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Abstract

Wireless communications have become an important part of modern
life. The ubiquitous wireless networks and connectivities generate ex-
ponentially increasing data traffic. In view of this, wireless network
optimization, which aims at utilizing the limited resource, especially
spectrum and energy, as efficiently as possible from a network per-
spective, is essential for performance improvement and sustainable de-
velopment of wireless communications.

In the dissertation, we focus on a fundamental problem of wireless
network optimization, link scheduling, as well as its subproblem, link
activation. The problem type arises because of the nature of wireless
media and hence it is of relevance to a wide range of networks with
multiple access. We freshen these classic problems up by novel exten-
sions incorporating new technologies of interference management or
with new performance metrics. We also revisit the problems in their
classic setup to gain new theoretical results and insights for problem-
solving. Throughout the study, we consider the problems with a gen-
eral setup, such that the insights presented in this dissertation are not
constrained to a specific technology or network type. Since link activa-
tion and scheduling are key elements of access coordination in wireless
communications, the study opens up new approaches that significantly
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improve network performance, and eventually benefit practical appli-
cations.

The dissertation consists of five research papers. The first paper
addresses maximum link activation with cooperative transmission and
interference cancellation. Papers II and III investigate the minimum-
time link scheduling problem in general and a particular class of net-
works, respectively. In Paper IV, we consider the scheduling problem
of emptying a network in its broad form and provide a general opti-
mality condition. In Paper V, we study the scheduling problem with
respect to age of information.
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Populärvetenskaplig Sammanfattning
Trådlös kommunikation är av stor betydelse i dagens samhälle.

Möjligheten att ansluta kommunikationsenheter till trådlösa nätverk
har ökat markant på senare tid vilket medfört att nätverken belastas
alltmer då mängden datatrafik tilltar. Med hänsyn till detta är op-
timering av trådlösa nätverk synnerligen betydelsefullt. Genom att
t.ex. effektivisera nyttjandet av tillgängliga frekvenser samt minska
energiförbrukningen är det möjligt att erhålla hållbara kommunika-
tionslösningar med hög prestanda.

Den här avhandlingen fokuserar på optimering i trådlösa nätverk
och viktiga utmaningar som berör resurstilldelning och aktivering av
förbindelser mellan kommunikationsenheter, vilket kan hanteras på olika
sätt och där vald strategi ofta har påtaglig inverkan på ett nätverks
prestanda. I avhandlingen studeras klassiska problemställningar på
nya sätt med hänsyn till alternativa prestandamått samt tekniker som
berör interferens. Det är avgörande att förbindelser och reglering av
resurser hanteras på ett vettigt och välgenomtänkt sätt och i avhandlin-
gen ges nya förslag på hur detta kan åstadkommas så att förbättrad
nätverksprestanda erhålls, vilket i sin tur skapar bättre förutsättningar
för praktiska tillämpningar. De scenarion som beskrivs i avhandlingen
är generella vad gäller att slutsatser som presenteras inte är begränsade
till en speciell kommunikationsteknik eller nätverkstyp.

Avhandlingen består av fem rapporter. Dessa rapporter beskriver
studier där fokus är att maximera antalet aktiva förbindelser, minimera
fördröjning och förbättra genomströmning av information samt att re-
glera nätverksresurser på lämpligt sätt när hänsyn tas till informatio-
nens färskhet.
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1. INTRODUCTION

1 Introduction

1.1 Motivation

Wireless communications have been developing rapidly since the 1980s.
Various wireless systems have been deployed globally to support ubiq-
uitous connectivities between people and people, people and device,
and device and device. Notable amongst them are mobile telecom-
munications and Internet of Things (IoT). The former enables com-
munications between people at anytime and anywhere, while the latter
intends to have everything connected.

The ever increasing number of users and constantly emerging appli-
cations generate more and more data traffic. The prediction by Cisco
shows that the global mobile data traffic will increase nearly eightfold
between 2015 and 2020 [1]. However, the resource of wireless net-
works, especially spectrum and energy, are limited [2, 3]. To support
the explosively increasing data traffic, new physical-layer transmission
technologies, such as orthogonal frequency division multiple access
(OFDMA), multiple-input and multiple-output (MIMO) [4, 5], have
been deployed [6, 7]. Another line towards capacity improvement and
sustainable development of wireless communications is network opti-
mization, which aims to utilize the resource as efficiently as possible
from a network perspective. Wireless network optimization covers a
variety of topics such as radio resource management, routing, cross-
layer optimization, and so on.

Nowadays a variety of physical-layer technologies and network topolo-
gies are used in wireless systems. For example, the physical-layer
specifications of mobile telecommunications evolve by each genera-
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1. INTRODUCTION

tion; cellular networks are infrastructure-based while sensor networks
usually follow an ad hoc topology. In the vision of 5G and beyond
[8], various network types are expected to coexist and may merge to-
gether resulting in new types like heterogeneous networks. In view of
that, wireless network optimization based on specific problem settings
or network configurations has its limitation. The derived results are
restricted to the networks in question and hence have to be revisited
when being extended to other systems. Moreover, by incorporating
new emerged technologies of interference management, some classic
optimization problems call for further investigation. In this disserta-
tion, we focus on one of the fundamental problems in wireless network
optimization, link scheduling, as well as link activation, which is a core
building block of the scheduling problem. We study the problems with
a general setup or novel extensions, to gain insights that are of impor-
tance to a wide range of wireless networks.

1.2 Dissertation Outline and Organization

The dissertation consists of two parts. In Part I, we provide a brief
introduction including background knowledge of wireless network op-
timization, as well as an overview of the author’s work. In Part II, five
research papers are presented.

Part I is organized as follows. In Section 2, multiple access in
wireless networks is introduced, followed by classic schemes of ac-
cess coordination. Sections 3 and 4 are dedicated to link activation and
scheduling, respectively. Mathematical background of applied opti-
mization is given in Section 5. In Section 6, we summarize the research
papers in Part II and outline the contributions.
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2. MULTIPLE ACCESS IN WIRELESS NETWORKS

2 Multiple Access in Wireless Networks

2.1 Basic Scenario

Due to the broadcast nature of wireless media, the transmitter-receiver
pairs, or links, that share a common channel cause interference to each
other if they are active simultaneously. Therefore a key aspect of access
coordination in a wireless network with multiple access is to decide
when and which of these mutually interfering links should transmit
and for how long. We illustrate in Figure 1 a basic scenario where N
links sharing a common channel.

Note that, this scenario represents a general case that exists in var-
ious networks such as mobile networks, sensor networks, and so on.
Hence, throughout this dissertation, we start the study of our optimiza-
tion problems from this basic scenario, and whenever applicable, ex-
tend it to more complicated ones.

Figure 1: A basic scenario.
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2. MULTIPLE ACCESS IN WIRELESS NETWORKS

2.2 Spatial Time Division Multiple Access

For a set of co-channel links, a simple solution of access control is time
division multiple access (TDMA). In this scheme, links are activated
separately in their respective time slots. In each time slot, only one
link is allowed to transmit and hence suffers no interference from oth-
ers. TDMA is easy to implement and has been used in many wireless
systems, e.g., global system for mobile communications (GSM), where
links sharing the same channel of a cell transmit in different time slots.

However, TDMA may result in a poor capacity utilization due to
the exclusivity in link transmission. In [9], the authors proposed spa-
tial time division multiple access (STDMA), which is an extension of
TDMA. The principle of STDMA is to simultaneously activate links
that are collision-free in every time slot. To quantitatively estimate the
interference and determine whether a link collides with others or not,
two interference models have been used, as illustrated in Figure 2.

Figure 2: Interference models.

The protocol model had been commonly used by the networking
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2. MULTIPLE ACCESS IN WIRELESS NETWORKS

community in early time. We use “node” to denote the transmitter and
reviver in the graph. For a set of nodes V on an Euclidean plane, each
node n ∈ V is associated with a disk of radius r(n), which depends on
the transmission power level Pn and the channel condition. The sig-
nal from node n is assumed to be “heard” only within this range (as
shown by the light green circle in Figure 2). This results in a graph
G = (V , E), where set E is obtained by adding edges between n and v,
∀n, v ∈ V , if d(n, v) ≤ r(n), where d(n, v) denotes the Euclidean dis-
tance between nodes n and v. Interference in this, so called, “conflict
graph” is modelled through the constraint: if node n transmits to v, no
adjacent node of v should transmit concurrently.

The physical model is considered in [10, 11], utilizing the signal-
to-interference-and-noise ratio (SINR) to measure channel quality. It
is based on practical transceiver designs of communication systems
that treat interference as noise. The SINR that node v experiences is
quantified by the following formula (1).

SINRv ,
GnvPn∑

m6=n
GmvPm + σ2v

, (1)

where σ2v is the noise power at receiver node v and Pn is the transmis-
sion power of transmitter n. Parameter Gmv is the propagation gain
between nodes m and v, incorporating the effects of path loss, shad-
owing, and fading.

Under the physical model, which is also referred to as the SINR
model, a transmission is successful means that the SINR value at the
intended receiver exceeds a threshold so that the transmitted signal can
be decoded with an acceptable bit error probability [12, 13]. The physi-
cal model takes into consideration the effects of interference and power
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3. LINK ACTIVATION

on the transmission rate (corresponding to the SINR threshold), and
hence is more realistic on modelling the wireless channel [14, 15].

3 Link Activation

Link activation (LA) is one of the fundamental problems of radio re-
source management (RRM). It aims to answer the question which links
can be simultaneously active in a shared channel. Under the proto-
col model, LA amounts to identifying independent sets in the conflict
graph of the network. Following the physical model, the SINR con-
straint must be satisfied for each active link. The selection of link set,
or group, is driven by some optimization criterion. A basic version of
LA, a.k.a., maximum LA, is to maximize the cardinality of the set of
links that are compatible, i.e., can concurrently transmit. Maximum
LA is a special case of maximum weighted LA, in which each link
is associated with a positive weight and the objective is to maximize
the total weight of activated links. The weights may represent utility,
queue size, or some virtual metrics such as linear programming (LP)
dual prices, which are used for the column generation method for the
scheduling problem to be discussed in Section 4.

LA is an optimization problem of combinatorial nature. The maxi-
mum weighted LA problem accepts an integer programming (IP) model
with the SINR constraint for each activated link under the physical
model, or the constraints that all the activated links are disjoint in the
conflict graph under the protocol model.

The LA problem has been studied extensively in the past [16]. The-
oretical results and algorithms for LA under the protocol model are
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3. LINK ACTIVATION

discussed in [17]-[23], etc. LA under the physical model is proved to
be nondeterministic polynomial time (NP )-hard in [12, 24]. The hard-
ness of the LA with geometric gain matrix is established in [25], where
a heuristic algorithm is included. Approximation algorithms for LA
under the physical model are provided in [12, 26]. Algorithms with
constant approximation guarantee are discussed in [24, 27], under the
uniform power assumption. In [28], a constant-factor approximation
algorithm for the general case of variable power is developed. In [29],
the authors proposed a new approach for the global optimal solution
of the LA problem, with an effective representation of the SINR con-
straints to avoid numerical instability.

LA is a key element in scheduling. A feasible schedule with the
STMDA scheme is composed by link subsets, each of which is a solu-
tion of LA. In that sense, LA is also referred to as “one-shot schedul-
ing” or “one-slot scheduling” [25]. Research on scheduling, which
uses LA as the building block, is extensive, e.g., [30, 31, 32]. LA
is also an integral part of more complicated, cross-layer optimization
problems that jointly consider scheduling and other resource control
aspects, such as rate adaptation and power control, as well as routing,
in ad hoc and mesh networks (see [33, 34]).

The LA problem can be extended by incorporating the following
new technologies of interference management and power control.

• Cooperative transmission (CT)

The idea of cooperation at the transmission layer originates from
using multiple relays whose transmissions are combined at the re-
ceiver [35, 36]. In [37, 38], protocols and performance gain for
cooperative diversity are discussed. Capacity analysis for cooper-
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3. LINK ACTIVATION

ative relaying has been presented in [39, 40]. Recently, CT, a.k.a.,
joint transmission, is regarded as one of the primary techniques
of coordinated multi point (CoMP) operation, which has been in-
troduced as a promising way to improve network performance at
cell edges for LTE-Advanced [43, 44].

• Interference cancellation (IC)

IC is one of the key features in Long Term Evolution Advanced
(LTE-A) heterogeneous networks [6, 45]. To perform IC, re-
ceivers should have multiuser detection capability and sufficient
information, such as coding schemes and type of modulation, to
decode interfering signals, whenever these interfering signals are
strong enough [46]. If the interfering signals are cancelled one by
one, that is, they are decoded and then subsequently subtracted
from the total sum of interference, we call it successive IC (SIC).
Theoretically, a receiver can cancel up to N − 1 interfering sig-
nals in a network with N links in total. However, due to practical
issues, e.g., hardware capacity, the number of cancellation stages
may have to be limited.

In contrast to the conventional approaches that try to decrease the
strength of interfering signals, with IC, it might be favourable to
strengthen interference in order to enable IC and ultimately in-
crease the achievable SINR. The improvement of network capac-
ity by IC are studied in [47, 48]. For LA, in [49], the authors
addressed optimal LA under the physical model with IC, indicat-
ing the effectiveness of IC in boosting the number of concurrently
activated links, especially for low to medium SINR thresholds.
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4. SCHEDULING

It is worth noting that CT and IC are complementary, as they en-
hance and decrease the numerator and denominator of the SINR,
respectively. In Paper I, we study a novel extension of LA by joint
considering the two new features. Numerical study shows that CT
and SIC result in a synergy that significantly improves the number
of concurrently active links.

• LA and power control

Power control is also a classic topic in RRM. It aims to deter-
mine transmission power for each active link so that an optimality
goal is achieved. By employing optimized power assignment, we
can either improve the solution of LA or increase the achievable
SINR of all active links. Moreover, it is possible to further extend
the optimization problem by incorporating SIC. In [50] (the 6th
paper in the publication list), max-min power control for a set of
active links with SIC enabled is studied. The results demonstrate
remarkable gains in the common achievable SINR, especially for
high-interference scenarios.

4 Scheduling

Link scheduling in a wireless network is to organize the transmission
of links sharing a common channel. It consists of the fundamental
questions of when and which of the mutually interfering links should
transmit so that some criteria, such as throughput, energy, time, or their
combinations, is optimized. There is a rich amount of literature avail-
able for the scheduling problem (see the surveys [16, 31, 32, 51, 52]
and the references therein). The study of the scheduling problem has
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4. SCHEDULING

ranged from purely network-level approaches with the protocol model
to fully cross-layered setups that integrate into the overall network re-
source allocations.

4.1 Problem Modelling

The modelling of the scheduling problem varies by the network as-
sumptions. For scheduling with the STDMA scheme, a common con-
straint is that each active link set, or group, is compatible, i.e., it is a
feasible solution of LA, which has been discussed in Section 3. In [53],
the authors provide a formulation of the scheduling problem based on
the assumption that the traffic is bursty and the objective is to maximize
the stable throughput region of the network, where a network is stable if
none of the queues grows without bound. This formulation has led to a
fairly general solution that is known as the “back-pressure” algorithm,
which provides broad insights of the scheduling problem and leads to
many extensions (e.g., [52, 54, 55]). An alternative way of modelling
the scheduling problem follows the way of emptying a network, where
each link is associated with a finite amount of demand, which should
be emptied by the end of a schedule. With the objective of emptying
the demand in minimum time, we have the so called minimum-length
scheduling, or, minimum-time scheduling (MTSP) [56]-[60]. Under
the setup of emptying a network, minimizing transmission time is also
equivalent to a form of throughput maximization. This modelling view
applies to the networks operating at both stationary and ergodic en-
vironments or not, and holds promise towards evaluating the ultimate
capabilities of networks [32]. In this dissertation, we study the schedul-
ing problem of emptying a network in Papers II-V.
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4. SCHEDULING

For scheduling with LA as the building block, the problem can be
formulated as an IP model with the objective of optimizing a given
cost criterion. A summary of formulations is presented in [16, 31]. If
the time slot can be arbitrarily small, i.e., the activation duration of
a compatible link set can be any non-negative value, the scheduling
problem accepts an LP model (with exponential size in general). From
an information theoretical perspective, the capacity regions for some
transmission strategies with a given schedule are studied in [61]. In
Paper V, we combine the methodologies used in information theory and
networking performance engineering, to achieve a general optimality
condition of the scheduling problem.

The scheduling problem has been considered with various perfor-
mance metrics. For scheduling with minimum energy, it is proved that
TDMA is optimal if the transmission time is not of concern [62]. Sup-
pose now the metric is the end-to-end delay. For this metric, the opti-
mal schedule coincides with MTSP for single-hop networks, no matter
the given demand is periodically repeated or not; but for a multi-hop
network, the results differ for these two cases [63]. In Paper IV, we
consider the scheduling problem with a new metric, age of informa-
tion, which measures the freshness of information and of which the
importance has been recently recognized.

4.2 Complexity

For the problem complexity, the general hardness of the scheduling
problem under the protocol model is provided in [64]-[67]. Under the
physical model, the problem with an arbitrary gain matrix, is proved
to be NP -hard in [68], by a polynomial-time reduction from the graph
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4. SCHEDULING

coloring problem. In [25], NP -hardness of the scheduling problem
with a geometric gain matrix is addressed. Although the problem is
hard in general, some special cases allow for a polynomial algorithm
[56, 57]. In Paper III, we identify a class of tractable cases where the
link rates have a particular structure.

4.3 Solutions

A variety of algorithm design and problem approximations have been
proposed and studied for the scheduling problem, e.g., [17, 31], [69]-
[72]. Under the protocol model, graph-based scheduling algorithms
employing implicit or explicit coloring strategies are widely used, e.g.,
[73, 74]. In [75, 76], greedy-type heuristic algorithms are developed
for the MTSP. Optimal and approximation algorithms for scheduling
in networks of trees and planar graphs are provided in [77]. The prob-
lem of scheduling broadcast messages is studied in [78, 79, 80] and
distributed algorithms thereof are discussed. In [81], a neural network
approach is proposed.

For the scheduling problem with SINR constraints, i.e., under the
physical model, many heuristic algorithms and problem approxima-
tions have been investigated, e.g., [26, 27], [82]-[85]. In [86], the
MTSP is formulated as a shortest path problem and sub-optimal an-
alytic characterizations are obtained. In [30, 68], the authors showed
that scheduling in wireless networks can be represented by a set-covering
formulation of IP and thus accepts a column generation method for
solving the resulting LP relaxation. In [87], a column generation based
solution method is applied to approach an optimal solution, with a po-
tential advantage of not having to enumerate all compatible link sets
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4. SCHEDULING

a priori. In [88], the authors compared two methods for identifying
the compatible set in the pricing problem of column generation. For
the scheduling problem with geometric gain matrix, a heuristic algo-
rithm is investigated in [25]. In Paper II of this dissertation, we pro-
vide a modular algorithmic framework to encompass exact as well as
suboptimal, but fast, scheduling algorithms, all under a unified design
principle.

4.4 Extensions

The joint problem of scheduling and power control in ad hoc networks
is addressed in [89]. The optimization of scheduling with power con-
trol and rate adaptation in wireless mesh networks is studied in [90].
Joint rate control and scheduling in multihop wireless networks is pre-
sented in [91]. The authors of [92] discussed the problem with the
objective of minimizing the total transmit power subject to end-to-end
bandwidth guarantees and bit error rate constraints of each communi-
cation session. The scheduling problem of maximizing data through-
put by adaptive modulation and power control is investigated in [93].
In [59], the authors included the aspects of the routing problem and
utilized column generation to compute the solution. The joint prob-
lem of routing and scheduling is also studied in [42] and [94], for ad
hoc networks and wireless mesh networks with directional antennas,
respectively. A comprehensive survey of extensions of the scheduling
problem with other resources allocation policies is presented in [16].

The scheduling problem with IC is considered and proved to be
NP -hard in [95] and an IP model is formulated therein. In [96], a
greedy algorithm for scheduling with SIC is evaluated. In [97], the
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authors considered joint back-pressure power control with single-stage
IC. Rate selection with IC to maximize throughput is discussed in [98].

5 Applied Optimization

To solve network optimization problems, mathematical modelling and
applied optimization are commonly used [99, 100]. In this section, we
provide background knowledge of the optimization methods used in
the dissertation.

5.1 Mathematical Modelling

• Linear programming (LP)

LP refers to a problem of optimizing a linear function over a re-
gion specified by linear constraints. The standard form of an LP
is written as:

minimize cTx (2a)

subject to Ax = b (2b)

x ≥ 0 (2c)

Here c = (c1, c2, . . . , cn)
T is a given cost vector, and x is an n-

dimensional decision vector. A vector x satisfying all constraints
is a feasible solution. A feasible solution that minimizes the ob-
jective is an optimal solution, and the corresponding objective
value is called the optimal cost. For more information of LP, the
readers can refer to [101].

• ILP and MILP
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If all variables of an LP are restricted to be integer, then the op-
timization problem is an integer linear programming (IP or ILP);
if only part of the variables are integers, then the problem is a
mixed integer linear programming (MIP or MILP). More infor-
mation about ILP and MILP can be found in [102].

For ILP and MILP, problem instances of up to moderate size can
be solved by the algorithms, e.g., branch-and-bound, branch-and-
cut, using off-the-shelf optimization solvers like CPLEX [104]
and Gurobi [105].

• Convex optimization

A convex optimization problem is an optimization problem that
minimizes a convex objective function or maximizes a concave
objective function over a convex set. A convex optimization prob-
lem can be written as:

minimize f0(x) (3a)

subject to fi(x) ≤ 0, i = 1, . . . ,m (3b)

aTi x = bi, i = 1, . . . , n, (3c)

where f0, ..., fm are convex functions and the equality constraint
functions in (3c) are affine.

Convex optimization is a powerful method on problem solving,
since it allows for the computation of a global optimal solution by
solvers and there are theoretical results available in convex analy-
sis [103].
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5.2 Algorithms Involved

• Column generation (CG)

Column generation (CG) is an extension of the simplex algorithm,
which is used to solve LP. The algorithm CG starts from a master
problem, which is a restricted version of the original optimization
problem, then solves the pricing problem aiming to identify the
column with the most negative reduced cost. That column is then
added to the master problem. The algorithm repeatedly solves the
master problem and the pricing problem, until no column with
negative reduced cost can be found by the pricing problem. The
algorithm CG is usually applied to solve large-sized LP in which
the number of variables is much more than that of constraints,
with the advantage of a potentially reduced complexity.

• Heuristic algorithm

A heuristic algorithm is designed to solve a problem in a fast and
efficient way without global optimum guarantee. An example is
greedy algorithm, in which the locally optimal choice is taken at
each step, with the hope of finding a good, or even optimal, so-
lution. Local search is also a heuristic method. The algorithm
moves from its current solution to its neighbours, which are de-
fined by modifying part of the current solution, until no further
improvement can be made.

More details of algorithms in applied optimization can be referred
to [106, 107].
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5.3 Complexity Analysis

Both LA and scheduling fall into the domain of combinatorial opti-
mization, for which complexity is a fundamental aspect. If the prob-
lem is proved to be NP -hard, then one cannot expect an algorithm that
solves the problem in polynomial time (in the size of problem input)
with global optimum guaranteed, unless P = NP .

The proof of NP -hardness is usually achieved by showing that the
problem in question is a polynomial reduction from a known hard prob-
lem. In this dissertation, we have utilized the following problems as
well as their variations in problem reduction: partition, maximum in-
dependent set (MIS), coloring, and 3-satisfiability (3-SAT). Detailed
treatment of complexity is available in [108].

6 Contributions

We outline the scientific contributions of the dissertation along three
lines.

• Addressing “new problems”

We renew the classic problems by: (i) investigating new exten-
sions, specifically, in Paper I, we study LA with a novel setup
incorporating CT and SIC; (ii) considering new performance met-
rics, specifically, in Paper V, we propose to optimizing link schedul-
ing with respect to age of information, which is a new metric that
measures the freshness of information.

• Revisiting the classic problem and providing new insights
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In Papers II and III, we revisit the MTSP, deriving fundamental
results in complexity, optimality conditions, and tractable cases,
as well as designing algorithms and problem solutions.

• Deriving a unified characterization of optimal scheduling

We study the scheduling problem in its general form in Paper IV,
and provide fundamental insights that lead to a unified treatment
for characterizing the optimal scheduling.

The dissertation consists of five papers, for which the main ideas,
key theoretical results, major concepts of solution approaches, and
most of numerical studies, are results of the discussion among all au-
thors. The author of the dissertation is the first author of Papers I, III,
IV, and V, taking the responsibility of all contents of the papers, in-
cluding writing. For Paper II, the author has mainly contributed to the
theoretical results of the cardinality-based rates, optimality property of
the algorithms, as well as simulation study. The research work of the
papers is summarized as follows.

• Paper I: Maximum Link Activation with Cooperative Trans-
mission and Interference Cancellation in Wireless Networks

We address the maximum link activation problem in wireless net-
works with new features, namely when the transmitters can per-
form cooperative transmission, and the receivers are able to per-
form successive interference cancellation. In this new problem
setting, which transmitters should transmit and to whom, as well
as the optimal cancellation patterns at the receivers, are strongly
intertwined.
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In this paper, first we provide a thorough tractability analysis,
proving the NP -hardness as well as identifying tractable cases.
Second, for benchmarking purposes, we deploy integer linear pro-
gramming for achieving global optimum using off-the-shelf op-
timization methods. Third, to overcome the scalability issue of
integer programming, we design a sub-optimal but efficient op-
timization algorithm for the problem in its general form, by em-
bedding maximum-weighted bipartite matching into local search.
Simulation results demonstrate that cooperative transmission and
successive interference cancellation have a clear complementary
effect in yielding significant gain on improving the number of
links that can be activated concurrently. Moreover, the proposed
algorithm is effective in exploiting the joint effect of the two schemes.

The paper is published in IEEE Transactions on Mobile Comput-

ing, 2016.

• Paper II: Minimum-Time Link Scheduling for Emptying Wire-
less Systems: Solution Characterization and Algorithmic Frame-
work

We consider the minimum-time scheduling problem for the case
of emptying N queues over a shared channel, with generic con-
sideration of rates, which may be produced by some underlying
function, unifying the previously considered formulations.

In this paper, we present fundamental insights and solution char-
acterizations that include: (i) showing that the complexity of the
problem remains high for any continuous and increasing rate func-
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tion, (ii) formulating and proving sufficient and necessary op-
timality conditions of two base scheduling solutions that corre-
spond to emptying the queues using “one-at-a-time” or “all-at-

once” strategies, (iii) presenting and proving the tractability of
the special case in which the transmission rates are functions only
of the cardinality of the link activation sets. These results are in-
dependent of physical-layer system specifications and are valid
for any form of the rate function. We further develop an algorith-
mic framework that encompasses exact as well as sub-optimal,
but fast, scheduling algorithms, all under a unified principle de-
sign. Through computational experiments we finally investigate
the performance of a host of specific algorithms from this frame-
work.

The paper is published in IEEE Transactions on Information The-

ory, 2014.

• Paper III: Polynomial Complexity Minimum-Time Schedul-
ing in a Class of Wireless Networks

We consider the minimum-time scheduling problem, which has
been proved to be NP -hard in general, and identify tractable
cases.

In this paper, we prove that this problem remains hard even for
the case in which the receivers are co-located. Then we study
a class of minimum-time scheduling problems in which the link
rates have a particular structure. Specifically, we consider the case
with multi-cluster cardinality-based rates, showing that it can be
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solved in polynomial time and presenting conditions for problem
decomposition. The assumed model is extended to more general
wireless networks with k-means clustering, and a column gener-
ation algorithm has been designed. We apply the proposed ap-
proach to exactly solve the problem or provide good approxima-
tions, as well as lower and upper bounds for the optimal solution.
Numerical results are provided to evaluate the performance of the
approach. It is demonstrated that, with a moderate number of
clusters in the approximation, the optimality gap of no more than
4.0 percent on average can be reached.

The paper is published in IEEE Transactions on Control of Net-

work Systems, 2015.

• Paper IV: A General Optimality Condition of Link Schedul-
ing for Emptying a Wireless Network

We consider link scheduling in wireless networks for emptying
the queues of the source nodes in its general form, and investi-
gate optimal scheduling not only in the sense of deciding which
nodes transmit and for how long, but also at what bit-rate for given
power levels and channel characteristics.

In this paper, we provide a unified mathematical formulation of
the scheduling problem that accommodates all meaningful set-
tings of link transmission rates and network configurations, treated
or untreated in the literature. A series of theorems are proved to
establish that any scheduling problem is equivalent to solving a
convex problem defined over the convex hull of the rate region.
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Based on the fundamental insight, a general optimality condition
is derived, that yields a unified treatment of optimal scheduling.
Furthermore, we demonstrate the implications and usefulness of
the result. Specifically, by applying the theoretical insight to op-
timality characterization and complexity analysis of scheduling
problems, we can both unify and extend previously obtained re-
sults.

The paper is published in Proceedings of IEEE International Sym-

posium on Information Theory (ISIT), 2016, and is under prepara-
tion of submitting to IEEE Transactions on Information Theory.

• Paper V: Optimal Link Scheduling That Minimizes the Age
of Information in Wireless Systems

There is a growing interest in the concept of the age of infor-
mation, which is a recently recognized metric that describes the
freshness of information in communication systems. We inves-
tigate the age of information in a wireless network and propose
a novel approach of optimizing the scheduling strategy to deliver
all messages as fresh as possible. Specifically, we consider a set
of links that share a common channel. The transmitter at each
link contains a given number of packets with time stamps from an
information source that generated them.

In this paper, we consider wireless link scheduling under the con-
cept of age of information and address the minimum age schedul-
ing problem (MASP). The MASP is different from minimizing
the time or the delay for delivering the packets in question. We
model the problem mathematically and prove it is NP -hard in
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general. We also identify tractable cases as well as optimality
conditions. An integer linear programming formulation is pro-
vided for performance benchmarking. Moreover, a steepest age
decent algorithm with better scalability is developed. Numerical
study shows that, by employing the optimal schedule, the overall
information age is significantly reduced in comparison to other
scheduling strategies.

The paper is submitted to IEEE Transactions on Information The-

ory. Part of the work is published in Proceedings of IEEE Inter-

national Symposium on Modeling and Optimization in Mobile, Ad

Hoc, and Wireless Networks (WiOpt), 2016.
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