, L. Milstein, and P. Venkataram, “Performance of a wireless 

access protocol on correlated Rayleigh fading channels with capture,” IEEE Transactions on 
Communications, vol. 46, no. 5, pp. 644–655, May 1998. 

 
[34] M. Zorziy, R. R. Raoz, and L. B. Milstein, “On the accuracy of a first-order markov model for 

data transmission on fading channels,” in Proceedings of IEEE ICUPC ’95, pp. 211–215, 
Nov 1995. 

 
[35] M. Zorzi and R. Rao, “Capture and retransmission control in mobile radio,” IEEE Journal on 

Selected Areas in Communications, vol. 12, no. 8, pp. 1289–1298, Oct 1994. 
 
[36] Q. Liu, S. Zhou, and G. B. Giannakis, “Queuing with adaptive modulation and coding over 

wireless links: Cross-layer analysis and design,” IEEE Transactions on Wireless 
Communications, vol. 4, no. 3, pp. 1142–1153, May 2005. 

 
[37] R. Fantacci, D. Marabissi, D. Tarchi, and I. Habib, “Adaptive modulation and coding 

techniques for OFDMA systems,” IEEE Transactions on Wireless Communications, vol. 8, 
no. 9, pp. 4876–4883, Sept 2009. 

 
[38] F. Aurenhammer, “Voronoi diagrams - a survey of a fundamental geometric data structure,” 

ACM Computing Surveys, vol. 23, no. 3, pp. 345–405, Sept 1991. 
 
[39] M. Haenggi, “On routing in random Rayleigh fading networks,” IEEE Transactions on 

Wireless Communications, vol. 4, no. 4, pp. 1553 – 1562, July 2005. 
 
[40] X. Liu and M. Haenggi, “Performance analysis of Rayleigh fading ad hoc networks with 

regular topology,” in Proceedings of GLOBECOM 2005, vol. 5, pp. 2725 –2729, Dec 2005. 
 



 
 

INSTRUCTIONS TO CONTRIBUTORS 
 
The International Journal of Computer Networks (IJCN) is an archival, bimonthly journal 
committed to the timely publications of peer-reviewed and original papers that advance the state-
of-the-art and practical applications of computer networks. It provides a publication vehicle for 
complete coverage of all topics of interest to network professionals and brings to its readers the 
latest and most important findings in computer networks.  
 
To build its International reputation, we are disseminating the publication information through 
Google Books, Google Scholar, Directory of Open Access Journals (DOAJ), Open J Gate, 
ScientificCommons, Docstoc and many more. Our International Editors are working on 
establishing ISI listing and a good impact factor for IJCN. 
 
The initial efforts helped to shape the editorial policy and to sharpen the focus of the journal. 
Starting from Volume 7, 2015, IJCN aims to appear with more focused issues. Besides normal 
publications, IJCN intend to organized special issues on more focused topics. Each special issue 
will have a designated editor (editors) – either member of the editorial board or another 
recognized specialist in the respective field. 
 
We are open to contributions, proposals for any topic as well as for editors and reviewers. We 
understand that it is through the effort of volunteers that CSC Journals continues to grow and 
flourish. 

 
IJCN LIST OF TOPICS 
The realm of International Journal of Computer Networks (IJCN) extends, but not limited, to the 
following: 
 

• Algorithms, Systems and Applications • Ad-hoc Wireless Networks 

• ATM Networks • Body Sensor Networks 

• Cellular Networks • Cognitive Radio Networks 

• Congestion and Flow Control • Cooperative Networks 

• Delay Tolerant Networks • Fault Tolerant Networks 

• Information Theory • Local Area Networks 

• Metropolitan Area Networks • MIMO Networks 

• Mobile Computing • Mobile Satellite Networks 

• Multicast and Broadcast Networks • Multimedia Networks 

• Network Architectures and Protocols • Network Coding 

• Network Modeling and Performance Analysis 
Network 

• Network Operation and Management 

• Network Security and Privacy • Network Services and Applications 

• Optical Networks • Peer-to-Peer Networks 

• Personal Area Networks • Switching and Routing 

• Telecommunication Networks • Trust Worth Computing 

• Ubiquitous Computing • Web-based Services 

• Wide Area Networks • Wireless Local Area Networks 

• Wireless Mesh Networks • Wireless Sensor Networks 

 



 
 

CALL FOR PAPERS 
 
 

Volume: 7 - Issue: 1  
 
i. Submission Deadline : November 30, 2014        ii. Author Notification: December 31, 2014 
 

 
iii. Issue Publication: January 2015 



 
 

CONTACT INFORMATION 

 
Computer Science Journals Sdn BhD 

B-5-8 Plaza Mont Kiara, Mont Kiara  

50480, Kuala Lumpur, MALAYSIA 

 

Phone: 006 03 6204 5627 

Fax:     006 03 6204 5628 

 
Email: cscpress@cscjournals.org 

 




