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Abstract

A Wireless Mesh Network (WMN) is comprised of mesh routers and mesh clients
that are able to self-organize into an arbitrary network topology. Routers in WMNs
are able to send/receive packets to/from the Internet, and relay packets for other
nodes. Hence, WMNs are widely used to improve network coverage, and are ideal as
a communication backbone that serves users in metropolitan as well as rural areas.
However, their capacity is of concern to operators and researchers. A promising
approach to increase their capacity is to equip each router with multiple transmit
(Tx) or receive (Rx) capability, aka MTR. This can be achieved for example using
multiple off-the-shelf IEEE 802.11 radios and parabolic antennas, 60 GHz radios
or Multi-User Multiple Input Multiple Output (MU-MIMO) wireless technologies.
In these systems, nodes operate over a single frequency and can transmit to or
receive from multiple distinct neighbors concurrently. However, they will experience
collision when they transmit and receive at the same time.

This thesis thus aims to develop novel link schedulers that exploit the MTR
capability of nodes to yield a high capacity WMN. Specifically, it targets spatial
Time Division Multiple Access (TDMA) based link schedulers that are designed to
meet one or more objectives. Briefly, a TDMA schedule or superframe consists of
a number of time slots. In each slot, a set of non-interfering links are active. As

compared with random access methods, a TDMA schedule provides collision-free
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Abstract

and deterministic channel access. Moreover, if the resulting superframe generated
by a link scheduler is short, meaning links are activated frequently, the network
capacity will be high.

To date, existing MTR schedulers only aim to maximize network capacity with-
out considering the Quality of Service (QoS) of end-to-end flows. This is important
for real-time multimedia applications. Hence, this thesis considers the following
problem: given a set of end-to-end traffic demands in an MTR WMN, derive a
schedule that minimizes the total delay of these demands. Deriving such a schedule,
however, is challenging because the end-to-end delay of a flow is affected by rout-
ing, superframe length and transmission order or links. Thus, this thesis proposes
two heuristic algorithms: JRS-Multi-DEC and JRS-BIP. Both algorithms find the
optimal routing that minimizes the maximum link load and also yields a minimal
superframe length. A novel slot re-ordering algorithm is then used to further reduce
end-to-end delays.

Fairness is also an important objective. A scheduler that aims to maximize
throughput without considering fairness may starve flows. However, no existing
MTR schedulers have considered fairness when scheduling links. Thus, a challenging
link scheduling problem is how to generate a superframe that ensures end-to-end
fairness while also maximizes network capacity. Hence, this thesis outlines a novel
link scheduler called Algo-Fair. It uses a novel augmentation step to distribute spare
capacity fairly amongst flows. It is the first link scheduler for MTR WMNs that
jointly maximizes network capacity and the fairness of flow rates. Critically, unlike
past works, it does not require a conflict graph or a Linear Program (LP) to first
calculate a fair share before deriving a schedule, which may not exist. Algo-Fair, on
the other hand, generates a superframe directly and ensures flow rates approximate
the well-known max-min fair criterion.

A key assumption in existing MTR link schedulers is that traffic information
is fixed and known in advance. However, in practice, traffic information is likely

to be random. Thus, a pre-computed superframe may lead to excessive idle times
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Abstract

or collisions. In this respect, when the traffic load is low, random access is ideal
because a link can relinquish the channel when it has finished transmission. On the
other hand, for high traffic load, a TDMA schedule is preferred because it provides
deterministic and collision-free channel access. Hence, this thesis considers dimen-
sioning a hybrid superframe that contains both a TDMA and random access part.
A key challenge when sizing these two parts is to minimize idle time and collision.
To address this problem, this thesis presents the first Stochastic Programming (SP)
based approach. In particular, the SP approach has a penalty parameter that can
be used in conjunction with binary search to construct a hybrid superframe that
minimizes idle time whilst satisfying a desired probability of collision.

Another problem with regards to random demands is that a derived superframe
may need to be updated frequently if demands change. Critically, this will re-
quire a central controller to collect queue information, compute a new schedule, and
disseminated it to all nodes frequently. Unfortunately, this will cause high signal-
ing overheads, especially in large scale multi-hop WMNSs. Therefore, a challenging
problem is how to route flows and construct a minimum superframe that is robust
against random demands. Thus, this thesis contains a novel heuristic algorithm
called Algo-PolyH. It uses four LPs to iteratively generate a robust routing and su-
perframe solution that supports all demands characterized by a polyhedral set. This
is confirmed by experiments over networks with different number of flows, nodes,
available paths and node degrees.

Lastly, this thesis considers MU-MIMO-based MTR WMNs, whereby some an-
tennas are used for data streams whilst others cancel interference to/from neighbor-
ing links. Each interference stream must be nulled/suppressed at the transmitter
and/or receiver sides. Hence, a fundamental problem is deriving a rule that effi-
ciently balances the number of antennas that are used for data and interference
cancellation. This thesis shows that a recently developed node ordering rule pro-

duces the shortest possible superframe amongst all competing rules.
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Chapter

Introduction

1.1 Background

Wireless Mesh Networks (WMNs) are a form of ad hoc networks where nodes dy-
namically self-organize into an arbitrary network topology [1]. Advantageously, they
can be used to improve the coverage, capacity and reliability of an existing infras-
tructure [2]. Figure 1.1 shows a hybrid WMN, comprising of Mesh Routers (MRs)
and Mesh Clients (MCs). The MRs form a communication backbone; two of which
have connectivity to the Internet whilst others may be equipped with multiple in-
terfaces that enable them to function as gateways for other wireless networks; e.g.,
WiMAX [3]. MRs are responsible for forwarding packets to/from the Internet and
other nodes that are part of a WMN. This means MRs carry most of the traffic.

dTM

MCs can be laptops, an iPhone™ or an iPa , and in some cases function as a

router. In a nutshell, WMNs have the following characteristics:

e Multi-hop. Nodes rely on each other to forward packets. Nodes can be
deployed on an as-needed basis and use multi-hop communications to gain

access to the Internet or other wireless networks [4].

e Self-organization and self-configuration. Nodes do not rely on a central

entity for routing or to discover each other. New MRs can automatically



1.1. Background

wired link
-------- wireless link

.-" Mesh Router MeshRouter

with Gateway ~ with Gat

Mesh:Router o ;l’ o Mesh Router
! Mesh Router \
l ! )
h \

Wireless Mesh Backbone

Megh Router with RS -==7777 Mesh Routonwif <.

ay/Bridge Gateway/Bridge—- )
Wired/Wireless
Clients

Mesh Roufe[

:\CVireless Mesh,:,
~_Clients

ogke

Figure 1.1: A typical wireless mesh network
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WiMax Networks
Sensor Networks

connect to existing MRs quickly and start serving MCs. Moreover, they are

able to adapt to topological changes; e.g., make use of multiple paths as new

MRs are installed.

Heterogeneous network access. From Figure 1.1, we see that WMNs

can also include connectivity to Wireless Local Area Networks (WLANS) [5],

WiMAX [3] and other wireless networks. They support both backhaul access

to the Internet and Peer-to-Peer (P2P) communications [6]. In addition, MRs

can be equipped with multiple radios to improve network capacity or to bridge

different wireless technologies.

Mobility. As mentioned earlier, MCs can be stationary or mobile. WMNs

can therefore support users in vehicles such as cars, trains and ferries [7]. These

nodes, however, may have limited resources; e.g., finite battery capacity.

Example WMNs include Technology For All (TFA) Rice Mesh [8], Wi-Fi Based

Long Distance Networks (WiLDNet) [9], MIT Roofnet [10], LokVaani [11], Feng

Chia University (FCU) Wireless Network [12] and Aruba Mesh [13]. Table 1.1

summarizes these WMNs. The IEEE has also standardized two technologies to

support meshing. The first is IEEE 802.11s [14]. It allows wireless nodes to inter-

2



1.1. Background
Examples| Number | Wireless Antennas Applications
of MRs Link
TFA Rice | 18 TEEE Omni-directional High-performance
Mesh [8] 802.11b antennas ultra-low cost wire-
less access; low-cost
health sensing and
communication
applications
WiLDNet | 4 IEEE High-gain direc- | Voice service to ru-
[9] 802.11a/b/g| tional antennas | ral areas in India
[16]
MIT 50 IEEE Three directional | Provide  Internet
Roofnet 802.11b/g | Yagi antennas and | access to students
[10] omni-directional
antennas
LokVaani | 7 IEEE Tmote-Sky  Plat- | Enable local voice
[11] 802.15.4 forms with an | communication in
MSP 430 micro- | developing regions
controller and | or on-site, local
C(C2420 radio communication
among users in
emergency  situa-
tions
FCU 400 IEEE Antennas with 60- | Improve ac-
Wireless 802.16 and | degree beamwidth cess/coverage
Network 802.11b and  quality of
[12] wireless  networks
in FCU
Aruba 1000 TEEE Omni-directional Coverage of areas
Mesh [13] 802.11n antennas where wired con-

nectivity is imprac-
tical or unavailable

Table 1.1: A comparison of commercial and experimental WMN5s

connect and form a multi-hop wireless network without the help of an Access Point

(AP) [14]. The second is IEEE 802.16, aka WiMAX [3]. This standard supports two

transmission modes: Point-to-Multipoint (PMP) and mesh [3].

In PMP, traffic is

transmitted between a Base Station (BS) and Subscriber Stations (SSs). However,

in mesh mode, traffic can also be relayed between SSs [15].

The capacity of WMNs is of key concern to network operators and researchers.

In [17], the capacity of multi-hop wireless networks is shown to scale according

to O(——=

\/W) under the protocol and physical model [18], where n is number of
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nodes and W is the number of bits that each node can transmit in one second.
The upper bound on throughput is @(\%) for random networks and @(n%) for
arbitrary networks, where « is the decay rate of the transmitted signal; note, nodes
are equipped with an omni-directional antenna. The results can be explained as
follows. First, nodes need to share the channel with neighbouring nodes, meaning the
capacity decreases with increasing number of nodes. Second, increasing their load
means other nodes forward more traffic, which further decreases network capacity.
Thirdly, the transmission range of each node has a significant impact on the number
of nodes sharing a channel.

The poor scalability and capacity of WMNSs, as implied by the theoretical results
of [17], have spurred extensive research into new approaches that encompas physical
layer techniques, link scheduling or random access methods and routing to name
a few. This thesis contributes to this global effort. It considers approaches that
endow routers with multi transmit (Tx) or receive (Rx) capability. Such routers have
N antennas/radios and they are able to initiate up to N transmissions/receptions
to/from N distinct neighbors concurrently. In particular, they have the ability to
null/suppress/ignore interference but cannot transmit and receive at the same time;
this is referred to as the no miz-tz-rz constraint. Advantageously, a node will not
experience collision when two or more neighbors transmit to it. Referring to Figure
1.2, we see that node A is able to transmit/receive to/from three neighbors in time
slot 1 and 2, respectively.

To date, there are three systems with MTR capability. Firstly, nodes can be
equipped with multiple radios and high-gain directional antennas operating on the
same frequency. Briefly, directional antennas increase network capacity because as
compared to omni-directional antennas, they have a longer range, smaller interfer-
ence footprint, and higher spatial reuse [19] [20]. To this end, in [21], the authors
equip nodes with multiple off-the-shelf IEEE 802.11 radios, each connected to a
parabolic antenna. The resulting system is then used to provide long-distance, tens

of kilometres, point-to-point links. In order to achieve MTR capability, the authors



1.1. Background

Slot 1 Slot 2
A—B B—A
A——C C—A

v
kk A—D D—A
@

Figure 1.2: An example MTR wireless network and its Time Division Multiple
Access (TDMA) schedule

=)

use transmit power control, ensuring incident links are separated by at least 30°, and
removing carrier sense so that a node can initiate multiple concurrent transmissions.
Note that the 30° link angle constraint can be relaxed using polarized antennas. In
addition, nodes use transmission power control to ensure each link has the minimum
signal to interference and noise ratio (SINR). Note, the transmission power is fixed
at network setup time; i.e., each node sets its transmit power to a value that enables
concurrent receptions.

Secondly, nodes can be equipped with 60 GHz radios. The key feature of the 60
GHz band is its high directivity. Moreover, the use of flat-top antennas means the
interference between neighboring links can be ignored. In fact, the authors of [22]
concluded that mm-wave (60 GHz) wireless links can be considered as pseudo-wires.
Critically, the authors show that if the links are highly directional, the interference
caused by neighboring transmissions can be ignored in both the physical and protocol
interference model [18].

Lastly, an MTR WMN can be realized using Multiple Input Multiple Output
(MIMO) technology. Specifically, each node has an antenna array, where the sig-
nal received and transmitted by each antenna element is intelligently combined or
separated to yield higher gains or to remove co-channel interference. MIMO can
increase signal range, suppress interference, and combat signal fading; all of which

increase network capacity [23]. Apart from that, MIMO is best suited for multi-
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path environments because it provides extremely high spectral efficiencies. Notably,
MIMO technology allows a node to simultaneously transmit/receive multiple inde-
pendent data streams over the same frequency band [24]. In [25], a sender is able
to concurrently transmit independent data streams to multiple neighbors over dif-
ferent antenna elements. Receiver nodes can then use minimum mean square error
sequential interference cancellation (MMSE-SIC) to decode multiple streams. A key
assumption is that channel state information (CSI) is available at transmitting and
receiving nodes. This is reasonable given that nodes in MTR WMNs are primarily
static and pilot symbols can be transmitted periodically to learn the CSI. Nodes are
typically assumed to have equal transmission power that is divided equally amongst
their antenna elements. Apart from that, a node can use a subset of its antenna ele-
ments or Degree of Freedoms (DoF's) to null /suppress interference from neighboring
transmissions.

As noted earlier, a key characteristic of MTR, systems is that nodes are able to
transmit or receive from neighbors simultaneously. This in turn creates a funda-
mentally different interference model as compared to past works that assume the
physical or protocol interference model [18]. Briefly, in the physical interference
model, a transmission can be considered as successful only if the SINR at the re-
ceiver is over a given threshold. In the protocol interference model, each node i
has a transmission range R; and an interference range [;. Node ¢ can communicate
successfully with another node j if and only if node ¢ and j are located within each
other’s transmission range. When node 7 is transmitting to j, all other transmitters
within j’s interference range must be inactive. In this thesis, the term primary inter-
ference refers to the case when two links share the same transmitter or receiver; i.e.,
a node is only allowed half-duplex communication. On the other hand, secondary
interference refers to the case where a receiver is interfered by an unintended trans-
mitter; i.e., the transmission is destined for another receiver. Unlike the protocol
or physical interference models that allow one transmission or reception per node,

MTR capable nodes are allowed multiple transmissions or receptions to/from their
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(a)  Protocol interference (b) MTR interference model
model

Figure 1.3: (a) When node B transmits to A, node C' and D must be inactive. (b)
Node B, C' and D can transmit to A at the same time. Conversely, node A can
transmit to B, D and C simultaneously.

respective neighbors; note, a node cannot transmit and receive at the same time.
To see this, consider the topology shown in Figure 1.3a and assume nodes adhere to
the protocol interference model. As nodes C' and D are within node A’s interference
range, they must be inactive when B is transmitting to A. On the other hand, in
an MTR system, node B, C' and D can transmit to A concurrently; see Figure 1.3b.
For these reasons, the physical and protocol model cannot be used in MTR WMNss.

The capacity of a WMN is predicated on an efficient link scheduler that ensures
all transmitting links do not experience collision and nodes receive their required
transmission opportunities [26]. To this end, this thesis considers spatial Time Divi-
sion Multiple Access (TDMA) based link schedulers. Their key advantages include
collision-free and deterministic channel access. Moreover, they provide the maximal
possible network capacity, and hence, can be used as a benchmark against random
access methods. A TDMA schedule or superframe consists of a number of slots.
Non-interfering links are scheduled to transmit in the same time slot. Each slot may
have a high number of transmitting links. Additionally, a superframe is repeated
periodically. Thus, a short superframe means nodes can transmit frequently. Both
cases result in high network capacity [27][28]. In addition to network capacity, other
objective(s) may be considered; for example, the schedule must ensure all links have

sufficient transmission opportunities to satisfy their load. Another objective is to
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ensure flows receive a fair share of the network capacity.

It is worth noting that the link scheduling problem in MIMO-based MTR systems
includes the sub-problem of allocating DoF's for data transmissions and interference
cancellation (IC). A stream from a transmitter to an unintended receiver must be
nulled/suppressed by an available DoF at either the transmitter and/or receiver side
[29]. In each time slot, the total number of DoFs used by a node for transmitting
/receiving data streams and IC must be less than or equal to its DoFs. Thus,
a scheduler for MIMO-based MTR, WMNs must aim to efficiently assign DoF's at

each node such that the number of transmitting links in each slot is maximized [30].

1.2 Problem Space and Motivation

As will be shown in Chapter 2, existing link scheduling works for TDMA-based
MTR WMNs only aim to maximize network capacity. Specifically, prior works do
not consider the Quality of Service (QoS) of end-to-end flows, and assume each link
is given a fixed traffic load. In addition, no existing works consider DoF assignment
in MIMO-based MTR WMNs. Henceforth, this thesis aims to fill these critical gaps
given the importance of link scheduling in MTR WMNs. It considers the following
key problems: (i) optimizing the QoS of end-to-end flows, (ii) generating a robust
superframe when traffic demands are random, and (iii) assigning DoF's efficiently in

MIMO-based MTR WMNs with the goal of minimizing the superframe length.

1.2.1 QoS of End-to-End Flows

Minimizing end-to-end delays is important. Doing so improves the QoS of real-time
multimedia applications [31]. However, guaranteeing end-to-end delays in MTR
WDMNs is a challenging problem. This is because one has to consider (a) the trans-
mission order of links in the resulting superframe, (b) the superframe length, and
(¢) routing, which dictates the traffic load or required slots of each link.

To illustrate the problem, consider transmitting a packet on a path in a WMN.
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After receiving a packet, each intermediate node has to wait for its out-going link’s
active time slot; this delay is called the inter-link activation time (IAT). Consider
Figure 1.4, where links are bidirectional. Assume there is a route from node A to
G through D. Loo et al.’s algorithm [32] produces the schedule shown in Table
1.2, where link AD is activated in slot 2 and link DG is activated in slot 1. Thus,
the end-to-end delay of the route from A to G is 2 + 3 = 5 slots because a packet
must wait for two slots at node D before the out-going link to node G is activated;
the IAT of this packet from D to G is 3 slots. On the other hand, if the slots are
re-ordered, i.e., by swapping slot 1 and 2, the delay is reduced to two slots because

link DG can be activated right after link AD.

Figure 1.4: An example MTR WMN

Slot 1 | Slot 2 | Slot 3 | Slot 4
DA AD DFE ED
DB BD DF FD
DC BE
DG CD
EB CF
EG GD
FC GE
FG GF

Table 1.2: Link schedule for the topology shown in Figure 1.4

End-to-end delays are also affected by the superframe length [33], which in turn

is determined by the path taken by each demand. A short superframe is preferred
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because it provides frequent transmission opportunities to links such that IAT re-
duces if the out-going link is active before the incoming link is activated at an
intermediate node. Note, the superframe length is intricately linked to the routing
protocol because the number of slots required by each link is proportional to its
load; i.e., a higher load requires more slots.

To illustrate the effects of routing and link load on the superframe length, con-
sider the example topology in Figure 1.4. Assume there is only one flow from node
A to G. It has two possible paths: A— D — G and A— D — E — G. The links along
each path are scheduled one after another according to Table 1.3 and 1.4. We see
that the resulting superframe length as well as the end-to-end delay of these paths
are two and three slots, respectively. Specifically, the additional hop in the path
A— D — E — G caused a longer superframe length.

Another factor that affects performance is link disjoint paths. Reconsider Figure
1.4 with the following flows: A to G, B to G and C to G. First consider the case
whereby these three flows select paths A— D — G, B— D — G and C — D — @G,
respectively. We see that link DG is used three times. In other words, link DG
requires three time slots. The resultant schedule is shown in Table 1.5, which is
four slots in length. Links AD, BD and C'D can use one slot because of MTR.
The resulting end-to-end delays of the three demands are two, three and four slots
respectively. Now, consider the case whereby flows use link disjoint routing paths.
That is, the flows from A to GG, B to G and C to G select the following link disjoint
paths: A—D—G, B— E—G and C — F — G. In this case, the optimal superframe
length is two, and the end-to-end delay is only two for each demand; see Table 1.6.
From these examples, we see that the routing policy has a non-negligible impact on

the superframe length and end-to-end delays.

Slot 1 | Slot 2
AD DG

Table 1.3: An example link schedule for flow from A to G

Fairness is also a key consideration whilst optimizing the QoS of end-to-end

10
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Slot 1 | Slot 2 | Slot 3
AD DFE EG

Table 1.4: Another example link schedule for flow from A to G

Slot 1 | Slot 2 | Slot 3 | Slot 4
AD DG
BD DG
CD DG

Table 1.5: An example schedule

flows. Schedulers that minimize the superframe length or maximize the number of
links in each slot without considering fairness may starve flows. In particular, flows
over multiple hops may receive less bandwidth/rate than single-hop flows. Assume
flows and routing paths are given, and flows are greedy, meaning they will consume
any given bandwidth. The rate allocated to a multi-hop flow is decided by the
minimum number of slots assigned to the links on its path. Consider the topology
in Figure 1.5. It has a multi-hop flow f; and a single hop flow f,. A possible link
schedule that maximizes the number of links in each slot is shown in Table 1.7.
The rate allocated to f; is 1/3 because the superframe length is 3 and link BC
and C'D are assigned with one slot, respectively. However, the rate of f; is 2/3
because link DC' is active in two slots. In this case, the multi-hop flow is starved.
Another possible link schedule is shown in Table 1.8 that allocates 1/2 capacity to
f1 and f; respectively. In this case, the two flows share the channel capacity fairly.
In summary, it is challenging to ensure fairness and high network capacity. Recall
that a short superframe means high network capacity. Therefore, a fundamental
problem is how to generate a superframe that ensures end-to-end fairness while also

minimizing the superframe length.

Slot 1 | Slot 2
AD DG
BE EG
CF FG

Table 1.6: The optimal schedule

11
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Figure 1.5: An example topology with two flows: f; : A—B—C—D and f, : D—-C

Slot 1 | Slot 2 | Slot 3
AB BC DC
CD DC AB

Table 1.7: An example superframe that allocates 1/3 capacity to f; and 2/3 capacity
to fa

1.2.2 Random Demands

A key assumption in the design of existing MTR link schedulers is that they assume
the link load is fixed and known in advance. This information is then used to de-
rive the shortest superframe. However, in practice, traffic information is likely to
vary and is random, which may result in two critical consequences. First, when the
actual traffic through a link becomes lower than when the superframe was derived,
slot(s) assigned to the link will be underutilized. Second, when the load through
a link becomes higher, its assigned slots will be insufficient and may lead to pack-
ets experiencing significant delays. Critically, in large scale multi-hop WMNs, it is
impractical to recompute the superframe whenever the traffic load changes because
this will require the scheduler to gather load information from all nodes, recom-
pute a new schedule, and disseminate it to nodes over multiple hops, which upon
installation may be dated.

When links have low loads, random channel access is preferred because a link
can relinquish the channel when it has finished transmission. In contrast, for high

load scenarios, a TDMA schedule is ideal as it enables links to gain channel access

Slot 1 | Slot 2
AB BC
CD DC

Table 1.8: An example superframe that allocates 1/2 capacity to f; and f, respec-
tively

12
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at specific times in a collision free manner. Hence, a combination of TDMA and
random channel access is ideal; see the superframe structure shown in Figure 1.6.
One example of such a superframe can be found in wireless systems such as IEEE
802.15.3 [34]. A key limitation, however, of past works is that they assume the
boundary between the scheduled and random access part is fixed. Ideally, if the
link load is high, then the TDMA part should be sufficiently long to ensure little
or no collision in the random access part. Conversely, in low load scenarios, the
superframe will contain an elongated random access part to allow nodes to gain
access when needed. Thus, for MTR WMNs with random link loads, a challenging
problem is how to properly dimension the scheduled and random access parts in the

said superframe such that the unused scheduled times and collisions are minimized.

superframe
Scheduled (TDMA) Random Access

Figure 1.6: A superframe with scheduled and random access parts

Another key assumption of prior works is that the demand of end-to-end traffic
is considered fixed. However, as stated in [35], it is likely to be uncertain and
unknown. Consider a WMN with several end-to-end flows, and the demand of each
flow is fixed. Assume each flow is given a set of available routing paths. Here, a
routing can be considered as the fraction of traffic routed on each link for a given
flow. An objective, such as minimizing the superframe length or minimizing end-
to-end delay, can be achieved by finding a proper routing and link scheduling while
considering known demands. However, if the end-to-end traffic demands are random
and unpredictable, the load on each link varies. That means a link may not have
a packet to transmit in its allocated slot(s), which is a waste of resource. On the
other hand, the load of a link may exceed its allocated bandwidth when all flows
traversing it have a high demand, which leads to severe packet delays. Moreover,
uncertain demands may cause a network operator to compute and install a new
routing and superframe frequently; this is likely to incur high signalling overheads,

especially in large scale multi-hop WMNSs. Therefore, a challenging problem is how
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to find a routing and a minimal superframe length that is robust against random

end-to-end demands.

1.2.3 DoF Assignment

As mentioned in Section 1.1, MIMO technology can be used to implement an MTR
WMN. In particular, a node is able to transmit/receive multiple independent data
streams simultaneously, so called spatial multiplering. Each node is equipped with a
smart antenna array and a receiver is able to separate and decode these transmissions
based on the unique spatial signature of data streams. Apart from that, a subset of a
node’s antenna elements can be used to cancel interference to/from neighboring links
in order to increase spatial reuse; the process of determining the number of antenna
elements or DoFs for transmission and IC is also known as stream control [36]. A
transmitter’s data streams that cause interference to a neighbor or an un-intended
receiver are called interfering streams.

Consider Figure 1.7. Node A is transmitting one data stream to node B, and
node C' is transmitting two data streams to node D. Node C has two interfering
streams from node B. If node B wants to suppress the interference streams from
node C', node B must assign two DoF's for IC. If node C wants to null the interference
to node B, it must assign one DoF for IC because node A has one data stream to
node B. Recall that at each node, the number of DoF's used for data transmission
and IC must be less than or equal to the node’s total available DoF's. Thus, the DoF
assignment at each node will affect the number of data streams in each time slot.
Therefore, an open question is whether different DoF assignment strategies have an

impact on on the superframe length of MIMO-based MTR, WMNs.

Figure 1.7: An interference example
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1.3 Contributions

This thesis addresses the foregone problems and outlines a number of novel solu-

tions/algorithms; see Table 1.9. Specifically, it contains the following contributions.

1.3.1 Joint Routing and Scheduling Algorithms for Mini-
mizing End-to-End Delays

The goal is to design an approach that jointly considers routing and scheduling to
address two fundamental issues that influence end-to-end delays: superframe length
and transmission slot order. Shortening the superframe length, in terms of slots,
is expected to minimize the TAT whilst reordering transmission slots increases the
likelihood that links on a path are activated consecutively. This thesis proposes two
algorithms. The first called JRS-Multi-DEC uses a novel metric to minimize the
load of each link whilst the second, called JRS-BIP, uses a binary integer program
(BIP) approach. Both algorithms aim to minimize the overall delay and use slot
re-ordering on the resulting schedule to further reduce delay. Numerical results show
both algorithms are able to reduce the average end-to-end delay by approximately
50% as compared to a non joint routing algorithm. This thesis also analyzes the
relationship between superframe length, routing paths, link weights and end-to-end
delay. In addition, it proves that re-ordering slots reduces end-to-end delay by at

most H(|S| —2) + 1 slots for a demand with H hops and superframe length of |.S].

1.3.2 Flow Aware Fair Scheduler

Recall that no existing works for MTR WMNs consider flow rate nor any notion of
fairness when deriving a TDMA schedule. This thesis addresses this critical gap by
proposing a link scheduler, called Algo-Fair; it jointly maximizes network capacity
and also considers flow rates fairness. Further, it uses a novel augmentation step
to distribute spare capacity fairly amongst flows. This step is general and can be

applied readily in other forms of wireless networks. Apart from that, Algo-Fair
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generates a schedule directly whilst yielding a fair rate allocation. This is different
from existing methods that first use a flow contention graph to compute a fair share
before deriving the corresponding schedule, which may not exist. Numerical results
show that Algo-Fair is able to achieve the optimal Max-min Fair (MMF) allocation
in some cases, and on average, has a gap of 3.7% to the optimal solution. Moreover,
Algo-Fair is able to generate a higher minimum flow rate as well as a higher average

throughput than competing approaches.

1.3.3 Superframe Construction for Wireless Networks with

Stochastic Demands

As mentioned, in practice, link load is likely to vary, meaning the computed schedule
or superframe will have unnecessary idle times. To this end, this thesis proposes a
stochastic programming (SP) based approach to generate a superframe comprising of
a TDMA and a random access part. Advantageously, it sizes both parts according to
traffic distribution. This approach avoids recomputing a new superframe whenever
the traffic demands change. In addition, this SP approach has a control knob, in
the form of a penalty value, that allows a network operator to size both parts of the
derived superframe according to the offered traffic load. Moreover, this approach
can be embedded within a binary search to obtain the best penalty value for a
given probability of collision and idle times. Lastly, this approach is general and can
be used for example to size the contention access period (CAP) and channel time
allocation period (CTAP) of IEEE 802.15.3 wireless networks [34]; similarly, it can

be used in other forms of wireless networks.

1.3.4 Joint Routing and Scheduling with Random Demands

Uncertain end-to-end demands may cause a network operator to compute and install
a new routing and superframe frequently; this is likely to incur high signaling over-

heads, especially in large scale multi-hop WMNs. Henceforth, this thesis considers
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Problems Algorithms Cross Layer Algorithm Comments
Type
End-to-End De- | JRS-Multi-DEC | Routing and | Heuristic
lay Scheduling
JRS-BIP Routing and | BIP and Heuris-
Scheduling tic
Flow Aware | Algo-Fair Scheduling Heuristic Fairness and
Fairness Network Capac-
ity
Random  Link | SP-based  Ap- | Scheduling SP Superframe con-
Load proach struction
Random End-to- | Algo-PolyH Routing and | LP and Heuris- | Polyhedral
End Demand Scheduling tic model
DoF Assignment | Algo-MIMO Scheduling Heuristic Stream Control

Table 1.9: A list of contributions

random traffic demands characterized by a polyhedral set, and models the problem
as a semi-infinite Linear Program (LP). A novel algorithm, called Algo-PolyH, is
then proposed. It jointly considers both routing and superframe generation to pro-
duce a robust solution that is valid fo