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Abstract— In this paper, we propose a new distributed routing protocol designed for multi-channel
wireless networks. The proposed routing method consists of two major parts, relay and sub-channel
assignment to find the largest spectral efficiency, and relay selection in each hop, using a probability base
scheme. The PBS improves the accessibility by reducing the number of hops and traversed distance in the
path reaching to destination. Simulation results show proposed scheme reduces the delay of packet
transmission and selects the shortest path to destination with the largest spectral efficiency.
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l. INTRODUCTION

Distributed routing is a challenging research topic especially, in multi-hop multi-channel networks. Multi-hop
multi-channel networks such as Wireless Mesh Networks (WMNSs) have been introduced as a promising solution
to achieve the extension of the coverage to last mile broadband communication and a solution to overcome the
gradation of capacity due to interference problem, by using non-overlapping channels available in IEEE802.11
standard [1]. WMNSs interconnect nodes (including hosts and routers) in the network and transmit data to/from
clients in a multi-hop manner. Resource allocation [2], frequency assignment and spectrum sharing [3], [4],
scheduling [5], [6], and routing are some examples of interesting research topics of this area.

In this paper, we focus on routing schemes in multi-hop multi-channel wireless networks which is one of the most
important tasks of the network layer and a challenging issue of WMNs. We propose a new distributed routing
scheme in multi-channel multi-hop wireless networks which consider channel condition of the wireless
environment and also selects the shortest path reaching to destination.

In general, objective functions in routing schemes can be classified in two groups:

e Objective functions related to throughput and performance of the system such as maximizing total capacity
or spectral efficiency [7], power optimization and energy consumption [8], etc.

e Objective functions introduced to maximize the accessibility. Accessibility refers to the probability of
successfully finding a route from a source to specific destination [9].

Both of the objectives should be considered in designing a routing protocol, because selecting a route, only based
on maximizing the network performance may diverge selected route from destination. Selecting a route with the
shortest distance to destination may result to degradation of the network performance. Therefore, an efficient
routing method should balance a trade-off between these two objectives.

Two methods, optimal method [10], and table driven method [11], have been introduced in literatures.

In Optimal method, a node finds the shortest path to destination by obtaining the routing information from all
nodes in the system and using Bellman-Ford or Dijkstra’s algorithm. In table driven method, each node builds a
routing table by gathering the information of neighboring nodes. Using the routing table and routing algorithms
such as, ad hoc on-demand distance vector routing (AODV) or dynamic source routing (DSR), the optimal path to
destination will be discovered. Optimal and table driven methods gather global information of nodes in the
networks and based on routing protocols and specific routing metrics can find shortest path to destination which
satisfy objectives related to network performance and accessibility. However, both of these methods (optimal and
table driven method) sustain the system complexity and signaling overhead to gather information of all nodes in
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the network. A reasonable and practical solution to this drawback is to design a distributed routing algorithm
where each node makes the routing decision only by using local information in a hop-by-hop manner.

Recently, two distributed routing algorithms, geographic and link-state-based method have been proposed in the
literatures. Geographic method finds the shortest path with minimum hop number by using geographical location
information of neighbor nodes and destination. [12] proposes MFR (Most Forward within Radius) method as a
geographic method that selects a node traversing the largest distance toward destination in each hop. The main
drawback of the geographic method is ignoring the variable conditions of the channel. Link-state-based method
uses signal to noise ratio (SNR) to obtain channel condition and link state of different path reaching to
destination. Some examples of distributed routing based on link state methods are [13], [14] which maximize the
spectral efficiency and minimize end-to-end outage probability, respectively.

Geographic and link-state-based methods do not ensure that selected route can satisfy both objectives and most of
current routing algorithms are designed for single channel systems. Therefore, in this paper, we propose a novel
distributed routing scheme considering both system performance and accessibility in multi-channel multi-hop
networks. Proposed scheme consists of two major parts. First, we use the idea of relay and sub-channel
assignment to select some candidate nodes that are expected to maximize spectral efficiency in each hop. After
selecting some candidate nodes, in second step, we use a Probability Based Scheme (PBS) proposed in [9], to
select one node as a node in the next hop. According to relative position of each node, respect to the position of
the destination and, the PBS selects one of the candidate nodes in each hop to maximize the accessibility to the
destination. We will show how PBS provides a trade-off between system performance and accessibility to find a
route to destination.

The rest of the paper is organized as follows. In section |1, system structure and channel model are described.
In section 11, problem formulation, relay and sub-channel assignment method are explained. The PBS will be
presented in section IV. Section V, includes simulation results and finally, last section concludes the paper.
Il.  SySTEM MODEL
A. System Structure

In this section, we explain the structure of the network and channel model used in the proposed distributed
routing algorithm.

Fig. 1 shows an example of multi-hop wireless network including source, destination and some relay nodes to
transmit data in a multi-hop manner. It is assumed that the geographical position of both source and destination
are known and each node can calculate its relative position to the destination. Now suppose that D shows the
distance between source and destination and communication range of each node is R. di (di € (0, R)) denotes the
distance between two nodes in ith hop. 6i shows the angle between hop direction and straight line between source
and destination (shown by Lsp) in hop i, (6i e(-n/2,%/2)). Furthermore, Mp is the number of hop in the path P.
Now the distance between transmitter and receiver in hop i (di) can be decomposed to, the distance in the
direction of LSD (d}) and the distance perpendicular to the direction of LSD (d}).

d* =d, cosé, M

@)
d¥ is known as information moving distance (IMD), and diyis called information jumping distance (1JD) [12].

Two parameters d (IMD) and d (1JD) are used to model accessibility objective. It is obvious that a route can
reach to the destination by Mp hops, if the two following equations are satisfied.

MP
> d =D
i=1
MP

7 =0
E Q)

Equation (3) shows that after Mp hops the route between source and destination should traverse distance D, and
Equation (4) means the selected route should converge to Lgp line.

d’=d;sing,

®)
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Figure 1. Multi-hop routing scenario

B. Spectral Efficiency

Using multi-channel networks is an efficient solution to overcome the degradation of the network capacity.
Therefore in this paper, we focus on wireless mesh network with the standard IEEE802.11a which provides 13
orthogonal sub-channels to transmit data packets in a multi-hop manner. Because of the orthogonality between
sub-channels there will be no co-channel interference between the links. The channel model is Rayleigh channel,
shadowing effect and large scale path loss are ignored. Furthermore, it is assumed that channel variations are slow
enough in comparison with the data packet length and all nodes have equal transmission power, P.

Spectral efficiency of a link between two nodes, C (bit/s/Hz), is defined as follows

Py |of
C=log,1+—)
N (6)
where o is instantaneous channel gain and N represents the variance of additive white Gaussian noise. Each node
can gather channel state information of its neighbors, to compute the link capacity. To evaluate the spectral
efficiency of selected route, there are two different methods in the literatures.
1) TMBS (throughput maximization bandwidth sharing): in this case it is guaranteed that enough time is
allocated to each link, so that, each link can transmit the same amount of data. Crygs is computed as [15]
1

Crves = v, 1
i=1
< )
where Ci shows the capacity of the selected link in hop i.
2) ETBS (equal time bandwidth sharing): ETBS allocates equal time duration to each link to transmit data
packets [7]. ETBS has some advantages to TMBS which make it a better choice for ad-hoc networks.

As mentioned, TMBS assigns enough time duration to transmit the data packet. Therefore, for channels with deep
fade and bad channel condition, the time assigned to data transmission will increase and results to high energy
consumption. However, ETBS allocates equal time to link between nodes to transmit data which results to energy
saving and becomes a better option for ad-hoc networks and WMNSs. Cergs can be computed as

1 .
Ceres =|\/|_ minC,
P i=1,2,...Mp 8)
Ci indicates spectral efficiency of link in hop i.

In this paper, we use Cgrgs to evaluate the spectral efficiency of a selected route, because of its favorable
properties for ad-hoc networks and WMNs. The distributed routing scheme selects a receiver node for next hop
based on spectral efficiency (Ci) and a probability based scheme to increase the network performance and
accessibility to destination.

I1l. PROBLEM FORMULATION

To design the routing scheme, we consider the network performance as a routing strategy. Therefore, paths which
can maximize the total capacity of the network are selected. Moreover, we propose a method to satisfy
accessibility introduced in (3) and (4). Consequently, the problem formulation of proposed routing scheme can be
modeled as follows.

max C,, ©)
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st. ZZ; d*=D

PIRCIED

where Ctot can be computed using Cruss Or Cergs. Now to provide a routing scheme, we use the following
equation in ith hop as follows and consider effect of the number of sub-channels and their conditions.

Co=max (3, ¥, ,log,(+p{7)) (10)

where p} is time-sharing parameter for kth relay and nth sub-channel. pjfcan be set to zero or one. pp=1 means
relay k and sub-channel n are selected as the next node and relative sub-channel to data packets transmission.
While piz=0 shows that relay k and sub-channel n are not selected. Therefore, in a relay and sub-channel which
maximize the link capacity p;should set to one. y;? denotes the link SNR between transmitter and kth relay on
sub-channel n which is defined as

2
I:)T

ol
Ve =
N (11)
whereaj; is the channel gain between transmitter and relay k on sub-channel n, which follows Rayleigh
distribution. PT is the transmission power and it is assumed that PT is the same for all nodes in the network. N is
the variance of additive white Gaussian noise. Finally, to select the best node, transmitter finds a relay and a sub-
channel with the largest channel gain. Parameter p;}for this sub-channel and relay will be set to one and others
will be set to zero.
In the next section, the PBS and its effect on network performance and accessibility is evaluated.
IV. PROBABILITY BASED SCHEME (PBS)

Probability Based Scheme (PBS) is a probabilistic model to improve the accessibility and it can help to find a
path with less number of the hops. Accessibility can be achieved by satisfaction of Equations (3) and (4). It is
obvious that if the routing scheme chooses relay nodes in the direction toward the destination, (3) will be
satisfied. Therefore, the main issue of accessibility is satisfaction of the Equation (4) converging selected route to
destination in perpendicular direction of line Lgsp. In this way, distributed routing scheme introduces some
constraints to optimize trade-off between accessibility and network performance. In the following paragraph, we
explain how PBS can improve the accessibility in the proposed distributed routing scheme.

Now, suppose that Ny, and Ngown denote nodes with the largest link capacity in the A,y and Agown areas shown in
Fig. 1, respectively. Aup is the area toward the destination with 6i (0,/2) and Adown is the area below the line
of Lsp with 6i (-n/2,0). Selection of the nodes was explained in the previous section. After selection of N, and
Ngown N0des, the PBS selects the best node, Ny, With probability of 8, (5(0,1)) among Ny, and Ngewn Nodes to
reach to the destination. The most important part in the PBS is determining the probability of & in each hop. To

determine & parameter, suppose in hop i, Diy_1 = 23;11 d]yis defined as the summation of the 1IDs in i-1

previous hops. Parameters dfm and diy0 are defined as IMD and 1JD of the best node Ny in each hop. Also,

df 5% and diy 9 are IMD and 13D of other nodes, respectively. Fig. 2 shows these parameters where the best
node is located in the A, region.

Based on the location of the transmitter and position of N, and Ngown determining & parameter can be classified in
four different cases.

Case 1. Diy_ ;> 0and dly < 0 show that the best receiver is located in Agwn area while the transmitter is located

above the line Lgp. Fig. 3-a, illustrates such a scenario. In this case, the probability & is set to 1, because this node
with the largest link capacity improves the accessibility to destination.
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Figure 2. Ny, and Ngoun are selected nodes among all nodes in the Ay, and Agoun area, respectively and Ny, is selected with probability of 5 as a
receiver in the next hop.

Case 2. Diy_1< 0and diy > 0. Similar to previous case, 3 is set to 1. Because selection of the Nbest as a receiver
in next hop improves both accessibility and network capacity.

Case 3. Dl.y_1> 0 and dly > 0. In this case, Nbest is located in Aup, and transmitter node is above the line Lgp.
As shown in Fig. 3-b it is more possible that the route diverges from the destination. Therefore, Ny is selected
with the probability of 5. Hence, the average total IMD and 1D after i hops will be:

X -1 X,0 X,50
D =Yy 50+ (1-8)d, o

- - ,0 ,s0
D’ =D/, +od)" +(1-06)d;”” (13)
According to the equations (3) and (4), to model accessibility, the routing procedure should satisfy following
equations in the rest of the route. Note, a route is a path to destination via M hops.

> d*=D-D*

j=i+l

M
o dY==-D'
Z j=i+1 ) ! (15)

In a homogeneous network with the uniform distribution for nodes position, IMD of optimal nodes in A, and
Adown has the same distribution with the average of d, [9]. However, 1JD of optimal nodes in Ay, and Agown

(14)

follows two different distributions with the average value d?; and d_g (@ = -d_g), respectively. For more
details refer to [9]. Now in each hop, the average 1JD after ith hop is:

d, =5d} +(1-0)dg = 1-25)d} i~

The average number of the hops to destination based on d_x andd_y can be written as:

2]

d, (17)
DL
B (18)

Then, it is obvious that

Z’;/l:iﬂdjy _ Zimd;
— = — (19)
d d

y X
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By substituting (12)-(16) into (19) a quadratic equation with parameter & will be achieved:
AS*+Bs+C =0 (20)
where

_ x,0 X,s0
A=2(d° +d*°) 2

d_ S i X X,S! X,S!
B:d__;(diy*’ ~d/*) 2D d))+3d 0~
P (22)

= X(z_lJ d**)+ (D~ 2111 -d*)

Based on A = B?-4AC :

(23)

If A <0, there is no solution for quadratic equation, and J sets to zero.
If A=0,and 0 <8< 1,3 is the answer, otherwise & is set to zero.

If A > 0, equation has two answers, if 51 and 82 are in the interval [0,1], the larger value will be accepted.
Larger value of & improve the network performance. If none of 81 and &2 is in the [0,1], & will be set to zero,
because there is no reasonable solution for it.

(@) (b)
Y= y y- y
Figure 3-a) DH >0and di < 0 Dl -150and di > 0.
D’ d’<0 . o . .
Case 4. "1<Oand . In this case transmitter is below the LSD line and the best node is in the Adown

area. According to the discussion in the previous case, & can be achieved by solving (20). Note that the Equation
(16) have to change to the following equation.

d, =5d} +(@-8)d) = (1-25)d} o
For & calculation last two cases require parametersd_x,@ and @. These parameters depend on the channel and
link conditions and network topology. Therefore, a closed form solution for (20) may not be derived. However, as

the proposed routing scheme is a distributed fashion, and calculating the parametersd_x,d_g and g needs only

global information, an approximation of these parameters requiring the previous hops information can be utilized.
A reasonable solution in practical conditions, required information can be transmitted in piggybacking manner, so

that each node can compute 6 and select a node for the next hop. The approximation of dx,dy and dy are
proposed as:

d_le(d;re +dX di),(down)
3 (25)
@ = (dD pre i, down)
(26)
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U, pre i,up

4 =2y, +d)
2 (27)

whered3,, , dy,., and d}, _are received approximation of d,,d;, and dp, respectively. df,,, d¥goun
d?,, andd’

Lup i down are the IMD and 13D of two candidate nodes selected to maximize network spectral efficiency
in the Ay, and Agown areas, respectively.

As a brief review, the proposed distributed routing scheme at the first step, according to sub-channel
information (based on IEEE802.11a, 13 non-overlapping channels) finds relay nodes and sub-channels which
maximize the network capacity. Two nodes will be selected in this step, one from A, and the other from Agown
region. After that, using the PBS, one of the nodes which can improve the accessibility to destination is selected.
To make the adequate decision, the PBS, using the information of the transmitter and its neighbors in each hop
selects one node. It is expected that, this routing method can balance the trade-off between network performance
and accessibility by reducing number of hops in multi-channel multi-hop networks.

V. SIMULATION AND EXPERIMENTAL RESULTS

To model a multi-hop network, an area with the dimension of D x D is assumed. The source and destination
nodes are placed in (0,D/2) and (D,D/2) respectively. Relay nodes are placed randomly, with uniform distribution
in this area. Communication range of each node (R) is assumed 2 Km. Furthermore, it is supposed that each node
has at least one neighbor to transmit data packets. The channel model is Rayleigh with mean power gain -10 dB.
P+, the transmission power of all nodes in the network, is 10 W. The variance of additive white Gaussian noise
is set to 10 W. We assume that the source node transmits data packet to destination using relay nodes in multi-
hop manner. According to channel conditions, each node selects two relay nodes with larger channel gain, and
then by using the PBS scheme, one node is selected as a receiver in the next hop. This process continues until the
packet reaches to destination. We run the simulation 200 iterations to evaluate the proposed routing scheme.

Fig. 4 shows the effect of the PBS on the number of hops from source to destination. The distance between source
and destination increases from 4 to 10 Km. As it is illustrated the probabilistic model reduces the number of hops
and find a shorter path to destination.

—#— hop-simple schario
L| —&— hop-PBES

Murnber of the hops

Distance (Krm)
Figure 4. Effect of the PBS on the average number of the hops.

As mentioned, the PBS, in the procedure of selecting relays in a path, balances the trade-off between accessibility
and performance of the network. Therefore, in order to evaluate the network performance, we use Cgrgs as a
metric for spectral efficiency and network performance, because both of the parameters, link capacity and the
number of the hops are considered in (8). Fig. 5 shows Cgrgs 0f network using the PBS.
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Figure 5. Network performance of the proposed routing scheme.

Fig. 6, evaluates the performance of proposed routing scheme in term of packet transmission delay. In this
simulation, equal transmission time is allocated to each node for packet transmission. The PBS scheme reduces
the delay between source and destination by reducing the number of the hops to reach to destination. Less delay
transmission improves the QoS in delay sensitive services. Furthermore, it can improve the probability of
successful data packet delivering. Table | shows the probability of accessibility. We assume that lifetime of
packets are 5 X 10> seconds in the network. Therefore the packet experiencing more delay will be dropped.

x10°

7

—#—delay-simple scnario |
—&— delay-PES

&)
T

Average delay (gec)
£

Distance (Krm)

Figure 6. The average delay to transmit data packets.

Table 1. the probability of successful transmission

The probability of successful data
transmission

Simple scenario Using the PBS

0.36 0.88

Conclusion

In this paper, we used the idea of relay and sub-channel assignment as a method for distributed routing in multi-
channel multi-hop wireless networks. In the proposed distributed routing scheme, each node, selects a relay and
sub-channel which maximizes the network spectral efficiency by only local information of its one-hop
neighbors. The PBS controls the procedure of relay selection so that, the path can converge to destination with
less the number of the hop. As this routing method is a distributed, Cergs is used to evaluate the routing scheme.
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As the results show, using the PBS can improve Cergs and also reduce the number of the hops and transmission
delay in the path reaching to destination.

Acknowledgment (Heading 5)
This Project is supported by Research Institute of Information and Communication Technology (ICT) of Iran.

REFERENCES

[1] T. Liuand W. Liao, “On Routing in Multichannel Wireless Mesh Networks: Challenges and Solutions,” IEEE network, vol. 22, no. 1,
pp. 13-18, Jan. 2008.

[2] A. Raniwala, P. De, S. Sharma, R. Krishnan, T. Chiueh, “Globally Fair Radio Resource Allocation for Wireless Mesh Networks,”
IEEE International Symposium on Modeling, Analysis & Simulation of Computer and Telecommunication Systems, pp. 1-10, Sep.
2009.

[3] B. Bakhshi, S. Khorsandi, “A Maximum Fair Bandwidth Approach for Channel Assignment in Wireless Mesh Networks,” IEEE
Wireless Communications and Networking Conference. WCNC, pp. 2176-2181, 2008.

[4] H. Wu, F. Yang, K. Tan, J. Chen, Q. Zhang, Z. Zhang, “Distributed Channel Assignment and Routing in Multiradio Multichannel
Multihop Wireless Networks, IEEE journal on Selected Areas in Communications, vol. 24, no. 11, pp 1927-1983, Nov. 2006.

[5] T. Shu, M. Liu, Z.Li, A. Zhou, “Joint Variable Width Spectrum Allocation and Link Scheduling for Wireless Mesh Networks,” IEEE
International Conference on Communications (ICC), pp. 1-5, May. 2010.

[6] J. Lee, H. Yoon, L. Yeom, “Distributed Fair Scheduling for Wireless Mesh Networks Using IEEE 802.11,” IEEE Transaction on
Vehicular Technology, vol. 59, no. 9, pp. 4467-4475, Nov. 2010.

[7]1 D. Chen, M. Haenggi, and J. N. Laneman, “Distributed spectrum efficient routing algorithms in wireless networks,” IEEE Transaction
on Wireless Communication, vol. 7, no. 12, pp. 5297-5305, Dec. 2008.

[8] M. Yu, K. Leung, and A. Malvankar, “A dynamic Clustering and Energy Efficient Routing Technique for Sensor Networks,” IEEE
Transaction on Wireless Communication, vol. 6, no. 8. pp. 3096-3079, Aug. 2007.

[9] W. Wang, J. Cai, A. S. Alfa, “Distributed Routing Schemes with Accessibility Consideration in Multi-hop Wireless Networks,” IEEE
Transaction on Wireless Communications, vol. 9, no. 10, pp. 3178-3188, Oct. 2010.

[10] T. Cormen, C. Leiserson, R. Rivest, and C. Stein, Introductions to Algorithms. MIT Press, 2001.

[11] D. Bertsekas and R. Gallager, Data Networks. Englewood Cliffs, NJ: Prentice Hall, 1987.

[12] H. Takagi and L. Kleinrock, “Optimal Transmission Ranges for Randomly Distributed Packet Radio Terminals,” IEEE Transaction on
Communnications, vol. 32, no. 3, pp. 246-257, Mar. 1984.

[13] B. Gui, L. Dai, and L. Cimini Jr., “Routing Strategies in Multihop Cooperative Networks,” in Proc. WCNC’07, Hong Kong, china, pp.
773-778, Mar. 2007.

[14] M. R. Souryal, B. R. Vojcic, and R. L. Pickholtz, “Information Efficiency of Multihop Packet Radio Networks with Channel-Adaptive
Routing,” IEEE communication journal on selected areas, vol. 23, no. 1, Jan. 2005.

[15] O. Oyman and S. Sandhu, “A Shannon-Theoretic Pespective on Fading Multihop Networks,” in Proc. CISS 2006, Princeton, USA,
Mar. 2006.

ISSN : 2319-7323 Vol. 2 No.06 Nov 2013 327



	Distributed Routing Scheme in MultichannelMulti-hop Wireless Networks
	Abstract
	Keywords
	I. INTRODUCTION
	II. SYSTEM MODEL
	III. PROBLEM FORMULATION
	IV. PROBABILITY BASED SCHEME (PBS)
	V. SIMULATION AND EXPERIMENTAL RESULTS
	Conclusion
	Acknowledgment (Heading 5)
	REFERENCES




