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ABSTRACT 
 

Wireless mesh networks (WMN) is a technology which provides wireless broadband connectivity to 
the Internet. This network, by applying only one hot spot and several transient access points, an 
Internet Service Provider can extend its coverage and serve a large number of clients using a single 
broadband connection. However, if the medium access protocol is poorly designed or inadequate, it 
can lead to severe unfairness and low bandwidth utilization. This paper presents a scheduling of 
wireless mesh networks in WMNs. First, existing scheduling solutions are discussed and classified 
based on technique and implementation framework. Then, the novel proposed scheme is discussed in 
detail. This technique is a multiple gateway fair scheduling scheme. This scheme consists of 
distributed routing and requirement tables and a propagation algorithm for scheduling at the gateways. 
Simulation results confirm that fair scheduling has better performance than the scheme without fair 
scheduling and that multiple gateways are beneficial. 
KEY WORDS: Wireless mesh networks, scheduling, multiple gateways, fair scheduling. 

 
1. INTRODUCTION 

 
A wireless mesh network (WMN) is a communications network made up of radio nodes organized in a 

mesh topology. WMNs are comprised of two types of nodes: mesh routers and mesh clients. Other than the routing 
capability for gateway/bridge functions as in a conventional wireless router, a mesh router contains additional 
routing functions to support mesh networking. The coverage area of the radio nodes working as a single network is 
sometimes called a mesh cloud. Access to this mesh cloud is dependent on the radio nodes working in harmony with 
each other to create a radio network. 

A number of scheduling and resource allocation techniques have been proposed for WMN in literature [1, 
11]. The trend is a tradeoff between the throughput and fairness using a constant weighting system or a dynamic 
weighting system that changes the weights over time to achieve a long-term fairness. In a WMN the MRs (Mesh 
Routers) have greater resources available than the MCs (Mesh Clients) which is a property that may be exploited. 
Although a lot of research efforts have been made to address these problems and some new specialized algorithms 
have been proposed specifically for WMNs, there are still many challenges in the area. Many of the existing 
solutions make many assumptions that can be relaxed to allow for a more general approach to be taken. 

There is much motivation for studying fair scheduling in WMNs. Without work on fair scheduling for 
wireless mesh networks it would be extremely difficult to design a commercial network where all users could expect 
relatively equal service. Many existing deployments of WMNs do not account for greedy users or flows, which 
means that it is possible for extremely unequal service between users. Some existing protocols are designed without 
fairness in mind. These protocols focus on other important characteristics such as high throughput. Greedy nodes 
may take advantage of the network by using an unfair share of the network resources such as bandwidth, causing 
other nodes to get an unfair share. Many WMN deployments are optimized with respect to throughput, delay, or 
some other features that give little regard to fairness. This paper provides a new approach to scheduling. This 
approach emphasizes fairness while relaxing the assumption of a single gateway. 

Since a WMN is a multi-hop wireless network, there are unique challenges to deal with when compared 
with traditional wired and wireless networks. The wireless channel is a broadcast medium, meaning that all nodes 
within a certain range are subjected to interference and cannot transmit simultaneously. At the same time, it is 
difficult to sense whether communication is taking place in other parts of the network because of hidden and 
exposed node problems [12,13] where an intermediate node may be stuck in between two nodes which are trying to 
transmit simultaneously but out of range of each other. The solution too many of these problems can be scheduling 
of transmissions. The scheduling algorithms that exist have problems as well. As mentioned previously, scheduling 
in WMNs seems to be a problem of balancing two often disjoint goals; one is ensuring fairness among client nodes 
in the network, another is ensuring the network is performing at as close to capacity as possible. The goal of a good 
scheduling algorithm is to find a balance between these two goals. This paper will provide scheduling techniques for 
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wireless mesh networks which find a balance between fairness and throughput in WMNs using both traditional 
layered approach and emerging cross-layer design based optimization. 
This paper is organized as follows: Section 2 presents the proposed method step by step, for this we first present [14] 
scheduling method. We evaluate the efficiency of our solution and discuss several aspects of the proposed protocols 
in Section 3. Finally, we conclude and present the future work in Section 4. 
 

2. MATERIALS AND METHODS 
 

The fair scheduling approach makes use of a technique similar to that of [14] while relaxing several 
assumptions made in the original work. The key contributions in this approach are multiple gateways and a 
distributed clique propagation algorithm. The emphasis of this approach is fairness, leaving overall throughput as a 
secondary goal. This is especially important when trying to provide equal service to all users within the WMN. 

One of the main assumptions we make in this work is that there is no mobility in any nodes in the network. 
Mobility introduces new complexity in that a mesh client may no longer be associated to the network via a single 
connection point at a single MR. This property requires some mechanism to keep track of the point of attachment in 
the work for each MC and introduces many new problems due to the increased overhead in handling this situation. 

In the following of this section, we will give a detailed description of the first main contribution of this 
paper: A fair scheduling for WMNs with multiple gateways. Then, the individual algorithms and components which 
make up this scheme are outlined in detail. These components include the distributed requirements table, the 
requirements propagation algorithm, the clique generation algorithm and the schedule generation algorithm. 
 
2.1. Fair scheduling for WMNs with multiple gateways 

In this scheme, the approach is made up of several different components. Each of these components will be 
outlined in greater detail in the following subsections. This section will provide a general outline of the fair 
scheduling approach with multiple gateways, highlighting the main contributions we have made to this approach. 

In this paper, we consider a mesh network that is composed of one hot spot (HS), n transient access points 
denoted by 푇퐴푃  , 푖	 = 	1,… , 푛 and m mobile clients denoted by 푀  , 푗	 = 	1, . . . , 푚. The TAPs rely on multi-hopping 
to provide Internet connectivity to the mobile clients. Therefore, a 푇퐴푃 has to handle not only its own clients’ traffic 
but also the traffic of the mobile clients connected to some other 푇퐴푃푠. 

Therefore, we represent the mesh network as a directed graph where HS and the TAPs are the vertices (i.e., 
the set of vertices is 푉 =	{퐻푆, 푇퐴푃 	, 푖	 = 	1	. . 푛}). A link (푖, 푗) between 푇퐴푃  and 푇퐴푃 	means that these two TAPs 
are within transmission range of each other. We use the index 푖	 = 	0 or 푗	 = 	0 to refer to a link from HS or to HS, 
respectively. The set of mobile clients is denoted by 푀 =	 {푀 	, 푖	 = 	1	. . 푚}. 

The link (푖, 푗) can be (i) a communication link , i.e., a link that is intentionally used to send the traffic to or 
from HS, or (ii) an interference link, i.e., a link  that is unintentionally activated by neighboring TAPs. A 
communication link is upstream if it is used to handle the traffic from the mobile clients to HS and downstream if it 
is used to handle the traffic from HS to the mobile clients. 
We will denote by: 
• 푈퐿 the set of upstream communication links. 
• 퐷퐿 the set of downstream communication links. 
• 퐼퐿 the set of interference links. 

The load 푙 ,  of a link (푖, 푗) is defined as the number of mobile clients that are using it to transmit their 
traffic to or from the Internet. Link (푖, 푗)	is said to be active if 푙 ,  > 0. We therefore define AUL, ADL and AIL, 
respectively, as the sets of active up-stream communication links, down-stream communication links and 
interference links. 

Given that the upstream traffic and the downstream traffic are sent over two orthogonal channels, we define 
one scheduling for each kind of traffic; in the upstream scheduling (respectively downstream scheduling), we 
specify the transmission rights assignment of upstream links (respectively downstream links). We use the symbols L 
and AL to refer to UL and AUL, respectively, when describing the upstream scheduling, and to DL and ADL, 
respectively, when describing the downstream scheduling. 

Our solution is a collision-free scheduling algorithm that assigns transmission rights to the network links. 
We call cycle of the schedule the time needed to activate all the upstream (respectively downstream) links in the 
WMN according to our upstream (respectively downstream) scheduling algorithm. The cycle keeps repeating until 
the next scheduling update. 
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Let 휌  be the throughput of a client 푀   that is connected to 푇푃퐴 . The flow 푓  of client 푀  traverses route 
푟  (the route from 푇푃퐴  to HS, and vice versa), with a number of hops ℎ . Let also 푡( , ) and 푡( , )	be the duration of 
the activation of link (푖, 푗) during the cycle and the amount of time dedicated to flow 푓  on link (푖, 푗), respectively. 
Given that all links have capacity C, the per-client fairness is respected if we have: 

휌 = 	휌 , ∀푎, 푏	 ∈ 푀	
where 휌  can be computed as 

휌 	= 	 min
( , )∈

푡( , )

푐푦푐푙푒
. 퐶	

The network throughput Γ can be computed as 

Γ = 휌  

and in order to maximize Γ, we need to have 
푡( , ) = 푡( , ),    ∀(푖, 푗), (푥, 푦) 	∈ 	푟  

Therefore, the amount of time dedicated to flow 푓   should be the same for all the links on 푟 ; we denote 
this duration by 푡 	 . The per-client fairness gives 

푡 	 = 푡 	 
Therefore, the amount of time dedicated to each flow on each link should be the same; we call this time a 

time slot, we denote it by 푡 	 and, without loss of generality; we consider it as the time unit. 
Let us call T the (integer) number of time slots in the cycle, expressed in this unit. Given the assumption that the 
clients always have packets to send or to receive, each client sends (or receives) the same throughput 휌: 

휌 = 휌 =
퐶
푇
				∀푎 ∈ 푀 

Note that the per-client fairness leads to a cycle where each flow carries exactly the amount of data that can 
be sent during one time slot 푡 	. 

We intend to devise a fair scheduling that also optimizes the bandwidth utilization, and therefore 
maximizes the value of the network throughput: 

Γ = 푚.
퐶
푇 

To maximize Γ, we need to minimize 푇, while respecting the fairness condition. 
Given that a TDMA scheduling without spatial reuse is always possible, we can consider the value 

푇푚푎푥	 = ∑ 	푙 ,( , )∈  as the higher bound for T; it corresponds to the case where all the links in the WMN mutually 
contend. T’s lower bound depends on the topology of the network and the position of the mobile clients, and 
corresponds to an optimal spatial reuse.   

The requirements are required for generating the scheduling since this information tells how busy each link 
is. Thus we propose a distributed manner of accomplishing this. Each mesh router keeps track of a local requirement 
table. In this requirement table, the demand on each link between the router and a neighbor is kept. When a new 
schedule is requested, each gateway asks for the partial requirement tables from each mesh router associated with it. 
The gateway then combines these tables to form one complete requirement table which it uses to generate cliques 
and eventually the scheduling. One main difference from [14] approach is that we assume multiple gateways. When 
multiple gateways are assumed, the bottleneck is eliminated. Not all of the traffic is destined to the same node in the 
network and is spread more evenly, especially with strategic gateway placement. 

A further modification of this scheme would be to use different characteristics other than demand on a link, 
for example the quality of the link and the distance from the gateway could also be taken into account using a 
biasing scheme as we have proposed. 
 
2.2. Requirement tables 

We propose the requirement propagation algorithm which allows each gateway to distribute the 
requirements and routing table for the scheduling into the network. At each mesh router, the path to the gateway is 
maintained. In this table, requirements for the links on this path are also maintained. For each client requesting to 
use this mesh router, each link along the way to the gateway in the local table is given a requirement. 

When the gateway signals the start time for new schedule generation, it requests the local requirement 
information from all of the mesh routers which are currently using it as their primary gateway. It then combines the 
requirements to help determine the scheduling 
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A requirement is added when a MC sends data to a MR. At that particular MR, the requirement is incremented 
for itself and for all hops to the gateway in its local table since all of these nodes will have to relay the packet. 

Then, when a new scheduling must be generated, the gateways request the requirement from each table. 
Each gateway then combines the requirement information from each mesh router with the compatibility matrix. 
The compatibility matrix represents the links which may transmit simultaneously without interference and is 
computed or setup manually once when the network is setup. 

After the scheduling is computed, START packets are sent to the MRs when they are free to transmit and 
END packets are sent to the same MRs when their transmission period has ended. 
The requirement propagation algorithm given in Algorithm 1, allows the gateway to keep track of the requirements 
across all of the links. At the MR, a table containing a partial representation of the network is kept for all of the MRs 
on the way to the gateway. 

When a new schedule generation is to be completed, the GW requests for the requirements from all of the 
MRs and combines the results from the partial tables to determine which links must be activated and for how long. 
Scheduling is generated for the all of the mesh routers in the network using the concept of a compatibility matrix 
similar to that used in [14,15]. The compatibility matrix is then used to determine which links can be enabled at the 
same time without causing interference. In our network model, this means that the two MRs do not have a common 
neighbor and are not neighbors with each other. 
 

3. RESULTS AND DISCUSSION 
 

The C/C++ Simulation environment was used for all of the experiments in the fair scheduling approach. 
The reason for this is because the C/C++ simulation environment was designed to be a multiple gateway 
environment from the beginning. 
 

3.1. Performance measure 
Since experiments made use of the same performance metrics, we will discuss these metrics together before 

going into detail on each experiment. In our experiments, we analyse the performance of the proposed approaches 
with respect to two metrics. The first metric is packet delivery ratio (PDR). Packet delivery is an important metric in 
determining the performance of a scheme because it gives an idea of how many packets are making it from source to 
destination. We define packet delivery ratio as follows. 
 

푃퐷푅 =
∑ 푃
∑ 푃

 
 

Where: 푃퐷푅 is the packet delivery ratio 
푃  is the number of packets received at the destination GW(Gateway) 
푃  is the number of packets sent from the source MR 
푚 is the number of GWs 
푛 is the number of MRs 
The second metric we use to evaluate the performance of a scheme is average end-to-end delay. This metric is also 
important in gauging performance, because the 푃퐷푅 is not meaningful without it. 
We define average end-to-end delay as follows: 
 

퐷푒푙푎푦 =
∑ 푑
푛

 
 

Where: Delay is the average end-to-end delay 
푑 is the delay a successfully received packet has experienced 
푛 is the number of successfully received packets 
In order to evaluate our proposed fair scheduling with multiple gateways, we compare our approach against two 
other techniques. As a baseline, we compare against a network which makes no used of scheduling at all. In this 
case, any node is free to transmit whenever it has a packet in its queue. 
This approach is similar to that of the ALOHA protocol which was used in the earliest wireless networks. In order to 
provide a more realistic comparison we also compared our approach to that of [14] with a single gateway. 
 

3.2. Simulation environment 
Currently the performance evaluation was carried out using simulation experiments. The simulation focuses 

on packets transmissions from MRs to GWs. MCs are generated at the start of the simulation and are randomly 
distributed within the simulation environment. 
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In this paper, we are concerned with fair scheduling among the MRs. The control packets for distributing 
the scheduling are assumed to be sent on another channel and thus do not impact the performance of the network. 
The performance of the fair scheduling was evaluated using two simulation parameters. Our solution is compared to 
three different models: (i) model with no fair scheduling and a single gateway, (ii) no fair scheduling and multiple 
gateways and (iii) fair scheduling with a single gateway. 

There are several parameters used in this simulation. The main parameter settings are summarized in Table 
1. The two main parameters varied during the simulation were the number of mesh routers and the number of 
gateways. 

TABLE 1: Fair Scheduling Simulation Parameters 
Parameter  Value 
Environment Dimensions 1000m x 1000m 
Node Range 300m 
Number of Mesh Routers 10 to 60 
Number of Mesh Clients 250 
Number of Gateways 1 to 10 
Mean Packet Arrival 0.01 s 
Mean Hop Delay 0.01 s 
Mean Hop Delay 0.02 s 

 
Figure 1 shows the average packet delivery ratio as a function of the number of mesh routers in the 

network. Results are plotted for the case with a single gateway and five gateways for both fair scheduling and no 
scheduling. As the network size increases, the difference between the techniques becomes more pronounced. 

 
Figure 1: Average Packet Delivery Ratio with Varying Mesh Routers 

 
The results show that a single gateway with no scheduling performs poorly delivering only 30% of the 

packets successfully to the Internet. 
The purpose of the comparison between multiple and single gateways in this figure is to highlight the 

importance of relaxing the assumption of single gateways and to compare our approach to that of [14]. As expected, 
multiple gateways yield higher delivery ratio for all network sizes. This is likely because on average there are fewer 
hops between any given MR and its GW. 

In Figure 2, average delay as a function of the number of mesh routers is shown. The case of a single 
gateway without fair scheduling is again the worst case. Figure 3 shows the average packet delivery ratio as a 
function of the number of gateways in the network. These results were compiled with 50 mesh routers because 
larger network sizes are affected by a lack of gateways the most. This is reinforced by the results in Figure 2 which 
show a large difference between the performance with 1 and 5 gateways with both fair scheduling and no 
scheduling. Moreover, the results show performance improvement with fair scheduling with respect to average 
packet delivery ratio. 
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Figure 2: Average Delay with Varying Mesh Routers 

 

 
Figure 3: Average Packet Delivery Ratio with Varying Gateways 

 
4. Conclusions 
 

In this paper, a new scheduling scheme was proposed for wireless mesh networks. The scheme was a fair 
scheduling approach with multiple gateways. In this scheme, we proposed distributed requirement and routing tables 
along with a requirement propagation algorithm which allowed scheduling information to be collected at multiple 
gateways. For the scheme, performance evaluation was carried out using simulation. The scheme was compared 
against existing approaches. 
  The fair scheduling approach was compared against existing work with a single gateway and the results 
showed that using multiple gateways does indeed perform better than a single gateway in terms of packet delivery 
ratio and end-to-end delay. When compared against a solution that did not use any fair scheduling, the fair 
scheduling approach also performed better in terms of packet delivery ratio, however, in terms of delay it performed 
worse. This was likely due to the delay introduced by waiting to transmit only when no interference will be 
encountered. Moreover, due to the higher packet delivery ratio, more packets were dropped in the non fair 
scheduling approach causing lower delay overall. 
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