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Abstract
In this thesis we study radio resource management (RRM) in two types of CDMAbased wireless networks, cognitive radio networks (CRNs) and cooperative communication networks. In the networks, all simultaneous transmissions share the same
spectrum and interfere with one another. Therefore, managing the transmission power is very important as it determines other aspects of the network resource allocations,
such as transmission time and rate allocations. The main objective of the RRM is to
eﬃciently utilize the available network resources for providing the mobile users with
satisfactory quality of service (QoS).
In Chapters 2-4, we study the resource management in a CDMA-based ad hoc
CRN with spectrum underlay, where the CRN shares the same spectrum with the
uplink of a cellular CDMA network, which is the primary network. We ﬁrst jointly
consider the resource allocations in both the primary and the secondary networks,
and study the optimum transmission power and rate allocations for supporting best
eﬀort traﬃc in the CRN. Fair transmission throughput is provided to the secondary
links at each time slot. We then study how to support long-term best eﬀort trafﬁc in the CRN, and provide proportional fairness to the average throughput among
links. An optimum scheduling problem is formulated and solved, and two heuristic
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scheduling schemes are designed by opportunistically taking advantage of the available resources with low computation complexity. The resource allocation problem is
further extended for supporting traﬃc with strict QoS requirements, where admission
control and packet transmission scheduling are jointly considered to provide QoS for
two types of traﬃc, streaming traﬃc requiring low outage probability, and non-realtime traﬃc with a minimum transmission rate requirement. For both types of the
traﬃc, the average throughput of each admitted link is guaranteed by the admission
control decisions. The outage performance of the streaming traﬃc is then guaranteed
by a higher priority in the scheduling, and the instantaneous transmission power and
rate for each link is obtained based on information of the measured interference and
link conditions.
Chapter 5 of the thesis is devoted to study power allocations for a cellular CDMA
network with cooperative relaying. Both the uplink and the downlink are considered.
An optimum power distribution problem is formulated and solved for each direction,
and heuristic schemes are then proposed. Diﬀerent relay strategies and relay station
selection criteria are considered.
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Chapter 1
Introduction
1.1

Evolution of Wireless Communication Networks

The concept of the ﬁrst generation (1G) cellular systems was developed by Bell Laboratories in 1947. It was not carried out until 1979 when the technological developments
such as integrated circuits, microprocessors, frequency synthesizers, etc., had made it
possible. The 1G systems are analog and were designed for wireless speech services.
The developments of digital signal processing methods along with the rapid development of integrated circuits and microprocessors led to the replacement of the analog
1G cellular systems by the digital second generation (2G) cellular systems [1]. The
ﬁrst of these, the Global System for Mobile Communications (GSM), was realized in
1992 in Europe. It operates in the 900 MHz band, and is based on FDMA/TDMA.
Variants of GSM have been developed for higher frequency bands, such as the Digital
Cellular System 1800 (DCS 1800) in Europe and Personal Communications Service
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1900 (PCS 1900) in North America. The major improvements oﬀered by the digital transmissions of the 2G systems over the 1G systems are better speech quality,
increased capacity, global roaming, and data services like the Short Message Service
(SMS) [2]. Major improvements in the data services were also the introduction of
packet switched services such as the General Packet Radio Service (GPRS) [3] [4],
and higher-data-rate circuit switched services such as the High Speed Circuit Switched
Data services (HSCSD) [5] [6].
Although the 2G systems could already provide some basic data services, the
possible data rates were relatively low and cannot satisfy the needs of future mobile
services like mobile web browsing, ﬁle transfer, real-time video, digital TV, etc. The
third generation (3G) cellular systems are known with the name International Mobile
Telecommunications for the year 2000 (IMT-2000) [7], and are being implemented
in many countries around the world. The 3G systems introduce wireless wideband
packet-switched data service for wireless access to the Internet with speeds up to 2
Mb/s.
The 2G systems have been evolving with the introduction of new technology enhancements, such as GPRS and HSCSD in GSM, and High Speed Data (HSD) [8] in
IS-95. A step further towards the 3G networks is the Enhanced Data rates for GSM
Evolution (EDGE) technology [9], which enables three times higher data rates than
those possible with the ordinary GSM/GPRS network [9]. Several standardization
bodies joined their forces in 1998 in the 3G Partnership Project (3GPP) agreement [10] with the joint goal of producing globally applicable technical speciﬁcations and
technical reports for a 3G mobile system.
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The 3G systems from their initial designing stage are aiming at providing ubiquitous wireless networks that can support voice, multimedia and high-speed data
communications. To be of interest to the customers, these new services should be
provided at a low cost and with high quality. An important step for achieving these
goals is the selection of the multiple access methods. Code Division Multiple Access
(CDMA) has been selected as the air interface for these networks. Upon these new
physical transmission technologies, ﬂexible and eﬃcient radio resource management
schemes are applied to further enhance the eﬃciency of the technology.
The 3G systems greatly improve both the quality and the diversity of the communication services. This can be regarded as one major drive for the rapid development
of the intelligent mobile phones, and brings a new wave transition from the personal
computer end to the handset devices [11] [12]. As the counterparts, short range and
high speed wireless technology has been progressed very fast in recent years to supplement those long distance cellular systems. Wireless Local Area Networks (WLANs),
with the beneﬁts of easy set-up, low cost and free of spectrum usage license, become
a very popular wireless transmission method for local area services [13]. Versatile
internet applications and services can be conveniently accessed at home, schools and
any other hot spots deployed areas [14]. In addition, new emerging radio access technologies (RATs), like Ultra Wide-band (UWB) [15] and Digital Video Broadcasting
(DVB) [16], are also commercialized and applied in diﬀerent areas.
The new emerging RATs together with the traditional wireless access methods
comprise a set of discrete technologies. Integration of diﬀerent RATs may provide
chances for innovative services with ﬂexibility and in a cost-eﬃcient manner. For
example, users can switch to the preferable interfaces based on the required service
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quality or communication costs. How to ﬁt each of these technologies into a global
integrated infrastructure, optimize the advantages of each RAT, and incorporate the
future requirements of operators and user expectations, are open questions for future
wireless communication networks designs [17] [18] [19].
The data-centric communication follows the similar pattern of voice communication, particularly driven by the industry push and growing user acceptance of wireless
Internet. The demand for increasing the support from wireless communications [20]
which requires more eﬃcient and eﬀective utilization of the limited radio spectrum,
which has been a vital issue and is becoming even more important than developing
new RATs [21]. New resource management methods should be invented to improve
the eﬃciency of the existing wireless technologies. On the other hand, more dynamic
RATs should be developed to sense the context of environment and adapt to the most
suitable wireless band in order to utilize the spectrum eﬃciently.

Radio Resource Management (RRM)
During the network planning stage, the operators decide the right number and locations of network devices, such as base stations (BSs) and relays, to be deployed based
on users’ demands, transmission environment and other factors [22]. The physical
layer design determines the maximum amount of available network resources. How
to utilize the available radio resources in the most eﬀective and eﬃcient way is one
of the most important objectives of RRM. The eﬀectiveness is: to provide the users
with satisfactory quality of service (QoS), and the eﬃciency is to increase the revenue
of the network service providers.
The radio resource in traditional circuit switched wireless networks is deﬁned by a
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set of basic physical transmission parameters necessary to support a signal waveform
transporting end user’s information [23]. In particular, a radio resource unit in an
FDMA-based network is equivalent to a certain bandwidth within a given carrier
frequency. For example, in the 1G Total Access Communication System (TACS), a
radio resource unit is a 25 kHz portion in the 900 MHz band. A radio resource unit in
a TDMA-based network is equivalent to a pair consisting of a carrier frequency and
a time slot. For example, in GSM, a radio resource unit is a time slot with duration
of 0.577 ms at a 200 kHz carrier bandwidth. Given the number of the frequency
channels and time slots, the resource management operation is relatively limited to
assign these resource units or channels to the requesting users.
In packet switched networks, network resources are shared by diﬀerent connections dynamically. This provides opportunities for more eﬃcient resource utilization
since one connection can use the resource that other connections are not using. As
a result, the complexity of RRM is increased. The task of RRM becomes even more
challenging when the traﬃc is multimedia with diﬀerent QoS requirements and the
users are mobile. To meet the wide-ranging QoS requirements of these applications,
traﬃc scheduling algorithms should be employed. Scheduling algorithms are important components in the provision of guaranteed quality of service such as delay, delay
jitter, packet loss rate, and throughput. A scheduling algorithm may possess some
basic features [24]. First, the algorithm should utilize the channel eﬃciently. This implies that the scheduler should avoid assigning transmission network resource to links
with poor transmission condition. Second, the algorithm should be able to provide
delay bound guarantees for individual users in order to support delay-sensitive applications. Third, the algorithm should redistribute available resources fairly across
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users. Fourth, the algorithm should provide guaranteed throughputs for users. It
should be noted that not all these features can be achieved simultaneously in one
scheduling scheme. For example, to guarantee the strict delay requirement for a
packet, a user may have to transmit in poor link conditions, which consumes a large
amount of network resources and reduces the resource utilization eﬃciency. A tradeoﬀ
is necessary between fairness and eﬃciency based on diﬀerent system objectives.
In order to support QoS traﬃc, it is necessary to control the amount of traﬃc
admitted into the system so that the system is not overloaded. This is called admission
control, which usually considers the long-term resource usage (a time period much
longer than a single packet transmission time) so that a connection, once admitted into
the system, can be served with the required QoS throughout its lifetime. Admission
control requires not only knowledge about the traﬃc (e.g. average rate, maximum
rate, burstiness, etc), but also the network conditions (such as channel fading and
interference). User mobility is another factor that aﬀects the admission decisions,
since mobility management is needed to solve handover and BS selection problems.
In addition, the amount of the traﬃc that a network can support depends on how
resources are allocated among the users, and therefore, the admission decisions should
be based on speciﬁc scheduling schemes. Such complications usually make admission
control a very diﬃcult problem. It is very diﬃcult, if not impossible, to achieve
the optimum admission control strategy so that both the QoS of all admitted users
is satisﬁed and the network resource is fully utilized at all the time. Therefore, a
practical admission control scheme may either over-estimate or under-estimate the
amount of traﬃc that can be served in the network. In the former case, it depends on
the scheduling process to decline the resource usage for some users; and in the latter
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case, the extra network resources may still be utilized by serving best eﬀort traﬃc.
When multiple users share the same frequency bands, such as in CDMA-based
networks, mutual interference may limit the system capacity or other QoS performance, such as the service rate to each user. How to manage the transmission power
of each user and therefore to control the interference level in the system is important
in order to eﬃciently utilize the spectrum resources and provide satisfactory QoS to
the users. Given the bit error rate (BER) requirement, which corresponds to the
signal to interference plus noise ratio (SINR) requirement for speciﬁc modulation and
coding schemes, minimizing the transmission power for each user can minimize the
mutual interference and maximize the total number of supportable users. On the other hand, any approach that can reduce the required SINR, for example, by adjusting
the modulation and coding schemes, can reduce the required transmission power of
the users and improve the system capacity.

1.2

Radio Resource Management (RRM) in CDMABased Wireless Networks

A CDMA-based system is typically interference-limited. In such a system users may
transmit their signals simultaneously in the same frequency band. Each transmitter is
assigned a dedicated spreading code, which can be reproduced at the intended receiver
to regenerate the transmitted signal. The cross-correlation of diﬀerent spreading codes
is ideally zero, so that the desired signal can be recovered and other interfering signals
can be removed at the receiver. In a practical system, the radio channel can be nonlinear and the spreading codes may not be orthogonal to one another. Therefore, the
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transmission from one user may cause interference to other users. The more users are
in the system and the higher power they transmit, the more interference they generate
to one another. The management of transmission power and mutual interference is
directly related to the system capacity and QoS to the users.

Power control
Power control is originally used to solve the near-far problems in the uplink of cellular
CDMA networks when homogeneous traﬃc (mainly voice) is supported. In the uplink,
all the transmissions in the same cell share the same receiver, which is the base station
(BS). When all the users transmit at the same power, their signals arrive at the BS
receiver with diﬀerent strength. Signals from the users far away from the BS have
much poorer quality than that from the users close to the BS. This is the “near-far”
eﬀect. In order to balance the received SINRs for the signals from diﬀerent users,
power control is applied so that the signals from diﬀerent users all arrive at the BS
with the same SINR.
The function of the power management in the downlink is diﬀerent, since the
signal and interference from the BS arrive at a given mobile station (MS) go through
the same radio channel and undergo the same attenuation. Therefore, power control
is not needed to combat the near-far problem. Instead, it is used to provide more
power to users located near the cell borders, where the users can suﬀer from high
interference from the transmissions in nearby cells. In addition, the transmission
power of the BS should be controlled in order to reduce the interference to nearby
cells.
A great deal of the work on power control in cellular CDMA systems has focused
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on how to set the transmission power so that all users in the system have acceptable SINR, or bit-energy-to-interference spectral-density ratios (Eb /Io ), which is the
normalized SINR per transmitted bit. This approach is based on a fairly reasonable assumption that the BER at a receiver is a monotonically decreasing function of
Eb /Io . Let R be the information bit rate, then the energy/bit is given by Eb = Pr /R,
where Pr is the received power for homogeneous users. The interference power spectrum density is the interference power divided by the spreading bandwidth W , i.e.,
I0 = Pr (N − 1)/W . Hence the expression for Eb /I0 becomes

Eb /Io =

Pr /R
W/R
=
.
(N − 1)Pr /W
N −1

(1.1)

The quantity W/R is called the processing gain. Solving for N we can ﬁnd the
capacity of the cell in number of users as

N =1+

W/R
W/R
≈
, Nw .
Eb /I0
Eb /I0

(1.2)

When considering multiple cells, transmissions from neighboring cells also cause
interference to one another. When all the traﬃc is homogeneous, the interference
experienced from other cells is a ﬁxed ratio f times the interference experienced from
the same cell, where f ≈ 0.4 [25]. Then the per-cell capacity of a multi-cell system is
given by
Nw =

1 W/R
.
1 + f Eb /I0

(1.3)

As the development of wireless networks, an increasing amount of traﬃc is heterogeneous. Each user may have a diﬀerent SINR or Eb /I0 requirement. Let Ri be
the transmission rate and Pu,i be the transmission power of user i, γi∗ represent the
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Eb /I0 requirement of the user, gu,i represent the link gain from the user to the BS,
and η represent the noise at the BS receiver. A more general expression about the
transmission power is given by
W
Pu,i gu,i
∑
≥ γi∗ ,
Ri j̸=i Pu,j gu,j + η

(1.4)

for all i’s. Let P = [Pu,1 , Pu,2 , ..., Pu,N ] be the vector with Pu,i as the ith element, and
1 be the vector of the same size as P with all elements equal to 1. We can rewrite
the above relationship into the vector form as

WPT ≥ η1T ,

(1.5)

where W = [Wij ] is an N × N matrix deﬁned as:



Wij =

W gu,i
,
Ri γi∗

when i = j


 −gu,j , when i ̸= j.

(1.6)

For the downlink, the relationship of power distribution is similar except that
diﬀerent receivers may experience diﬀerent noise power. Let Pd,i be the transmission
power of the BS to the ith MS, gd,i be the link gain from BS to MS i, and ηi be the
noise power experienced at MS i. The downlink transmission power should satisfy
the following relationship,
Pd,i gd,i
W
∑
≥ γi∗ .
Ri j̸=i Pd,j gd,i + ηi

(1.7)

In terms of implementation, the BS can track the link gains between itself and
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each user, then adjust the transmission power to the downlink users or inform the
users to adjust their transmission power in the uplink. By controlling the transmission
power, the SINR of each connection can be protected, the interference to other users
can be reduced, and the system capacity can be maintained.

1.2.1

Packet transmission scheduling

The achievable performance of dynamic traﬃc scheduling is coupled to the time varying conditions, including both radio channel and interference conditions. For best effort services, rather than combating a poor channel by high transmission power, which
generates high interference, transmissions can be postponed to when the channel conditions turn to be good. This concept has appeared in various forms for DS-CDMA.
It is shown in [26] that the reduction of transmission power at deep fading helps
improve the system throughput by above 200%. A truncated rate adaptation scheme
is considered in [27], where data transmission is suspended when the channel gain is
below a threshold and then the rate is adapted with a constant power. It has been
shown that under certain conditions for a single cell case, only the user with the best
channel condition should access the whole bandwidth at any time [28] in order to
maximize the uplink capacity. However, when users have the minimum BER requirements and the transmission rates belong to a discrete set, the maximum capacity may
be achieved by simultaneous transmissions. In [29] a combined intracell scheduling
and power control is proposed, where only one user in each cell is allowed to transmit
at any given time. The scheduling is made to guarantee that the average throughput
is satisﬁed for each link. The scheduling is combined with a distributed power control
algorithm to adjust cell-site powers, so that the average data rate is supported with
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as low transmission power as possible.

1.2.2

Admission control

The purpose of admission control is two-fold. First, a connection request can be
accepted into the system only if there is suﬃcient resource in the system to satisfy
its required QoS. Second, all existing connections should still be able to receive their
required QoS after admission of the new connection. Eﬀectiveness and eﬃciency are
two performance metrics to evaluate an admission control scheme. The eﬀectiveness
is to guarantee the QoS of the admitted traﬃc, and the eﬃciency is to maximize the
amount of traﬃc admitted into the system.
While network operators are opt to accept more users for given amount of network resource in order to increase their revenue, the number of users that can be
accommodated in the system is reversely proportional to the amount of resource used
by each user. The simplest CAC is to limit the number of users admitted in the
network. In TDMA or FDMA-based networks, each user requires several time slots
or frequency channels. In a CDMA-based network, the interference-limited nature
makes it diﬃcult to achieve accurate admission control. Because of the co-channel
interference, the amount of resource, such as transmission power, required by each
user is dependent on the number of users in the system, their geographical locations,
and physical channel conditions. Therefore, QoS of all the users sharing the same
system is related. For homogeneous traﬃc, Nw in (1.2) gives the maximum number
of users that can be supported in a CDMA-based system. When there are multiple
types of traﬃc, such as voice and data, one threshold is set for each type of the traﬃc,
such as in [30], and the number of admitted users for a given type of traﬃc cannot

12

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

exceed the respective threshold. Alternatively, for a system that can serve k types
of traﬃc, a k-dimensional admissible region can be deﬁned based on combinations of
the number of users for each type of the traﬃc, such as in [31]. In [32] the cell loading
(bandwidth utility) for multi-class traﬃc is expressed as a function of the required
SINR of the users and the total number of users.
When a new call request arrives in a cell, its required bandwidth utility is calculated. Meanwhile the bandwidth utility required by existing users are recalculated. An
admission control decision is then made based on the calculated bandwidth utilities.
In a circuit switched network where each user is always served with a constant
rate, SINR is commonly used as the criterion for admission control, since there is a
direct mapping between the received signal strength and the BER, given the coding
and modulation techniques. A connection is in outage if the actual received SINR is
below the minimum required SINR. Examples can be found in [33]- [34]. The CAC
scheme proposed in [33] simply compares the SINR that can be provided to the new
user with a threshold value and admits the new user only if the achievable SINR is
larger than the threshold. In the SINR-based CAC scheme proposed in [35], diﬀerent
SINR thresholds are used for diﬀerent traﬃc classes depending on the required BER.
A CAC scheme is designed for the uplink in a cellular CDMA system in [36], where
a residual capacity is deﬁned based on the actual SINR and the SINR threshold. A
new user is admitted if the residual capacity is greater than zero. The deﬁnition of
the residual capacity is modiﬁed in [37] in order to predict the impact of admitting a
new call in the target cell on its neighboring cells, including adjacent and nonadjacent
cells. When the required SINR is larger, more connection requests are blocked. An
upper bound of the SINR threshold is given in [34] to maintain a speciﬁed level

13

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

of the connection blocking rate. When serving variable rate traﬃc, predicting the
long term QoS is diﬃcult, especially for non-stationary and non-uniform traﬃc. The
interference level and resource availability is predicted through Kalman ﬁlter in [38].
Handoﬀ is a special issue in mobile networks. A user currently admitted in one
cell may travel to a diﬀerent cell later, and the user may travel through the coverage
areas of multiple cells during the lifetime of its connection. An integrated SIR-based
resource management scheme that encompasses CAC, handoﬀ, power control, and dynamic channel allocations has been proposed in [33]. The station starts the handoﬀ
process received SINR is less than the predeﬁned handoﬀ threshold. Similarly a new
call is accepted if the achievable SINR is greater than the admission threshold. Dynamic channel allocations, signal strength, base station assignment and asynchronous
power control are integrated into the system model. In [39] a local interference-based
CAC scheme is designed, where the handoﬀ decision is made based on blocking probability constraints of various user classes, and a buﬀering scheme is proposed to cope
with congestion.
Wireless networks are increasingly required to support multimedia services such as
voice, video, data, and audio with various QoS proﬁles. Optimal admission policies are
designed to maximize the network utilization while satisfying the users’ requirements.
In [40] [41] both the physical layer QoS and network QoS are guaranteed by crosslayer optimization for constant bit rate traﬃc. Optimal connection admission control
schemes are proposed in [42] for CDMA-based networks to support variable bit rate
traﬃc. The Markov-modulated Poisson process (MMPP) is used to model the packet
arrival process and track the traﬃc variations. By introducing a small SIR outage
probability, the proposed algorithms can admit more users and increase the network
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utilization.

1.2.3

RRM in ad hoc wireless networks

In a CDMA-based network, simultaneous transmissions using the same bandwidth
interfere with one another. A change in the power allocation on one link can induce
changes in the interference conditions of all links in the surrounding area and change
the performance of the ongoing ﬂows. As the number of users increases, co-channel
interference increases, which requires each transmitter to transmit at higher power in
order to combat further increases the mutual interference.
Unlike the cellular networks, which provide single hop connectivity between the
MSs and ﬁxed BSs, ad-hoc networks do not have pre-conﬁgured network topologies.
They do not rely on extensive and expensive installations of ﬁxed BSs throughout
the usage area, and peer nodes can directly communicate with one another or relay
traﬃc for one another. The topology or connectivity of an ad-hoc network can change
dynamically due to node mobility.
In an ad hoc network with all single hop links, if all the users behave well, an
iterative power control method can achieve the desired SINR γi∗ . Given Pi (t) as the
current transmission power for the transmitter of link i, and γi (t) as the received
SINR at the current time, the transmission power at the next time Pi (t + 1) is given
by [43]
γi∗
Pi (t).
Pi (t + 1) =
γi (t)

(1.8)

When there is a feasible solution, this algorithm converges [43]. This type of power
control can be performed distributively by individual links. Each receiver measures its
received SINR and compares it with the target SINR. It then informs the transmitter
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to increase or decrease the transmission power depending on whether the actual SINR
is below or above the target SINR. However, this distributed power control is diﬃcult
in multi-hop ad hoc networks, where the target SINR of each hop in a multi-hop link
depends on that of other hops.
Transmission power aﬀects the transmission range of a station. In multi-hop networks, controlling the transmission power is related to routing, which further aﬀects
the interference level in the system. By breaking a direct link between two users into
multiple shorter links, the transmission power required by the sender is reduced. On
the other hand, this requires more relay nodes, each contributing interference to the
system. Therefore, in multi-hop networks, there is a tradeoﬀ between the number of
hops and the overall system performance [44]. The concept of controlling the transmission radius in multihop packet radio networks was ﬁrst introduced in [45]. In [46],
the authors developed a model for analyzing the throughput and forwarding process
in a multihop network, where each mobile node may have a variable and diﬀerent
transmission range. The work in [47] employed transmission power as the link metric
for the shortest path routing algorithms in an attempt to realize the minimum-power
routing algorithm discussed in [48]. However, the congestion caused by multiuser interference was not represented in this link metric. Transmission power adjustment is
used in [49] in order to control the topology of wireless ad hoc networks and facilitate
the routing of the network.
Users in the ad hoc networks may transmit with non-negotiated power level and
at non-negotiated time instants. The unexpected incoming interferer requires each
user to have the extra transmission power reserved. A power margin is set in [50] to
combat the possible increase of interference. In addition, more sophisticated power

16

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

distribution regulation is required to make the self-regulated nodes in the ad-hoc
CDMA networks to cooperate and work well [51]. Some utility-based power control
algorithms are proposed in [52] and [53], where the utility functions can integrate
users’ QoS (e.g., SINR) with the system performance. Each user is assumed to be
selﬁsh and chooses its transmission power level in order to maximize its own utility
function. This is opposed to maximizing the total network utility. In order to improve
the total network utility, the pricing mechanism is introduced in each user’s utility
function, and this discourages users from selﬁshly increasing their respective transmit
power levels. Without a central controller, convergence is a problem for the power
control schemes in ad hoc networks. Game theory is a commonly used tool to study
not only users’ behaviors but also the system stability [54] [55]. In [54], the utility
function of diﬀerent users is associated with each user in the network, and each
user adapts its transmission power and waveform, and the system is guaranteed to
reach a Nash equilibrium (NE). The work assumes a symmetric interference among
distributed users, and the utility function does not lead to a stable NE when the
mutual interference is asymmetric. A framework based on potential game theory is
proposed in [55] to construct convergent power adaptation games to address the
asymmetry of mutual interference.
Transmission power can aﬀect diﬀerent aspects of the network performance. Therefore, it is often considered jointly with other aspects in a network. In [56], a joint
scheduling and power control strategy is proposed to limit multi-user interference to
increase the single-hop throughput and reduce the power consumption. The scheme is
applied for contention-based networks, and it is only constrained by the SINR requirement. In [57], scheduling is jointly considered with routing and power control. The
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problem is formulated as a linear programming problem with an exponential number
of constraints, and an iterative algorithm is proposed with lower computation complexity. In [58], a MAC layer scheduling algorithm is presented using integer linear
programming (ILP). The licensed channels act as links to connect the secondary users
with one another. Within a frame, a distributed scheduling algorithm is implemented
to activate the available links without causing interference among the users. The
scheduling algorithms proposed in [59] consider the interference, fading, and packet
delay.
Because of the diﬃculty in resource and topology management in an ad-hoc network, some works try to impose an infrastructure in the network by dividing it into
multiple clusters and having a cluster head (CH) in each cluster. The CH acts like
a cellular base station, so that power control and resource allocations within a cluster can be managed or assisted by the CH [60] [61]. On the other hand, the ad
hoc transmission mode is also used in traditional cellular communications for various
performance improvement.

1.2.4

RRM in cellular networks with ad hoc relaying

A lot of work has been done to combine the advantages of the ﬁxed infrastructure in
the cellular networks and the ﬂexibility in the ad hoc networks.
First, the relaying function of the ad hoc network can be added into a cellular network, so that the transmission power of the MSs can be reduced or the coverage area
in the cellular network can he enhanced if the transmit power is unchanged [62] [63].
Furthermore, using relaying may improve the capacity of a cellular network. In [64],
an integrated cellular and ad hoc relaying (iCAR) system is proposed. Fixed relay

18

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

stations (RSs) are deployed at the boundary of the cells. Traﬃc in the hot spot area
can be forwarded to the surrounding lightly loaded cells via the RSs. In [65], a uniﬁed
cellular and ad-hoc network (UCAN) multi-hop architecture is proposed. The goal of
UCAN is to use multi-hop routing to improve the throughput when the quality of the
signal in the downlink channel between the BS and the MS is poor. A proxy client
with good signal quality relays the traﬃc from the MS to the BS. The studies reported on in [66] assess the potential capacity improvements in this type of the system
when using a standard cellular frequency reuse plan. Relaying channels are allocated
from channels that have been assigned to other cells, and therefore inter-cell interference has to be carefully considered. In [67], a mechanism called position assisted
relaying (PAR) is proposed for wideband CDMA (WCDMA) cellular networks with
dual-mode stations. In this scheme, a nearby station may relay transmissions for a
station when that station’s cellular link becomes unusable. Geo-location techniques,
such as global positioning system (GPS) or observed time diﬀerence of arrival (OTDOA), are used by the BS to select a candidate RS, and the selection criteria may
take into account the factors such as direction of movement. Capacity improvement
using in-band ad hoc relaying in a CDMA-based system is limited as shown in [68],
since the relaying traﬃc creates interference that limits the capacity, even with an
algorithm that attempts to minimize the mutual interference. The study described
in [69] proved that hotspot CDMA capacity can be substantially increased by outof-band multi-hop traﬃc relaying. It has been shown that it is sometimes better to
use multi-hop relaying to shrink the hotspot cell, but, in other cases, it is better to
use multi-hop relaying to shed traﬃc from the hotspot area. The results have also
shown that even a single ad hoc hop can achieve signiﬁcant capacity improvement in
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a cellular CDMA network.
Although relaying channel can help reduce the hop distance along a transmission
route to save transmission power of individual stations, the transmission eﬃciency
is still aﬀected by the relay channel conditions. If the direct channel can still be retained, the gain of spatial diversity may further reduce the MS’s transmission power
and improve the system performance. Extensive research has been done to prove
that using cooperative communications at the physical layer can greatly improve the
transmission rate and reduce the transmission errors [70] [71]. Several works e.g.
[72] [73], addressed the information-theoretic aspects of the cooperative communications to prove the network capacity improvement after using both the direct link and
relay link.
Diﬀerent practical schemes are proposed to improve the performance of existing
cellular CDMA networks. In [74] an opportunistic cooperation is proposed which
achieves the minimum outage probability for cooperative decode-and-forward (DF)
networks by dynamically adjusting the transmission time and corresponding power of
each node. However, this protocol requires perfect global channel state information
(CSI), which imposes a stringent requirement on the capacity of the feedback channels.
By considering a practical scenario wherein only a coarse channel feedback is available
at the transmitter, [75] proposed a power control algorithm to minimize the outage
probability for a wireless cooperative amplify-and-forward network. The authors in
[76] studied the resource allocation problem and optimized the outage of a wireless DF
network under several feedback schemes. Besides outage improvement, cooperative
relaying can potentially save transmission power. This is studied in [77] for a pair of
source and destination nodes and a number of RSs, in [78] [79] by combining power
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minimization with routing in an ad hoc network, and in [80] [81] for cooperative
broadcasting in dense wireless networks.
Both relaying and cooperative communication are aiming at signal strength enhancement. Recently, a new framework of cellular and ad hoc network, known as
cognitive radio networks (CRNs) has been proposed for spectrum reuse [82] [83].
Cognitive networks can dynamically share a piece of spectrum with diﬀerent priorities. Spectrum usage eﬃciency can be greatly improved to solve the current issue of
wireless spectrum shortage and to meet the increasing demands on higher data rates
and more stringent QoS requirement. The concepts of cognitive radio networks will
be introduced in the next section.

1.3
1.3.1

Introduction to Cognitive Radio Networks
Cognitive radio background

Spectrum is scarce resource in wireless communications. Currently, ﬁxed spectrum
slices are licensed to each wireless service/technology. Recent studies [21] [84] have
shown that 78%(97%) of spectrum is unutilized in urban (rural) areas. On the other
hand, the demands for wireless communication services have increased dramatically.
The unbalance between the over-crowded wireless spectrum and the low utilization
eﬃciency on most parts of the spectrum has stimulated the eﬀorts in engineering,
economics and regulation communities in searching for better spectrum management
policies. Some new ideas have been proposed to provide more ﬂexible and eﬃcient
usage of the spectrum. The concept of dynamic spectrum access (DSA) or open
spectrum is discussed in [85], which aims to dynamically manage spectrum access and
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spectrum sharing by using new technology and standards, in place of the current static
band allocation. The IEEE 802.22 working group on Wireless Regional Area Networks
(WRAN) has been developing a new standard, focusing on constructing a consistent
and point-to-multipoint WRAN that will utilize the free UHF/VHF TV bands for
communication [86]. The key enabling technology of the projects mentioned above
is the cognitive radio (CR), ﬁrst presented in the dissertation of Joseph Mitola [82].
Cognitive radio is a paradigm for wireless communications in which either a network
or a wireless node changes its transmission or reception parameters to communicate
eﬃciently without interfering with the licensed users. This alteration of parameters
is based on active monitoring of several factors in the external and internal radio
environment, such as radio frequency spectrum, user behavior and network states.
From learning the wireless environment, the cognitive radio terminal will tune to the
under-utilized spectrum and make its own transmission without notice to the primary
users (PUs).

1.3.2

Dynamic spectrum access

A cognitive radio network has to share resources with the primary network(operators
with licensed spectrum), and should not destruct the service of the primary users.
Dynamic spectrum access or open spectrum aims to dynamically manage spectrum
access and spectrum sharing by using new technology and standards, in place of the
current static band allocation [87].
There are two types of spectrum access that allows the secondary devices to use
the licensed spectrum: spectrum overlay and spectrum underlay [83]. In spectrum
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overlay, an unlicensed device continuously senses the licensed spectrum bands and opportunistically uses those bands that are currently not used by the licensed devices.
Once the primary users use the band, the secondary users (SUs) should release the
band and return it back to the primary users. This is also called opportunistic access.
Spectrum underlay is based on the interference temperature model [21] proposed by
the FCC, which will be discussed in more details in the following subsection. The
primary and secondary links share the same spectrum and may transmit simultaneously, as long as the interference level experienced by the primary links is below a
pre-negotiated threshold.

1.3.3

Interference temperature model

A model called interference temperature has been introduced by the FCC [21]. Itemp is
a measure of the interference power within a given bandwidth [88], and it is speciﬁed
in Kelvins and deﬁned as
Itemp = Pi /κB,

(1.9)

where Pi is the interference power in Watts over bandwidth B measured in Hertz, and
κ is Bolzmann’s constant (1.3810−23 J/K). The concept of interference temperature
attempts to characterize interference and noise with a simple number. To be more
exact, the interference temperature sets a quantity to measure the interference term
caused by an interference environment.
The interference temperature limit or threshold Ith characterizes the maximum
amount of tolerable interference for a given frequency band in a particular location
where the primary receiver can operate satisfactorily. Cognitive terminals operating
in licensed frequency bands have to adjust their transmission power in such a way
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that they avoid raising the interference temperature over the limit at the primary
user’s receiver. The following must hold at all licensed receivers:

Itemp ≤ Ith .

(1.10)

Thus, for each transmission the interference temperature is measured and suitable
transmission power and bandwidth B are computed to meet QoS requirements without violating Ith . Since the interference is measured at the primary receiver, the
secondary transmitter should know the link gain between itself and the primary receiver to adjust its transmission power. In addition, the eﬀects of cognitive radio
transmissions should be measured on all possible primary receivers. Therefore, the
coexistence of the primary and secondary networks requires eﬀective interaction between the primary receivers and the secondary transmitters [82].

1.3.4

Resource management in cognitive radio networks

Spectrum management
The licensed spectrum can only be used by secondary networks when there is no
primary users on the spectrum or the spectrum is under-used. The secondary network capacity depends on the transmission activity of the active primary users. The
opportunistic transmission behavior of the secondary networks imposes unique challenges for their coexistence with the primary networks and QoS provisioning of the
carried services. New spectrum management functions are required for the secondary
networks with critical design challenges including interference avoidance and QoS
awareness. For interference avoidance, the CR networks should guarantee that the
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normal operations in the primary networks are not disturbed. The secondary network
should select an appropriate spectrum band to support its own QoS-aware communications in the dynamic and heterogeneous spectrum environment. To address these
challenges, a set of functionalities are required for spectrum management in the CR
networks. The spectrum management process consists of four major steps [89]. 1)
Spectrum sensing. A secondary user can use only an unused portion of the spectrum.
Therefore, a secondary user should monitor the available spectrum bands, capture
their information, and then detect spectrum holes. 2) Spectrum decision. Based on
the spectrum availability, a secondary user can select the best channel. This allocation not only depends on the spectrum availability, but is also determined by the
scheduling within the secondary networks. 3) Spectrum sharing. Multiple secondary
users attempting to access the same spectrum should coordinate with one another
to prevent collisions. 4)Spectrum mobility. The CR users are regarded as visitors
to the spectrum. Hence, if the speciﬁc portion of the spectrum in use is required by
a primary user, the secondary communications must be switched to another vacant
portion of the spectrum.

MAC protocols for cognitive radio networks
There has been some research eﬀorts on designing MAC protocols in CRNs in both
industry standardization and academic research projects. From the standardization
point of view, the current IEEE 802.22 draft is the ﬁrst world wide standard related to
cognitive radio. Its MAC employs the superframe structure [86], where synchronized
distributed sensing, fast sensing using energy detection, and ﬁne sensing using feature
detection are used. At the beginning of every superframe, the BS sends a special
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preamble and superframe control header (SCH) through each TV channel (up to 3
contiguously) that can be used for communication and is guaranteed to meet the
incumbent protection requirements. In addition, IEEE 802.22 is operated in the
point-to-multipoint model, which is comparably easier than the cases without the
control of the BS.
In the academic ﬁeld, several MAC protocols for ad hoc cognitive radio networking
have been proposed [90] [91] [92]. Most of them assume that there are no hardware
constraints on the spectrum sensing ability and assume full spectrum sensing in a
particular portion of the spectrum. The Dynamic Open Spectrum Sharing (DOSS)
MAC [93] protocol allows nodes to adaptively select an arbitrary spectrum for the
incipient communications subject to spectrum availability. In this protocol, after the
detection of primary users’ presence, three operational channels (a busy tone band,
a control band, and a data band) are set up to eliminate hidden terminals, transmit
control packets, and transmit data packets. This protocol is suitable for systems
where each user has multiple transceivers, one transceiver for each channel. In [94],
the AS-MAC protocol is proposed for a CRN to coexist with the GSM cellular system.
One of the control channels in the GSM band is used as the secondary common control
channel, which facilitates many spectrum sharing functionalities, such as handshakes
between the transmitter and receiver, communications with a central entity, or sensing
information exchange. The sensing decision under the hardware constraints of the
cognitive radio is ﬁrst considered in [95]. Each secondary user has limited knowledge
of the channel availability, so there is no need for all the secondary users to do
continual spectrum sensing. At the beginning of each slot, a secondary user with data
to transmit chooses a set of channels to sense, then based on the sensing outcome, a set
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of channels is chosen to be accessed. Such spectrum sensing and access decisions are
made to maximize the throughput of the secondary user while limiting the interference
to the primary network by fully exploiting the sensing history and the spectrum
occupancy statistics.

Scheduling in cognitive radio networks
Sophisticated scheduling schemes are needed to allocate resource eﬃciently and fairly
among the users in a CRN. Compared to the scheduling in traditional wireless networks, scheduling in a CRN is more complicated due to the opportunistic nature of
the networks [96] [97] [98].
Early works focus on applying graph theory to spectrum allocation and traﬃc
scheduling problems. In [99], optimum spectrum allocation is solved for CRNs by
constructing an interference graph. However, due to high computational complexity,
it only applies for an ad-hoc CRN with a limited number of ﬁxed secondary users. In [100], the unused licensed channels are allocated opportunistically to a set of
cognitive base stations so that the percentage of channel usage is maximized. The
authors then formulated this problem as a graph-coloring problem and proposed several greedy heuristics for channel allocation. A similar problem to [100] is considered
in [101], where a reward function is introduced that is proportional to the coverage
areas of the base stations which help the collaboration among secondary users. Again,
the problem was studied based on a graph-coloring formulation. Both the works in
[100] and [101] are based on the binary interference model, which does not capture
the aggregate interference eﬀects when multiple transmissions simultaneously happen
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on one channel. The joint spectrum allocation and scheduling in cognitive radio networks is studied in [97] using the proposed novel Multi-Channel Contention Graph
(MCCG) to characterize the impact of interference. Based on the MCCG, an optimal
algorithm is presented to compute the maximum throughput solutions.
Throughput optimization in cognitive radio networks is one of the major interests
of existing literature. In [102], optimal and suboptimal distributed strategies are
derived for the secondary users to decide which channels to access with the objective of
throughput maximization under a framework of partially observable Markov decision
process. In [96], the concept of time-spectrum block allocations is proposed, and
a centralized allocation scheme is designed to maximize the system throughput by
optimizing the time-spectrum blocks. The optimization problem is NP-complete, and
then a heuristic method is used to allocate these blocks at each node.
Other objectives like maximizing spectrum utilization is considered in [103], while
minimizing total transmission power is discussed in [104] to schedule the rate requirements of all links. However, the works of [103] and [104] do not consider the scenario
of opportunistic spectrum access and the issue of protecting the primary users. In
[98] an opportunistic scheduling policy is developed for cognitive radio networks to
maximize the throughput utility of the secondary users, subject to maximum collision constraints with the primary users. The technique of Lyapunov optimization is
used to design an online ﬂow control, scheduling and resource allocation algorithm
that meets the desired objectives and provides explicit performance guarantees. This
method has the high computational complexity.
Auction-based schemes are proposed as another direction to solve the spectrum
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allocation and traﬃc scheduling problems. Spectrum band auctions have been proposed in [105] [106] to allocate wireless spectrum resources, in which bidders obtain
diﬀerent spectrum channels free of conﬂict. Diﬀerent pricing models are developed
to address revenue and fairness, and low-complexity market-clearing algorithms are
derived for prices and allocations in real-time.
Maximizing system resource usage eﬃciency may lead to resource allocation unfairness. The traditional max-min fairness can provide fairness but may not utilize
the system resource eﬃciently [107]. The desired scheduling criteria can provide fairness to users and exploit the multi-user diversity gain at the same time. The concept
of proportional fairness (PF) is a good scheduling objective to balance the fairness
among users and the resource utilization eﬃciency [107] [108]. The proportional fairness is in the form of logarithmic utility function log(X), which is a speciﬁc case
of Nash bargaining solution [109] [110]. Based on maintaining a balance between
maximizing the system proﬁt and providing fair QoS among the users, it tries to
assign each user a data rate or a scheduling priority that is inversely proportional to
its expected resource consumption. As a real system application, PF scheduling is
employed at the base station to schedule the downlink ﬂows among diﬀerent users for
3G wireless data networks [111].

Admission control for cognitive radio networks
Admission control algorithms for CDMA networks have been reviewed in Section
1.2.2. Most of these algorithms are not suitable for cognitive radio networks due
to the interactions between the primary and the secondary users. Some work has
been done to address the admission control problems in cognitive radio networks.
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In [112], a centralized user removal algorithm based on the tree-pruning technique was
proposed. The proposed algorithm leads to an optimal set of the supported secondary
links but with extensive computations. To deploy the scheme distributively, a game
theoretic approach based on sequential play was introduced, but the approach only
converges to local optimal solutions. In [113], a distributed algorithm was introduced
that aims at minimizing the total transmit power by the primary and secondary
links. In order to maximize the number of admitted secondary links under the QoS
and interference constraints, the authors of [114] developed two centralized removal
algorithms I-SMIRA and I-SMART(R), which require the knowledge of instantaneous
channel gains between the system nodes to be kept at a central controller. In [115],
joint admission control and rate/power allocation for secondary links was investigated
using mean channel gains information. In [116], a joint power and admission control
(JPAC) algorithm for CR networks was introduced. The admission control algorithm
removes the SUs recursively while considering the transmission power control of the
nodes, so that all remaining SUs can communicate reliably, and the QoS requirement
of the PU can be satisﬁed.
Admission control is important for limiting the traﬃc load and providing desired
QoS, but the complexity inherent in resource management of ad-hoc networks will
make the admission control in cognitive ad-hoc network even harder. How to design
an eﬀective admission control scheme in a CRN is especially challenging if it should
be implemented with low complexity.
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Introduction to Cooperative Networks
Cooperative communications

The mobile wireless channel suﬀers from fading, meaning that the signal attenuation
can vary signiﬁcantly over diﬀerent time on diﬀerent channels. Traditional cellular
networks use direct transmissions between the BS and MSs. When the channel condition between the BS and a given MS is poor, very high transmission power may be
required from the BS (for the downlink) or from the MS (for the uplink). This not
only consumes high energy but also causes high interference to other users sharing the
system and reduces the system capacity. Using a relay station to relay the traﬃc between the BS and the MS can be an option in this situation, so that the transmission
power of the MSs (for the uplink) and the BS (for the downlink) can be reduced, or
equivalently the coverage area in the cellular systems can be increased. With the help
of the relay stations, the interference level in the system can be reduced, which can
improve the capacity of cellular networks [62]. The reason behind the exploration
of user cooperative communications is the willingness of users to share power and
computation with neighboring nodes and this can lead to savings of overall network
resources. In particular, spatial diversity is generated by transmitting signals from
diﬀerent locations, thus allowing independently faded versions of the signal at the
receiver. If the direct transmission of the traditional cellular system can be assisted
with the relay channel, independent copies of the signal will generate diversity and
can eﬀectively combat the deleterious eﬀects of fading which neither direct nor relay
transmission can solve[117][118].

31

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

Relay channel

Figure 1.1: Illustration of cooperative communications
As shown in Fig 1.1, three devices are involved in the communications of a cooperative link, the source station (SS), the relay stations (RS) and destination station
(DS). Due to the broadcasting nature of the wireless signal transmission, the signal
sent from the SS to the DS can be received at the some stations close to the SS. If
some of these stations are willing to relay the received signal copies to the DS, the
same copy of signal is transmitted through several statistically independent paths,
and this generates the spatial diversity.

Relay forward methods
There are diﬀerent methods for the received data to be processed at the relay station
before the data is sent to the destination[73][119][70]. For the Amplify and Forward
(AF), the relay simply ampliﬁes its partner’s signal and forwards it to the destination.
For the Decode and Forward (DF), the relay node should decodes, re-encode, and then
forward the partner’s signal to the destination.
AF is the traditional method for relaying, where the analogue relay acts like the
32

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

signal ampliﬁer. The analog signal received by the relay is ampliﬁed and then sent
again to the DS. For cooperative communications, the relay channel is not the only
channel, it acts like the auxiliary channel to the direct channel. How much the power
is ampliﬁed is determined not only by the relay channel itself but also the transmission
on the direct link. The AF method has the merits of simplicity and no constraints
on decoding as the supplement to the direct link. The shortcoming of AF is that the
noise and interference in the received signal is ampliﬁed as well, which is the main
downfall of this method.
Instead of simply amplifying the noise and interference contaminated signal, the
RS can ﬁrst decode the received signal then re-encode it and transmit to the DS.
When decoding is successful, the noise and interference is removed. On the other
hand, the decoding requires more power consumption than the front end power ampliﬁcation, and the decoding requirement puts constraints on both the source to relay
channel and the transmission power at the source station. Incorrectly decoded signal
is meaningless for DF. Additionally, it may incur some security problems and need
extra scheme to protect the privacy of relayed packets.

1.4.2

RRM challenges in cooperative communication networks

Both the characteristics of relay channel and the relay forward methods raise new
questions in resource management for applying cooperation in wireless networks.
First, multiple relay stations may be available. Selecting a RS is directly related
to the performance of the relay-based system. Second, after the relay stations are
chosen, a suitable relay forward method should be decided. Third, power allocation
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is related to the lifetime of both the mobile stations and the relay stations, so how to
optimally distribute the power among mobile stations and relay stations determine
the lifetime of the system. In addition, the transmission power allocation aﬀects the
interference conditions in the system, and the overall performance such as capacity
and QoS.
Relaying traﬃc for other stations consumes the energy of the RSs. The costed
power for relaying other’s information will be counteracted when the user is sending
its own information with diversity gain. The saved energy could be much more
than the energy the user costs to relay other’s information. This is the instinct
motivation of users’ cooperation. Incentive schemes or policies can be designed to
further increase the motivation for cooperation from both the user and the network’s
perspective [120] [121] [122].

Related works
Extensive research has been done to demonstrate that using cooperative communications at the physical layer can greatly improve the transmission rate and reduce
transmission errors [72] [119]. However, how to apply the cooperative communication
into the existing wireless protocols are still facing many technical diﬃculties.
First, given the amount of available idle stations, schemes are needed to choose
the best relay stations at a limited cost. The best relay is the one that contributes
the most to the output SINR. In [117], the authors present ad hoc approaches
to approximate the optimal solution with limited complexity. The authors propose
two sub-optimal schemes, simple selection and sequential selection. Each destination
station chooses the node from the decoding set to which it has the best channel

34

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

condition. Each user makes independent decision on the relay selection. This is suboptimal, especially when many users pick the same relay. In [123], each terminal
can act as both source and relay, and a pre-determined cooperator group is assumed.
While in [124], several relay selection algorithms are proposed, which search over a
set of N candidate relays and optimize the frame error rate.
After selecting the relay stations with given criteria, works need to allocate wireless
resource properly for the source stations and the relay stations, including power distribution and time slot allocation. A system level simulation of the performance of a
relay assisted cellular network is presented in [125]. The authors consider a hexagonal
cell with the BS at one of the vertices, and ﬁve relays distributed uniformly in the cell.
Two hop communications are considered. The relays repeat the data transmitted by
the BS. The average throughput at each point in the cell is found through simulation.
In [126], a utility maximization framework is constructed for solving the optimal
relaying strategies and power allocation in cellular networks. The system model is a
cellular network where users can relay for one another. The optimization problem is
solved by decomposing it into multiple smaller subproblems connected hierarchically
to one another. While solving one of the subproblems, the authors assume that each
node uses only a ﬁnite set of modulation schemes, and hence, supports only a discrete
set of rates. This enables them to do an exhaustive search to ﬁnd out the best relay
and the relaying strategy. [81] showed that it is possible to ﬁnd the optimal transmit
power and the schedule by exploiting linear networks. The authors provided a general
condition under which nodes transmitting in the order of increasing distances to the
source is optimal. It suggested a natural strategy for cooperative broadcast in dense
wireless networks. That is to let nodes transmit according to their distance to the
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source with the minimum transmission power. In [74], the authors explored the eﬀect
of partial channel state information on the performance of cooperative communications for delay limited applications. An opportunistic decode-and-forward protocol is
proposed where the relay terminal is utilized depending on the overall network state
with dynamic power and time allocation.

1.5

Motivation and Overview of the Thesis

Cognitive radio networking can possibly improve the eﬃciency of radio spectrum utilization. On the other hand, it poses signiﬁcant challenges to resource allocations.
Within the CRN, the amount of available resource varies and is beyond the control of
the CRN. The CRN should also interact with the primary network to ﬁnd available
resource and allocate resources accordingly. Although extensive work has been done
on channel sensing and other physical layer designs for CRNs, little work is available
for QoS provisioning in CRNs. Due to the secondary nature, resource allocations in
the CRNs have to be adjusted dynamically in to not violating the QoS in the primary
network. In the spectrum underlay scenario, where both the primary and the secondary networks can use the channel at the same time, controlling the transmission
power in the CRN is very important to control the interference to the primary network. Meanwhile, the users in the CRN should coordinate among one another so that
the available resources can be utilized more eﬃciently, while not violating the agreement with the primary network. This work is especially challenging in ad hoc CRNs,
where the peer users have limited interactions with one another. In Chapters 2-4 of
this thesis, we study the resource management in an ad hoc CRN with spectrum underlay, where the CRN share the same spectrum with the uplink of a cellular CDMA
36

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

network, which is the primary network. A controller is co-located with the primary
BS for measuring the interference level at the BS receiver. Based on the measured
interference level, transmission power and rate for the links in the CRN are scheduled
accordingly. We ﬁrst jointly consider the resource allocations in both the primary and
the secondary networks in Chapter 2, and study the optimum resource allocations,
in terms of both transmission power and rate, for supporting best eﬀort traﬃc in
the CRN, subject to the transmission rate requirement and maximum power limit
in the primary network. Fair transmission throughput is provided to the secondary
links at each time slot. The eﬀect of setting diﬀerent interference thresholds on both
networks is also studied. In Chapter 3, the focus is switched to supporting long-term
best eﬀort traﬃc in the CRN, and the fairness is relaxed to achieve the long term
average throughput for links. In addition to formulating and solving the optimum
scheduling problem, practical and heuristic schemes are designed by opportunistically
taking advantage of the current available resources. The resource allocation problem
is further extended in Chapter 4 for supporting traﬃc with strict QoS requirements,
where admission control and packet transmission scheduling are jointly considered
for two types of traﬃc, streaming traﬃc with both transmission rate and outage requirements, and non-real-time traﬃc with a minimum transmission rate requirement.
For both types of the traﬃc, the average throughput of each admitted link is guaranteed by the admission control decisions. The outage performance of the streaming
traﬃc is then guaranteed by a higher priority in the scheduling. The instantaneous
transmission power and rate for each link is obtained based on information about
the measured interference and link conditions. Fairness is achieved for the outage
performance among the streaming links and throughput performance among the nrt
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links.
While using cognitive radio networks can enhance the utilization of the underutilized spectrum band, cooperative communications can improve the network performance by taking advantage of multi-path diversity through relaying. Although
extensive work has been done on cooperative communication networks, not much
is available for CDMA-based networks, where all transmissions can share the same
spectrum. As relaying increases the number of transmitters, managing transmission
power of the stations, both the source stations and the relay stations, becomes more
complicated yet it is critically important for improving the system performance. In
Chapter 5, power allocations are studied for both the uplink and the downlink of
a cellular CDMA networks with cooperative relaying. Optimum power distribution
problem is formulated and solved for each direction, and heuristic schemes are then
proposed.
At last, a summary of the thesis is given and future research topics are discussed
in chapter 6.

38

Chapter 2
Slot-by-slot Optimum Scheduling
in CRNs
In a CRN with spectrum underlay, the secondary links can transmit at the same spectrum as the primary links as long as the interference that the secondary links cause to
the primary links is below a pre-negotiated interference threshold. This chapter studies the transmission power and rate allocations in such a scenario. Followed by the
system description in Section 2.1, an optimization problem is formulated in Section
2.2 with an objective to maximize a function of the secondary link transmission rates,
subject to the SINR requirements of both the primary and secondary links and the
interference constraints. The eﬀect of setting diﬀerent interference thresholds on the
transmission rate of the secondary links and how the secondary transmissions aﬀect
the transmissions of the primary links is studied in Section 2.3. Numerical results
in Section 2.4 show some interesting relationship among the interference threshold,
transmission rate and power of the secondary links, and transmission power of the
primary links.
39

Ph.D. Thesis - Bin Wang

2.1

McMaster - Electrical Engineering

System Description

We consider a CDMA-based cellular network as the primary network, where diﬀerent
frequency bands are used in the uplink and the downlink. Instead of communicating
with the base station (BS) directly in the primary network, some mobile stations
(MSs) near one another may form an ad hoc CRN and communicate directly with
one another. For example, the MSs located in the same playground or conference
center prefer to communicate directly with other MSs to save the communication
cost and battery power. The secondary transmissions share the same spectrum as
the uplink of the cellular network through spectrum underlay, and cause interference
to the uplink transmissions in the primary network. For preliminary study, we consider only single hop transmissions in the CRN. As the BS is the receiver for all the
uplink transmissions in the primary network, a controller for the CRN is co-located
with the primary BS for measuring the interference level at the BS caused by the
secondary transmissions. The controller can be a device independent of the primary BS. Alternatively, the primary and secondary networks can be tightly coupled in
sometimes, and the primary BS can provide some information to assist the secondary
network operation. In this case, the primary BS can also work as the controller for
the secondary network.
Several ways can be used for the controller and the CR nodes to exchange information. If the primary and secondary networks are tightly coupled, the CRN can
share the same control channels with the primary network. The primary BS can monitor the secondary-to-primary interference and centrally control the CRN as in [108]
and [111]. This is not a problem if the primary network has relatively light traﬃc
load, which is most likely the case when a secondary network is allowed and Ith is set
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to be reasonably high, then the control channel in the primary network has low traﬃc
load and can be well used for the secondary network as well. An alternative way to
provide the common control channel in the CRN is that the CRN can lease several
mini-slots in both the uplink and downlink in the primary network for transmitting
control signals. The mini-slots in the uplink channel are used for the secondary devices
to report the link and interference conditions to the controller, and the mini-slots in
the downlink are used for the controller to broadcast information related to admission
control and packet transmission scheduling to the secondary devices. In addition, the
CRN can seek out-of-band control channel as done in [127], and the control channel
can be in the license-free band.

Figure 2.1: Illustration of primary and secondary networks
Since only the uplink is considered for the primary network, the transmitters are
the MSs, and they share the same receiver, which is the BS. The transmission power
of a primary link is denoted as Pp,i , for i = 1, 2, . . . , Mp , and that of a secondary
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link is denoted as Ps,i , for i = 1, 2, . . . , Ms , where Mp and Ms , respectively, are the
number of primary and secondary links. The transmission rate of the ith primary
link is Rp,i , and that of a secondary link is Rs,i . The maximum transmission power
of the transmitter is limited by Pp,max for a primary link and Ps,max for a secondary
link. Let gp2p,ij denote the link gain from the transmitter of the ith primary link to
the receiver of the jth primary link, gp2s,ij the link gain from the transmitter of the
ith primary link to the receiver of the jth secondary link, gs2p,ij the link gain from
the transmitter of the ith secondary link to the receiver of the jth primary link, and
gs2s,ij the link gain from the transmitter of the ith secondary link to the receiver of
the jth secondary link. Each link has a strict signal-to-interference-plus-noise ratio
(SINR) requirement at the receiver, which should be above γp∗ for the primary links
and γs∗ for the secondary links after the signal is despreaded.
There are two interference models for measuring the interference level at the primary receivers. The ﬁrst is to monitor the noise and total interference from all
the secondary and the primary transmitters. This measured interference is then compared with the interference threshold, and the result is used to regulate the secondary
transmissions. In this way, the interference at the primary receiver caused by the secondary transmissions is not detected separately. This model does not require a priori
knowledge of the RF environment, and consequently does not need to distinguish
the licensed signals from the interference and noise. The second model requires that
the aggregate signal strength coming from the secondary transmitters is measured at
the receiver of a primary link and compared with the interference threshold. In this
case, interference caused by the secondary transmitters should be separated from that
caused by primary transmitters in order to calculate the interference level. Below we
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formulate the power and rate allocation problem in the primary-secondary scenario
based on these two interference models.

2.2

Optimum Rate and Power Allocation

We ﬁrst consider the SINR requirement of each primary and secondary link. For a
primary link, its required SINR can be satisﬁed if

∑

Gp,i Pp,i gp2p,ii
≥ γp∗ ,
∑Ns
P
g
+
P
g
+
η
j̸=i p,j p2p,ji
j=1 s,j s2p,ji

(2.1)

where Gp,i = W/Rp,i is the processing gain of the ith primary link. In the denominator
on the left-hand side of (2.1), the ﬁrst term is the interference from all other primary
links, the second term is the interference from all the secondary links, and η is the
background additive white Gaussian noise (AWGN) power.
The SINR of the ith secondary link can be satisﬁed if

Rs,i

(∑

W Ps,i gs2s,ii
) ≥ γs∗ .
∑Np
j=1 Pp,j gp2s,ji + η
j̸=i Ps,j gs2s,ji +

(2.2)

Between the brackets in the denominator on the left-hand side of (2.2), the ﬁrst
term is the interference from all other secondary links, and the second term is the
interference from all the primary links.
The transmission power of the secondary links is also limited by the interference
threshold
∑
j̸=i

Pp,j gp2p,ji +

∑Ns
j=1
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for the ﬁrst interference model, and
∑Ns
j=1

Ps,j gs2p,ji ≤ Ith ,

(2.4)

for the second interference model.
Based on the above conditions we formulate the following optimization problem,
which maximizes a function (normally convex) of the secondary link transmission
rates, subject to the SINR requirements of the primary and secondary links and the
given interference threshold, where Rs = (Rs,1 , Rs,2 , . . . , Rs,Ns ). In the optimization
problem, the constraint is based on the ﬁrst interference model. If the second interference model is used, the constraint (2.8) should be changed to (2.4).

max f (Rs )
s.t.
Rs,i

(∑

(2.5)

W Ps,i gs2s,ii
) ≥ γs∗ ,
∑Np
j=1 Pp,j gp2s,ji + η
j̸=i Ps,j gs2s,ji +
i = 1, 2, . . . , Ms

∑

(2.6)

Gp,i Pp,i gp2p,ii
≥ γp∗ ,
∑N s
P
g
+
P
g
+
η
j̸=i p,j p2p,ji
j=1 s,j s2p,ji
i = 1, 2, . . . , Mp

∑
j̸=i

Pp,j gp2p,ji +

Ns
∑

Ps,j gs2p,ji + η ≤ Ith ,

i = 1, 2, . . . , Mp

(2.7)
(2.8)

j=1

0 ≤ Pp,i ≤ Pp,max , i = 1, 2, . . . , Mp ,

(2.9)

0 ≤ Ps,i ≤ Ps,max , i = 1, 2, . . . , Ms .

(2.10)

We consider two objective functions based on diﬀerent rate allocation criteria.
First, a simple equal rate allocation (ERA) is considered. That is, all secondary
links transmit at the same rate. In this case, Rs,i = Rs for all i = 1, 2, . . . , Ns , and
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the objective of the optimization is to maximize Rs . The ERA formulation provides
perfect rate fairness among all the secondary links. However, links with poor SINR
conditions transmit higher power to achieve the same rate as other links. Therefore,
the link with the worst SINR condition limits the transmission rate of all links in the
secondary network. The second rate allocation criterion is based on the proportional
∑ s
fairness (PF) for the rate allocations [107] and the objective function is N
i=1 log(Rs,i ).
The PF is usually used as compared to the traditional max-min fairness which
can provide fairness but can negatively aﬀect the transmission throughput [107]. The
desired scheduling criterion is to provide fairness and exploit the multi-user diversity
gain at the same time. The concept of PF is a good scheduling objective to balance
the fairness among users and the resource utilization eﬃciency [107] [108]. The PF is
in the form of a logarithmic utility function log(X), which is a speciﬁc case of Nash
bargaining solution [109] [110]. Based on maintaining a balance between system proﬁt
maximization and user throughput fairness, it tries to assign each data ﬂow a data
rate or a scheduling priority that is inversely proportional to its anticipated resource
consumption.
It can be found that the above optimization problem is a geometric programming (GP) problem (Appendix A) which is non-linear and non-convex due to constraints (2.6) and (2.7). By observing the two constraints we ﬁnd that the left-hand
side of each of the inequalities is the division of a monomial to a posynomial and is
usually named as an inverted posynomial [128]. Lower bounding an inverted posynomial is allowed in GP since it is equivalent to upper bounding a posynomial, thus
the problem can be easily transformed into a standard form GP problem. By applying the convex form transformation described in Appendix A, this problem can be
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converted to a convex optimization problem and solved eﬃciently.

2.3

Interference Threshold

A higher interference threshold allows higher transmission power from the secondary
links and can potentially increase the transmission rate of the secondary links. On the
other hand, as the secondary links increase their transmission power, they cause more
interference to the primary links. As a result, transmission power of the primary links
should also be increased. The mutual interference eﬀect eventually reaches a balance,
then neither the primary nor the secondary links can increase the transmission power.
When Ith and Ps,max are both large enough, the secondary-to-primary interference is
maximized when at least one MS in the primary network reaches Pp,max .
Consider that homogeneous traﬃc is carried out by the primary links. Then Gp,i =
Gp for all i = 1, 2, . . . , Mp . Let Ip,i represent the aggregate noise and interference
that the ith primary link experiences from all other primary links and all secondary
transmitters. With perfect power control, the actual SINR for the primary link at
the BS receiver input is equal to γp∗ , and all the primary links have an equal received
power, Pp,r , at the BS [129]. In this case, we have Gp Pp,r /Ip,i = γp∗ , or Ip,i = Gp Pp,r /γp∗ .
As the transmission power is limited by Pp,max , we have

Pp,i =

Pp,r
≤ Pp,max .
gp2p,ii

(2.11)

Ip,i ≤

Gp Pp,max gp2p,ii
,
γp∗

(2.12)

Then
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for all i = 1, 2, . . . , Mp . Let

Ip,max = min Ip,i = min
i

i

Gp Pp,max gp2p,ii
.
γp∗

(2.13)

Then Ip,max is the upper bound of a meaningful interference threshold in the sense
that if Ith ≤ Ip,max , the transmission power of the second links is limited by Ith to
satisfy the SINR requirements of the primary links. When Ith > Ip,max , transmission
power of the secondary links may not be limited by Ith , since the SINR requirement
at the primary network limits the transmission power of the secondary links. When
Ith ≤ Ip,max , the SINR of the primary links can be protected (within the maximum
transmission power limit of the MSs) as long as the actual secondary-to-primary
interference is below the threshold.
Since gp2p,ii ’s are random, below we ﬁnd the distribution of Ip,max and then its
mean value. Given any value y > 0,

Pr{Ip,max

{
}
Gp Pp,max gp2p,ii
≤ y} = Pr min
≤y
i
γp∗
}
{
yγp∗
= Pr min gp2p,ii ≤
i
Gp Pp,max
}
∏ {
yγp∗
=1−
Pr gp2p,ii >
Gp Pp,max
i
[
{
}]Mp
yγp∗
.
= 1 − 1 − Pr gp2p,ii ≤
Gp Pp,max

(2.14)
(2.15)
(2.16)
(2.17)

In the above derivation we assume that all gp2p,ii ’s are independent and identically
distributed. The mean of Ip,max can be found as
∫
E[Ip,max ] =

∞

(1 − Pr{Ip,max ≤ y})dy

0
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yγp∗
Gp Pp,max

}
, we consider that the transmitted signals

−βX
suﬀer from both path loss and log-normal fading. Then gp2p,ii = Ad−α
, where
i e

A is the received power at a reference distance, di is the distance (normalized to the
reference distance) between the transmitter and the receiver of the ith link, α is the
path loss exponent, β = log 10/10, and X is a normally distributed random variable
with zero mean and standard deviation of σ. The distribution of gp2p,ii can be found
as
{
}
yγp∗
Pr gp2p,ii ≤
Gp Pp,max
}
{
yγp∗
−α −βX
= Pr Adi e
≤
Gp Pp,max
{
}
yγp∗
= Pr −α ln di − βX ≤ ln
.
AGp Pp,max

(2.19)

When all MSs are uniformly distributed in a circular area of radius of D, the probability density function (pdf) of d is fd (z) = 2z/D2 for 0 ≤ z ≤ D. Then
{

yγp∗
Pr gp2p,ii ≤
Gp Pp,max
∫ D
∫ ∞
=
fd (z)dz
0

−α
β

}

ln z− β1

ln

∗
yγp
AGp Pp,max

Nx (0, σ 2 )dx,

(2.20)

where Nx (µ, σ 2 ) is the pdf of a normal distribution with mean of µ and standard
deviation of σ. This integration can be done numerically.
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Table 2.1: Default Simulation Parameters
Parameter
Transmission rate of each primary link Rp
SINR threshold γp∗ , γs∗
Path loss exponent α
Standard deviation of log-normal fading σ
Maximum MS transmission power Pp,max and Ps,max
Spread spectrum bandwidth W
Background AWGN noise power η
Reference distance d0
Radius of BS coverage D
Ad hoc transmission range of MSs

2.4

Value
64kbps
5dB
4
4dB
0.5W
5MHz
10−10 W
10m
1000m
300m

Numerical Results

We consider the same system as described in Section 2.1. Default simulation parameters are listed in Table 2.1. We ﬁrst show the results based on the ﬁrst interference
model, then compare the results based on the two interference models.
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Figure 2.2: Secondary link transmission rate: ERA
Figs. 2.2 and 2.3 show that when the interference threshold is below a certain value, the secondary link transmission rate increases with the interference threshold for
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Figure 2.3: Secondary link transmission rate: PRA
both ERA and PRA. Beyond this range, further increasing the interference threshold
does not aﬀect the secondary transmission rate anymore, since the transmission of
the secondary links is limited by the primary link’s SINR constraint and the mutual
interference between primary and secondary networks. When the secondary users increase their transmission power to achieve higher rates, the increased power generates
higher interference to the primary networks. To sustain the SINR, the primary links
will increase their power too. Once the maximized interference limit at the primary
receiver is reached, the secondary users cannot further increase their transmission
rate even if the interference threshold is not reached.
It is also seen from both Figs. 2.2 and 2.3 that increasing the number of the
primary or secondary links results in lower secondary link rate due to that more links
are competing for the network resources. Comparing the two ﬁgures we can ﬁnd that
using PRA can achieve a lot higher transmission rate for the secondary links than
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Figure 2.4: ∆P of primary links: ERA
using ERA, since the former can take better advantage of good channel conditions of
individual links.
Compared to the case without the secondary links, transmission power of the
primary links is increased due to extra interference from the secondary links. We
deﬁne ∆P as the diﬀerence of the average transmission power of the primary links
with and without the secondary transmissions. Fig. 2.4 shows that with the increase
of the number of secondary links, the average primary transmission power of the
primary links decreases. This is explained by the dramatic decrease of the secondary
link transmission rate as the number of secondary links increases. Because of the equal
rate allocation, the transmission rate of the secondary links is limited by the link with
the worst link condition. In addition, mutual interference among the secondary links
also reduces their transmission rate. As the transmission rate decreases, the secondary
transmission power is reduced, which causes less interference to the primary links.
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Figure 2.5: ∆Eb of primary links: ERA
Therefore, the primary link transmission power is reduced. Dividing ∆P by the total
secondary link transmission rate, we have ∆Eb , which is the average amount of energy
increase to the primary link caused by each transmitted bit in the secondary links,
and this is shown in Fig. 2.5, which shows that it costs more energy from the primary
transmitters on average to support every bit in the secondary network as the number
of secondary links increases.
ERA does not allow links with better channel conditions to transmit at higher
transmission rate. Figs. 2.6 and 2.7 show that both ∆P and ∆Eb of the primary links
decrease with the number of secondary links for PRA. However, comparing Fig. 2.7
with Fig. 2.5 we ﬁnd that ∆P in PRA is about four orders of magnitudes smaller
than that in ERA. Equivalently, with the same amount of ∆P , the CRN based on
PRA can achieve much higher transmission rate than that based on ERA.
Figs. 2.8-2.10 show Ip,max versus diﬀerent system parameters. The actual average
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Figure 2.6: ∆P of primary links: PRA
interference at the primary link is also shown for ERA and PRA, respectively. It is
seen that a primary network with a smaller cell size, larger Pp,max , or larger fading deviation may tolerate a larger interference threshold for the same number of secondary
links. This relationship can be easily seen from (2.13). Most importantly, the ﬁgures
show that using PRA can cause signiﬁcantly lower interference to the primary links
than using ERA. With ERA, the link with the worst SINR condition may transmit
much higher power than other links. When this link is close to the primary link
receiver (the BS), the primary link transmitters should transmit very high power to
combat the high interference. Therefore, in ERA, it is more likely that the primary
link transmitters reach the maximum transmission power limit. This also explains
that the interference level at the BS using ERA is almost the same as Ip,max . In
contrast, PRA does not encourage the secondary links with poor SINR to transmit
as high rate as the links with good SINR, and therefore the interference level at the
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Figure 2.7: ∆Eb of primary links: PRA
primary links is limited by the maximum transmission power of both the primary and
secondary transmitters.
Transmission rate of the secondary links is shown in Fig. 2.11 based on the two
interference models deﬁned in (2.3) and (2.4). The diﬀerence is more obvious when
Ith is small and close to the noise power level. When Ith is relatively large, the two
interference models do not make obvious diﬀerence to the secondary transmission
rate. When Ith is small, using the second interference model achieves much higher
transmission rate than using the ﬁrst interference model, since in the latter case, noise
and interference from the primary network can dominate the interference threshold,
while in ﬁrst interference model, the secondary transmissions can take advantage of
all the interference allowed by Ith . As Ith increases, the secondary transmission power
increases and eventually is limited by their mutual interference and SINR constraints,
but not by Ith . At this point, the two interference models result in about the same
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Figure 2.8: Maximum interference vs. cell size
transmission rate at the secondary network.

2.5

Summary

In this chapter, we have studied the optimum power and rate allocations in a CDMAbased cognitive wireless network with spectrum underlay. Our results indicate that
there is a limit on the interference threshold beyond which the secondary link transmission rate cannot be increased by increasing the interference threshold. Furthermore, the increase of the secondary user transmission rate will consume extra power
from the primary user, and the same amount of power increase from the primary users can support higher rate of the secondary links using proportional rate allocation,
compared to using equal rate allocation among the secondary links.
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Chapter 3
Scheduling With Long-term
Proportional Fairness in CRNs
3.1

Introduction

In the previous chapter, the transmission power and rate allocations for PRA achieve
proportional fairness (PF) in every time slot. On the other hand, most traﬃc in ad
hoc networks is elastic, and minor delay is expected and tolerable in packet transmissions. Therefore, it is acceptable that PF is achieved over multiple time slots, or even
a longer time. In this way, a user having poor channel conditions can delay its transmissions so that other users can take advantage of their better channel conditions and
increase their transmission throughput, provided PF is kept over a period of time.
Achieving PF in an ad hoc cognitive wireless network is not trivial due to uncertainty
of available radio resources and lack of a central controller. In this chapter we study
long term PF scheduling in ad hoc cognitive wireless networks. We ﬁrst formulate an
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optimal scheduling problem with an objective to achieve PF of the long-term average transmission rates among diﬀerent links, subject to the interference constraints
within the cognitive network and imposed by the primary network. Implementing the
optimum scheduling is unlikely in a practical system due to the diﬃculty to collect all
required information about link and interference conditions and high complexity to
solve the optimization problem. We then propose two heuristic scheduling schemes.
In the ﬁrst scheme, transmission priorities of the links are determined by their potential contributions to a utility function, assuming there is no co-channel interference
within the network. In the second scheme, the transmission priorities are derived from
both the objective utility function and interference to the primary network. We also
consider using exclusive regions to limit interference among simultaneous transmissions in order to improve the system throughput without compromising the fairness.
The scheduling schemes can be implemented distributively in the ad hoc cognitive
wireless network with limited assistance from the primary network. The remainder of
the chapter is organized as follows. In Section 3.2 we introduce some background on
PF scheduling. In Section 3.3 we formulate an optimum PF scheduling problem based
on the long term average rates. Two scheduling schemes are proposed in Sections 3.4
and 3.5, respectively. Numerical results are demonstrated in Section 3.6, followed by
concluding remarks in Section 3.7.

3.2

PF Scheduling for Long Term Average Rates

Consider a network with N links. Channel time is divided into discrete time slots.
We deﬁne the transmission rate of link i at time slot t as Ri (t), and its long term
average rate as Ri . We further deﬁne two vectors, an instantaneous rate vector
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R(t) = [R1 (t), R2 (t), . . . , RN (t)] and an average rate vector R = [R1 , R2 , . . . , RN ].
A general scheduling problem based on the long term average rates of links can be
formulated to maximize a concave utility function1 U (R). It has been proved in [130]
that this objective can be achieved iteratively through slot-by-slot scheduling. At
each time slot t, the iterative scheduling is to ﬁnd a rate vector r(t) such that
)
(
r(t) = arg max ∇U X(t) · R(t),

(3.1)

R(t)

where ∇U (·) is the gradient of function U (·), X(t) = [X 1 (t), X 2 (t), . . . , X N (t)], and
X i (t) is an exponentially smoothed average rate for link i up to time t and deﬁned as
X i (t) = (1 − 1/tc )X i (t − 1) + 1/tc Ri (t − 1),

(3.2)

where tc > 1 is a parameter which balances the weights of the past and current
transmission rates. For a special case, we have X i (0) = Ri (0) = 0 for all i =
1, 2, . . . , N . In [130] it has been proved that when t → ∞, both X(t) and R converge
to the optimum solution of the average rate vector. The derivation is given below.
Utility-based objective functions can consider both the system throughput and
user’s fairness, and are widely accepted in designing fair scheduling strategies, among
which PF scheduling is one of the most popularly used. In [107], PF is proved to
∑
be equivalent to maximizing a utility function U (z) = N
i=1 log zi , where zi is the
performance metric of link i.
1

A utility or revenue function is normally increasing and concave while a cost function is usually
increasing and convex in order to reflect the users’ preference.
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When the utility function is given by
(

)

U X(t) =

N
∑

log X i (t).

(3.3)

i=1

PF is achieved for the rates over a long term, and the scheduling is referred to as long
term PF scheduling. Substituting (3.3) into (3.1) we can ﬁnd that
N
∑
Ri (t)
r(t) = arg max
,
R(t)
X i (t)
i=1

(3.4)

which gives the optimum transmission rate vector at time slot t in order to achieve
long term PF scheduling iteratively.
Achieving the optimum scheduling based on (3.4) normally requires a central
scheduler, or multiple links should coordinate with one another — both are diﬃcult
in an ad hoc wireless network. In the scheduling scheme proposed in [107], only the
transmitter with the largest

Ri (t)
X i (t)

is allowed to transmit in every time slot. This is

referred to as single user scheduling (SUS). By limiting the number of simultaneous
transmitting users to one, SUS tends to waste system resources. In the remaining
part of this chapter, we study multi-user scheduling (MUS) which allows multiple
simultaneous transmissions in order to more eﬃciently utilize the available network
resources while keeping long-term PF among diﬀerent links. We ﬁrst formulate an
optimum PF scheduling problem and then propose two heuristic MUS schemes.
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Problem Formulation

We consider the same system as described in Section 2.1, where the secondary transmissions opportunistically use the spectrum of the cellular network uplink through
spectrum underlay, and interfere with the uplink transmissions in the cellular network.
Since all the uplink transmissions in a cellular cell share the same receiver at the BS,
the interference level experienced by the primary links can be measured at the BS.
We use Ith to denote the maximum tolerable interference level that the BS can accept
from the secondary transmissions and assume that the BS is able to distinguish the
interference caused by the secondary transmissions from that caused by the primary
transmissions. This is the second interference model described in Chapter 2, which
allows us to focus our attention to the CRN since the interference threshold limits
the transmissions in the CRN but not in the primary network. The BS (or the CRN
controller) compares measured interference level with Ith , and broadcasts information
to the secondary network to assist power allocation and transmission scheduling in
the network.
We consider point-to-point links, i.e., single hop transmissions only in the CRN.
The one-hop transmission range in the secondary network is usually much shorter
than the cellular cell size. Channel time is divided into equal size time slots, each
of which is for transmitting one data packet and an acknowledgement frame (ACK).
The transmission power of an MS is limited by both Pmax and Ith , where Pmax is
the maximum transmission power of the MS. We use transmitter i and receiver i,
respectively, to represent the transmitter and receiver of link i, where i = 1, 2, . . . , N ,
and N is the total number of links. Let Ri (t) and Pi (t), respectively, denote the
transmission rate of link i and the transmission power of its transmitter at time slot
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t. Each link requires a minimum signal-to-interference-plus-noise ratio (SINR), γ ∗ .
Then
W
Pi (t)gs2s,ii (t)
≥ γ ∗,
Ri (t) Ip2s,i (t) + Is2s,i (t) + η

(3.5)

where W is the spread spectrum bandwidth, gs2s,ii (t) is the link gain from transmitter
i to receiver i at time slot t, η is the power of the background additive white Gaussian
noise (AWGN), Ip2s,i (t) is the total interference at receiver i caused by all primary
transmissions at time slot t, and Is2s,i (t) is the total interference at receiver i caused
by other transmissions in the same network and given by

Is2s,i (t) =

N
∑

Pj (t)gs2s,ji (t),

(3.6)

j=1,j̸=i

where gs2s,ji (t) is the link gain from transmitter j to receiver i.
By keeping only the equality in (3.5) we ﬁnd the maximum transmission rate of
link i as
Ri (t) =

W
Pi (t)gs2s,ii (t)
.
∗
γ Ip2s,i (t) + Is2s,i (t) + η

(3.7)

The total interference that all secondary transmissions cause at the primary BS
should not exceed the predeﬁned threshold, i.e.,
N
∑

Pi (t)gs2p,i (t) ≤ Ith ,

(3.8)

i=1

where gs2p,i (t) is the link gain from transmitter i to the BS of the primary network.
From the description in Section 3.2, the optimum PF scheduling for long term average rates can be achieved through an iterative process. At time slot t the scheduling

63

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

is to ﬁnd the rate vector R(t) and power vector P(t) = [P1 (t), P2 (t), . . . , PN (t)] in order to maximize the summation in (3.4), subject to the constraints given in (3.6)-(3.8)
as well as the MS maximum transmission power limit. We can then ﬁnd the optimum transmission rate and power vectors at time t from the following optimization
problem:
N
∑
Ri (t)
max
R(t),P(t)
X i (t)
i=1

(3.9)

Pi (t)gs2s,ii (t)
W
, i = 1, 2, . . . , N
∗
γ Ip2s,i (t) + Is2s,i (t) + η
N
∑
Pj (t)gs2s,ji (t), i = 1, 2, . . . , N
Is2s,i (t) =

s.t. Ri (t) =

∑N
i=1

(3.10)
(3.11)

j=1,j̸=i

Pi (t)gs2p,i (t) ≤ Ith

0 ≤ Pi (t) ≤ Pmax , i = 1, 2, . . . , N.

(3.12)
(3.13)

Comments:
• The iterative scheduling based on the solution to the above optimization problem is referred to as OPT-A, where “A” stands for average rate.
• If we change the objective function in (3.9) to maxN
i=1 Ri (t), the solution results
in the highest total transmission rate in every time slot. This is the max-rate
scheduling.
• A max-min rate scheduling can also be obtained at each time slot by solving the same optimization problem but changing the objective function to
max minN
i=1 Ri (t).
The above optimization problem is a nonlinear and nonconvex problem and cannot
64

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

be eﬃciently solved. We rewrite the optimization problem so that it ﬁts the format
of the standard GP problem.

min ∑N

R(t),P(t)

1

(3.14)

Ri (t)
i=1 X i (t)

∑N
Ri (t)γ ∗ Ip2s,i (t) + j=1,j̸=i Pj (t)gs2s,ji (t) + η
s.t.
≤ 1,
W
Pi (t)gs2s,ii (t)
i = 1, 2, . . . , N
1 ∑N
Pi (t)gs2p,i (t) ≤ 1
Ith i=1
Pi (t)
≤ 1, i = 1, 2, . . . , N,
0≤
Pmax

(3.15)
(3.16)
(3.17)

where the objective is to minimize the inverse of the original utility function. We
change the equality in the rate constraint in (3.10) to an inequality in (3.15) without
aﬀecting the results of the problem, and replace Is2s,i (t) with the right hand side
of (3.10). The objective function and each of the constraints are in the same format
as in the standard GP problem, and the optimization problem can be solved using
the method in [128].
In [128], it is demonstrated that the solution converges to the global optimal most
of the cases, although it may converge to a local optimal under some conditions. In
solving (3.14), we have done extensive tests using the same method and compared the
results with the global optimal solution obtained using the exhaustive search method.
Our results show that over 99% of the cases the iterative method converges to the
global optimum solution for randomly selected initial values in the feasible region. In
other cases it converges to a local optimum solution.
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Solving the problem is time consuming, since it takes a large number of iterations
before the method converges, especially when the number of links is large. In addition,
the optimum scheduling solution cannot be easily implemented in a practical system
as it requires the scheduler to know gs2p,i (t), gs2s,ij (t), and Ip2s,i (t) for all i, j =
1, 2, . . . , N . It is unlikely that all this information can be collected, even there exists
a central station. Note that with a small probability the iterative method does not
ﬁnd the global optimum but a local optimum solution. However, we still refer to the
solution as “optimum” to simplify the presentation. In the following two sections,
we design two heuristic multi-user scheduling (MUS) schemes. Both the schemes are
performed mainly by the MSs in the secondary network distributively, and require
some limited assistance from the primary BS. The schemes can be easily implemented
in a practical system.

3.4

Proposed MUSU scheme

In this section we propose a MUSU scheme, where the second “U” stands for “utility”
since the scheduling decision takes into consideration the utility that each link can
potentially contribute to the objective utility function.
The scheduling is performed periodically at the beginning of each scheduling interval (SI), which is deﬁned as a period of time over which the physical channel
conditions are relatively stable. We consider that a SI is much longer than a time slot
so that the overhead for making the scheduling decisions has the minimum impact on
the transmission throughput. At the beginning of each SI, there is no transmission
in the secondary network, and each receiver measures its received Ip2s,i (t) + η level,
which is a sum of the interference from the primary network and the background
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noise power. Receiver i then passes the value of Ip2s,i (t) + η to its transmitter. This
information exchange can be performed in diﬀerent ways, one of which is to combine
this with the estimation of link gain gs2s,ii (t), which is also required in making the
scheduling decisions as will be seen below. The transmitter-receiver pairs either follow
a pre-assigned order or are scheduled by the BS in order to exchange special channel
estimation packets. The RTS/CTS exchanges can be used for this purpose. Upon
receiving the packet from transmitter i, receiver i estimates gs2s,ii (t) based on the received signal strength and returns the value together with the value of Ip2s,i (t)+η back
to the transmitter. Upon receiving the message containing gs2s,ii (t) and Ip2s,i (t) + η,
transmitter i estimates its maximum transmission rate, R̂i (t), assuming Is2s,i (t) = 0,
as
R̂i (t) =

W P̂i (t)gs2s,ii (t)
,
γ ∗ Ip2s,i (t) + η

(3.18)

where P̂i (t) is the maximum allowed transmission power of the MS limited by both
the equipment maximum transmission power and the available interference threshold,
i.e.,

{

Ith
P̂i (t) = min Pmax ,
gs2p,i (t)

}
.

(3.19)

Note that Ith can be considered as a network resource that is unique to a cognitive wireless network, since a higher Ith allows MSs to transmit with higher power.
In (3.19) it is assumed that the transmission power of each MS can consume all the
interference threshold, if its maximum transmission power allows. The calculation of
R̂i (t) also needs gs2p,i (t), which can be measured at the MSs in the secondary network.
We assume that the link gain from the secondary transmitter to the primary BS is
equal to that in the reverse direction, so that gs2p,i (t) can be measured at transmitter
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i based on the pilot signal level from the BS. Based on the calculated R̂i (t), the transmitter estimates the utility that it can contribute to the objective function in (3.9)
as
Ûi (t) =

R̂i (t)
W P̂i (t)gs2s,ii (t)
= ∗
.
X i (t)
γ X i (t) Ip2s,i (t) + η

(3.20)

Replacing P̂i (t) in (3.20) using the right-hand-side of (3.19), we have
{
}
W gs2s,ii (t)
Ith
min Pmax ,
.
Ûi (t) = ∗
gs2p,i (t)
γ X i (t)(Ip2s,i (t) + η)

(3.21)

Similar to SUS, in MUSU a transmitter with higher Ûi (t) is given a higher priority to transmit. However, in MUSU multiple transmitters are allowed to transmit
at the same time. A lower priority transmitter can transmit if interference caused
by all higher priority ones at the primary BS is below Ith . In order to prioritize the
transmissions, each transmitter starts a backoﬀ timer that is inversely proportional
to Ûi (t). Transmitters with larger Ûi (t) then have their backoﬀ timers expire earlier.
During the backoﬀ period, the transmitters listen to the BS for an updated interference threshold, Ith,rem , which speciﬁes how much interference the BS can still accept
from the secondary transmissions on top of the current interference level. Ith,rem is
equal to Ith at the beginning of each SI and updated after more transmitters transmit.
The maximum transmission power of a transmitter is limited by both Pmax and the
current Ith,rem . Upon the time when its backoﬀ timer expires, transmitter i ﬁnds its
transmission power as

{

Ith,rem
Pi (t) = min Pmax ,
gs2p,i (t)

}
.

(3.22)

If Pi (t) > 0, the MS transmits immediately, and Ith,rem is updated at the BS based
on the updated interference level. Mathematically, Ith,rem is updated as Ith,rem =
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Ith,rem − Pi (t)gs2p,i (t). Later on, the transmitter with the next largest Ûi (t) will have
its backoﬀ timer expire. The above process is repeated until either Ith,rem = 0 or
all the MSs have transmitted. The transmission rates are found through adaptive
rate allocations distributively based on the experienced interference at the receivers
and the SINR requirements of the links. After the rate adaptation, the transmitter
updates the smoothed average rate, X i (t), at the beginning of each time slot based
on (3.2), although the scheduling decisions are kept the same throughout the SI.
Let T represent a set of the scheduled links. The following simple pseudocode
summarizes how to ﬁnd the transmission rate and power vectors mathematically
based on the MUSU scheduling process.
Pseudocode 1: MUSU
1: Deﬁne C = {1, 2, . . . , N }, T = ∅, and Ith,rem = Ith .
2: Find Ûi (t) for i = 1, 2, . . . , N .
3: while C is not empty and Ith,rem > 0 do
4:

Find k = argmaxi∈C Ûi (t).

5:

th,rem
}.
Pk (t) = min{Pmax , gs2p,k
(t)

6:

T = T ∪ {k} and C = C \ {k}.

7:

Ith,rem = Ith,rem − Pk (t)gs2p,k (t).

I

8: end while
9: Pi (t) = 0 for all i ∈ C.
10: Find Ri (t)’s from (3.10) and (3.10).

The MUSU scheduling is mainly done at the secondary network in a distributive
way with limited assistance from the primary BS, which measures the amount of
interference from the secondary transmissions and broadcasts the updated Ith,rem
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to the secondary network. There is no need to exchange information among the
secondary links. Although the transmission rates eventually are also dependent on
link gains, gs2s,ij (t)’s for all i, j = 1, 2, . . . , N , these link gain values are not required
in making the scheduling decisions.
Multiple MSs can transmit simultaneously using the MUSU scheduling scheme,
provided the total interference to the primary network does not exceed the interference
threshold. However, this does not mean that higher utility can always be achieved
by allowing more MSs to transmit, since mutual interference can deteriorate the
throughput. In order to increase the overall utility, the scheduling should avoid
simultaneous transmissions with strong mutual interference. This can be achieved by
using the concept of exclusive region as in [131] and [132]. After all higher priority
transmitters have transmitted, a lower priority one can transmit only if it does not
cause strong interference to any scheduled transmissions.
One practical way to implement the exclusive regions in the ad hoc network is
to use short RTS/CTS messages. When the backoﬀ timer of a transmitter expires,
the transmitter sends a short RTS frame to its receiver, which responds with a short
CTS frame. Other transmitters that are still in backoﬀ overhear the messages and
will not transmit in the current SI. A transmitter that does not hear any RTS/CTS
frames before expiration of its backoﬀ timer can transmit. Note that using the exclusive regions does not completely eliminate mutual interference among simultaneous
transmissions. The transmission rates of the links are obtained through adaptive rate
allocations. Mathematically, the rates can be found from (3.10) and (3.10).
Pseudocode 2 is a simpliﬁed code that can be used to ﬁnd the rate and power
vectors in the MUSU scheduling process with exclusive regions, and it is a slight
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modiﬁcation of Pseudocode 1.
Pseudocode 2: MUSU with exclusive regions
1: Deﬁne C = {1, 2, . . . , N }, T = ∅, and Ith,rem = Ith .
2: Find Ûi (t) for i = 1, 2, . . . , N .
3: while C is not empty and Ith,rem > 0 do
4:

Find k = argmaxi∈C Ûi (t).

5:

if Link k is not in the exclusive region of any link in T then
I

6:

th,rem
Pk (t) = min{Pmax , gs2p,k
}.
(t)

7:

T = T ∪ {k} and C = C \ {k}.

8:

Ith,rem = Ith,rem − Pk (t)gs2p,k (t).

9:
10:
11:

else
Pk (t) = 0 and C = C \ {k}.
end if

12: end while
13: Pi (t) = 0 for all i ∈ C.
14: Find Ri (t)’s from (3.10) and (3.10).

Note that it takes time for the primary BS to detect the interference changes after each
transmission. If the time diﬀerence between the backoﬀ timers of two transmitters is
less than the maximum round-trip time between the primary BS and the secondary
transmitters, the secondary transmitter whose backoﬀ timer expires latter may not
receive the most updated Ith,rem value and therefore transmit higher power than it
should. This may result in that the actual interference level at the primary BS
is higher than Ith . As soon as the BS realizes this, it broadcasts a power down
′

message indicating the current interference level I . Upon receiving this message,
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the transmitters that are still in backoﬀ should not transmit in the current SI, and
the transmitting stations should reduce their transmission power to

Ith
I′

of its current

transmission power.

3.5

Proposed MUSI scheme

Ideally, if mutual interference among peer links can be completely eliminated from
the secondary network by using the exclusive regions, then Is2s,i = 0 for all i ∈ T .
The scheduling is then to ﬁnd the set T and the rate and power vectors so that
∑ Ri (t)
R(t),P(t)
X i (t)
i∈T
max

W Pi (t)gs2s,ii (t)
s.t. Ri (t) = ∗
, i∈T
γ Ip2s,i (t) + η
∑
Pi (t)gs2p,i (t) ≤ Ith

(3.23)
(3.24)
(3.25)

i∈T

0 ≤ Pi (t) ≤ Pmax , i ∈ T .

(3.26)

Let Qi (t) = Pi (t)gs2p,i (t) and replace Ri (t) in (3.23) with the right-hand-side of (3.24),
the above optimization problem can be rewritten as:

max
R(t),P(t)

s.t.

∑

∑
i∈T

γ ∗X

W gs2s,ii (t)
1
Qi (t)
i (t)[Ip2s,i (t) + η] gs2p,i (t)

Qi (t) ≤ Ith

(3.27)
(3.28)

i∈T

0 ≤ Qi (t) ≤ Pmax gs2p,i (t), i ∈ T .

(3.29)

From the constraint in (3.28) we can ﬁnd that all Qi (t)’s are equally weighted in terms
of their contributions to the total secondary-to-primary interference. Meanwhile, the
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contribution of each Qi (t) to the objective function is proportional to a weight wi (t)
given by
wi (t) =

W gs2s,ii (t)
1
.
γ ∗ X i (t)[Ip2s,i (t) + η] gs2p,i (t)

(3.30)

A scheduling scheme can then be designed so that a higher priority is given to the
links with larger weights at the beginning of the current SI. The scheduling works in
a similar way as MUSU, except that the backoﬀ timer of each transmitter is inversely
proportional to wi (t). We can ﬁnd that prioritizing the transmissions based on the
weight deﬁned in (3.30) considers not only the objective function as in MUSU, but
also the interference threshold, and therefore the scheduling scheme is referred to as
MUSI, where “I” stands for interference threshold.
The main diﬀerence between MUSU and MUSI is the diﬀerent eﬀects of gs2p,i (t)
on link transmission priorities. In (3.30), a smaller gs2p,i (t) leads to a larger wi (t) or a
higher priority for link i, when other conditions are the same. However, in (3.21)
gs2p,i (t) does not independently aﬀect the transmission priority(or Ûi (t)). When
gs2p,i (t) is small so that Pmax <

Ith
,
gs2p,i (t)

the eﬀect of gs2p,i (t) on Ûi (t) is overwhelmed

by Pmax . As a result, a link with very low gs2p,i (t) may not have a chance to transmit
if MUSU is used. The same link has a high priority to transmit if MUSI is used. From
the optimization problem we can observe that when the values of

W gs2s,ii (t)
γ ∗ X i (t)(Ip2s,i (t)+η)

are

the same for two links, the one with smaller gs2p,i (t) should have a higher priority
to transmit as it adds little to the secondary-to-primary interference but can greatly
increase the objective function. A link with smaller gs2p,i (t) can contribute more to
the overall system utility.
The concept of exclusive region can also be used in the MUSI scheme as in the
MUSU scheme for further reducing the mutual interference among peer links.
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Numerical Results
Table 3.1: Default Simulation Parameters
Parameter
Cellular cell radius
Total number of primary links
Transmission rate of each primary link
Spread spectrum bandwidth W
Background AWGN noise power η
Path loss exponent
Standard deviation of log-normal fading σ
Maximum primary user transmission power
Maximum secondary user transmission power Pmax
SINR threshold γ ∗
Default interference threshold Ith
Maximum secondary user transmission range
tc

Value
1000m
10
32kbps
5MHz
10−10 W
4
8dB
0.5W
0.05W
5dB
10−12 W
100m
1000 time slots

We consider a generic cell of a cellular network as the primary network, where MSs
are uniformly distributed in a circular coverage area of the BS. We then distribute N
transmitters for the secondary network with their positions uniformly distributed in
the BS coverage area. For each link, the receiver is randomly located within the circular ad hoc coverage area of the transmitter. The physical channel propagation model
is a superposition of path loss and large scale lognormal shadowing. Default simulation parameters can be found from Table 3.1. Below we demonstrate performance of
the proposed scheduling schemes. We use MUSU-EX and MUSI-EX, respectively, to
represent the MUSU and MUSI schemes using exclusive regions, MUSU and MUSI
for without exclusive region. For comparison, we also show performance of the optimum solution, SUS and max-rate scheduling. Results of max-min scheduling are not
shown as its throughput is several magnitudes smaller than the other schemes.
We ﬁrst demonstrate the throughput performance of the proposed scheduling
schemes in Fig. 3.1. For comparison, we also show the throughput of OPT-A and
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Figure 3.1: System throughput of diﬀerent schemes
SUS. All the proposed schemes outperform SUS since they can take better advantage
of the available resources than SUS by allowing multiple MSs to transmit simultaneously whenever possible. The MUSI scheme achieves higher throughput than MUSU,
and this veriﬁes that the prioritization metric in (3.30) is better than that in (3.21)
in terms of throughput. All the proposed scheduling schemes achieve lower throughput than OPT-A, since the proposed heuristic schemes cannot take accurate mutual
interference among peer links into consideration when making scheduling decisions. Among all the schemes shown in Fig. 3.1, the max-rate scheduling achieves the
highest throughput. Later we will demonstrate that the high throughput is achieved
at the price of signiﬁcant unfairness. Comparing the scheduling schemes with and
without using the exclusive regions, we ﬁnd signiﬁcant throughput improvement using
the exclusive regions. By avoiding links with strong mutual interference to transmit
simultaneously, the overall throughput can be improved greatly. This is true for both
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the MUSU and MUSI schemes. This proves that when reducing the mutual interference Is2s,i , throughput performance of the proposed scheduling schemes approaches
to that of the optimum scheduling. Among all the heuristic schemes, the MUSI-EX
is the one with throughput performance closest to the optimum.
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Figure 3.2: System throughput vs. exclusive region size
Although having a reasonable size of exclusive regions can eliminate simultaneous
transmissions with strong interference, a very large size of exclusive region decreases
the number of simultaneous transmissions and reduces the system level throughput.
In Fig. 3.2 we show the eﬀect of the exclusive region size on the system throughput,
assuming the size can be perfectly controlled. We ﬁnd that the system throughput
increases with the exclusive region size at ﬁrst, then decreases when further increasing
the exclusive region size. The optimum size of the exclusive regions may depend
on diﬀerent system parameters, while developing an analytical model to obtain the
accurate relationship can be diﬃcult.
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Figure 3.3: System utility
In Fig. 3.3, we compare the system utility

50

∑N

∑N
i=1

i=1

60

log Ri

log Ri of the proposed PF schedul-

ing schemes. For comparison we also show the utility of SUS. The optimal scheduling
gives the highest utility, and SUS results in the lowest utility. For the proposed PF
scheduling schemes, the ones with exclusive regions achieve higher utility. This indicates that eliminating strong mutual interference among simultaneous transmissions
can improve the system level throughput and increase the overall utility function. We
also ﬁnd that the MUSI scheme achieves higher utility than the MUSU scheme. This
veriﬁes the intuitive comparison between MUSU and MUSI in the last paragraph of
Section 3.5.
We then use the Jain’s fairness index to evaluate the fairness of the proposed
∑N

Ui =

Ri
Xi

2
i=1 (Ui )
2
i=1 Ui

as deﬁned in [133], where Ui ’s,
(
)
for i = 1, 2, . . . , N , are the performance metrics to be evaluated, and X i =

scheduling schemes. The fairness index is f =

∑N

limt→∞ X i (t). In fact, Ui indicates the tradeoﬀ between service rate and transmission
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Figure 3.4: Fairness index
delay for link i. From (3.2) we can ﬁnd that the instantaneous transmission rates of a
link are discounted with time when calculating X i (t). For example, consider that for
the ﬁrst 2 time slots, the rates for link 1 are R1 (1) = 0 and R1 (2) = R0 > 0, and for
link 2 are R2 (1) = R0 and R2 (2) = 0. For all later time slots, R1 (t) = R2 (t). When
the simulation is completed, the two links have the same average rate, i.e., R1 = R2 ,
but X 1 > X 2 and therefore U1 < U2 . That is, the link with its traﬃc served later
has a smaller Ui . In general, to have the same Ui values for multiple links, the links
with shorter service delay should receive lower average throughput compared to the
links with longer delay. For OPT-A, the fairness index is approximately equal to 1 as
shown in Fig. 3.4. Theoretically, X i should converge to Ri when t goes to inﬁnity, and
the fairness index of OPT-A should be 1. In simulations, the time required to have X i
be close to Ri increases with the total number of links. Therefore, the fairness index
for OPT-A is slightly smaller than 1 when N is very large. The fairness indexes of
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all the proposed scheduling schemes and the SUS scheme are very close to 1 as well,
although slightly smaller than the fairness index of OPT-A. Note that the drawback
of SUS is its low resource utilization but not fairness. The max-rate scheduling results
in the worst fairness index, as it always gives transmission opportunity to the link
with the best channel condition and achieves high transmission rate by sacriﬁcing the
transmission opportunities for links with poorer channel conditions.
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Figure 3.5: System throughput vs. interference threshold
We then look at the throughput of the scheduling schemes with diﬀerent interference thresholds. From Fig. 3.5 we can ﬁnd that when the interference threshold is
below a certain value, the throughput increases with the interference threshold. This
is true for all the schemes shown in the ﬁgure. Beyond a certain value, further increasing the interference threshold does not aﬀect the network throughput anymore.
This is due to the contradictory eﬀects of the interference threshold on the secondary
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network. On one hand, increasing the interference threshold may allow higher transmission power from the MSs. This can potentially increase the transmission rates. On
the other hand, a higher interference threshold forces the primary MSs to transmit
higher power and causes higher interference to the secondary transmissions, and this
may reduce the secondary transmission rates. When the interference threshold is relatively low, for example, smaller than the background noise power, increasing Ith has
little eﬀect on the primary transmission power. Therefore, the primary to secondary
interference is almost constant when Ith increases, and the secondary link transmission rate increases with Ith . When Ith is relative high, the high interference from the
primary transmissions limits the increase of transmission power of the secondary MSs
and therefore limits their throughput.
Selecting diﬀerent values for tc aﬀects the tradeoﬀ between system throughput and
packet transmission delay. When tc is small, a higher weight is given to the current
transmission rate as shown in (3.2) and the scheduling reacts to channel condition
changes quickly. In this case, fairness can be achieved in a relatively small time scale.
However, the instantaneous transmission rates can change very abruptly from one SI
to the next. This is shown as the cases of tc = 10 and tc = 102 in Fig. 3.6. When tc
is large, the eﬀect of current channel condition on the scheduling is reduced, and the
transmission rates change much smoother with time, for example, when tc = 103 and
tc = 104 . Meanwhile, fairness is achieved over a longer time period as tc increases.
The exact value of tc depends on speciﬁc applications and is beyond the scope of this
paper.
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Figure 3.6: Eﬀect of tc on average throughput (MUSI)

3.7

Summary

In this chapter, we have proposed two proportional fair scheduling schemes for best
eﬀort traﬃc in a CDMA-based CRN with spectrum underlay. Based on long term
average rates, both the scheduling schemes can be performed at the secondary network distributively with limited assistance from the primary network. With much
reduced complexity, the proposed scheduling schemes can achieve close-to-optimum
throughput while keeping good fairness.
In this work we have assumed that there is no minimum rate requirement for
the secondary links. In the next chapter we will extend this work to consider that
each link has a minimum average rate requirement and design admission control and
scheduling schemes to guarantee this requirement.
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Chapter 4
Joint Admission Control and
Packet Transmission Scheduling in
CRNs
4.1

Introduction

It has been demonstrated in the previous chapter that resources can be well managed
in a CRN when serving best eﬀort data traﬃc in order to optimize the throughput
performance. In this chapter we study resource management for supporting traﬃc
with strict quality of service requirements in a CRN with spectrum underlay. Both
admission control and packet transmission scheduling are considered. When the traﬃc
load at the primary network is relatively stationary, the capacity change in the CRN
is relatively stationary. Using admission control can eﬀectively ensure the amount
of admitted traﬃc below the CRN system capacity over a long term. The actual
QoS of the admitted traﬃc is achieved through packet-by-packet scheduling. Both
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streaming traﬃc and non-real-time (nrt) traﬃc are considered. The streaming traﬃc
requires a constant replay rate at the receiver, and the non-real-time data traﬃc
requires an average transmission throughput. By opportunistically taking advantage
of the random link and interference conditions during the scheduling process, very
low session outage probability can be achieved for the streaming traﬃc, and the nrt
traﬃc can receive the required throughput.
The remainder of this chapter is organized as follows. In Section 4.2 we describe
the system model on which this work is based. Section 4.3 presents the proposed
admission control scheme. The packet scheduling schemes are described in Section
4.4. Numerical results are demonstrated in Section 4.5, followed by a summary in
Section 4.6.

4.2

System Description

We consider the same CRN network as described in the previous two chapters. Two
types of traﬃc are served, non-real-time (nrt) data traﬃc and streaming traﬃc. We
use D to represent a set of the nrt data connections and S to represent a set of the
streaming connections. With each link carrying only one connection, D and S can
also be used to represent the set of links carrying the nrt data and that of the links
carrying the streaming traﬃc, respectively. Each nrt traﬃc source generates data at
a random rate and the data link requires an average transmission throughput Rreq,i .
For the streaming traﬃc, all data can be pre-stored in a buﬀer at the transmitter,
or the source at the transmitter generates packets after the connection is established
and stores the packets in a buﬀer before they are transmitted. The buﬀer at the
transmitter is assumed to be of inﬁnite size. After a link is established, successfully
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transmitted data are ﬁrst stored in a buﬀer at the receiver and replayed at a constant
rate Rreq,i . The proposed work, however, can be extended for supporting variable
rate streaming traﬃc by converting the variable rate into an equivalent constant rate
based on the average rate, peak rate, tolerable packet loss rate, required delay, and
other traﬃc characteristics. An example of this type of methods is to use the eﬀective
bandwidth [134]-[135]. The equivalent constant service rate (or eﬀective bandwidth)
is between the average rate and peak rate. It is closer to the average rate if the service
can tolerate longer delay or higher packet loss rate; and it is closer to the peak rate
if the service requires very stringent delay and low packet loss rate. Having larger
buﬀer size at the receiver allows the sender to transmit at a high rate to the receiver
whenever the radio resource is available provided the delay for replaying the data is
tolerable.
Due to the random resource availability and the time varying channel and interference conditions, the instantaneous transmission rate of link i, Ri (t), varies with
time. For each nrt link, there is a buﬀer with an inﬁnite size at each receiver, and
therefore the instantaneous transmission rate can be as high as the channel conditions and available resources allow. For the steaming traﬃc, the receiver of the ith
link has a buﬀer with a maximum size of Bmax,i Rreq,i . The receiver starts playing
the data as soon as its data buﬀer becomes full for the ﬁrst time. Replayed data is
removed from the buﬀer. Session outage occurs when the receiver buﬀer does not
have suﬃcient data to keep the required replaying rate. Intuitively, larger Bmax,i results in fewer session outages since the session can tolerate up to Bmax,i consecutive
link outages (Ri (t) = 0) without a session outage. On the other hand, having larger Bmax,i introduces longer delay to start playing the data at the receiver. The CR
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nodes of each link measure the link gain, gii (t), which includes both the path loss
and log-normally distributed shadowing. Information of the transmission power is
included in a data message, and the receiver ﬁnds the link gain based on the received
signal strength. The aggregate interference that all primary transmissions cause to
the ith secondary link, Ip2s,i (t), is measured by the CR receiver at the beginning of
each time slot when there is no transmission activity in the CRN. We assume that
the time slots in the CRN and the primary network are perfectly synchronized, so
that Ip2s,i (t) keeps constant during one time slot. The long term average of Ip2s,i (t)
is denoted as I˜p2s,i . The link gain between the transmitter of the ith secondary link
to the primary BS, gs2p,i (t), is measured at the secondary transmitter based on the
received signal strength of the pilot signal from the BS. The short term link gain and
interference values are used for packet transmission scheduling, and the path loss and
I˜p2s,i values are used for admission control.

4.3

Admission Control

Admission control should guarantee that all connections receive their required QoS
throughout their lifetime. Therefore, it should consider the long-term channel and interference conditions, not only the conditions when the connection request is received.
The interference constraint and random resource availability makes admission control
in a CRN a very challenging issue. Furthermore, the admission control should consider the QoS not only for the link requesting for admission, but also for all existing
links. In addition, admission control is also closely related to packet transmission
scheduling, since the actual QoS of the connections is determined by how packet
transmissions are scheduled. On the other hand, most practical scheduling schemes
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are complicated, which generally should jointly consider not only the traﬃc characteristics and QoS requirements of individual connections, but also instantaneous link
and interference conditions. This makes it very diﬃcult to ﬁnd the connection-level
capacity based on speciﬁc scheduling schemes. Therefore, in this work we use relatively static information, such as path loss and average interference conditions, for
admission control. We consider that the position information of all the stations in
the CRN is available at the controller and use g̃ji to represent the path loss between
the transmitter of link j and the receiver of link i. The path loss between the transmitter of link i and the BS, denoted as g̃s2p,i , can also be obtained based on distance
between the station and the BS. The admission control decisions based on such static
information can tolerate random changes in the incoming traﬃc, measurement errors
for the link gains and MS locations. On the other hand, the distance and average
link gain information can be fairly accurate in a system where the MSs are relatively
static.
Assume there are N −1 existing links in the CRN. When a new connection request
arrives with the required rate Rreq,new , the request is sent to the controller, which
assumes that the new request is the N th link in the system and solves the following
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optimization problem:

max R̃N
s.t.

(∑

R̃i
∑N

i=1

∑N
i=1

W P̃i g̃ii
N
j̸=i

P̃j g̃ji + I˜p2s,i + η

(4.1)
) ≥ γ ∗, 1 ≤ i ≤ N

(4.2)

P̃i g̃s2p,i ≤ Ith , if the new request is a streaming connection

(4.3)

P̃i g̃s2p,i ≤ Ith,data , if the new request is a nrt connection

(4.4)

R̃i = Rreq,i , 1 ≤ i ≤ N − 1

(4.5)

0 ≤ P̃i ≤ Pmax , 1 ≤ i ≤ N,

(4.6)

where the unknowns are R̃N and P̃i for i = 1, . . . , N , P̃i is the estimated transmission power for the transmitter of link i, and Ith,data ≤ Ith . After solving the
problem, if R̃N ≥ Rreq,new , the new request is accepted as the N th existing link, and
Rreq,N = Rreq,new . Otherwise, the user’s request is rejected. Diﬀerent interference
thresholds are set depending on the new request is streaming or nrt traﬃc. When
Ith,data = Ith , the nrt data requests have the same priority as the streaming traﬃc in
admission control; when Ith,data is smaller, fewer nrt data requests can be accepted,
leaving more resources for potential streaming traﬃc requests. Outage performance
for the streaming traﬃc is not explicitly considered in the admission control. However, the random changes of link gains and interference conditions provide the packet
transmission scheduling with opportunities to achieve low outage probability. This
will be detailed in Section 4.4.
When the primary users’ activity is relatively stationary, it is possible for the
CR stations to measure the experienced interference levels from the primary network and predict the future resource availability with high certainty. Therefore, the
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QoS of admitted connections can be well guaranteed for a long term. On the other
hand, if there is any abrupt change in the primary network transmission activity,
QoS in the CRN may be violated and some admitted connections may have to be
dropped. For example, when a new connection is generated at the primary network,
especially the transmitter is close to the receiver of an existing secondary link, the
primary-to-secondary interference experienced by the secondary receiver can increase
signiﬁcantly, both instantaneously and over a long term. The controller periodically
reevaluates the resource availability at the CRN based on the updated interference
levels. It checks the feasibility of all constraints in the above optimization problem.
If any of the constraints cannot be satisﬁed, a certain criterion is used to remove one
or more connections from the system until all the constraints can be satisﬁed for the
remaining connections.
We consider three criteria for connection dropping, i) the most recently admitted
connection is dropped ﬁrst, ii) the connection with the highest I˜p2s,i is dropped ﬁrst,
and iii) the connection with the smallest estimated weight is dropped ﬁrst. For the
weight-based dropping criterion, an estimated weight is deﬁned for each connection
as follows
w̃i =

g̃ii
W
.
∗
γ g̃s2p,i X i (I˜p2s,i + η)

(4.7)

This is similar to the weight deﬁned in chapter 3 (3.30), where instantaneous link
gains and interference level are used when deﬁning the weight. Instead, the weight
deﬁned in equation (4.7) above is based on path losses and the average primary-tosecondary interference level in order to consider the long term transmission conditions.
A link with smaller link gain and experiencing stronger interference may have a
smaller w̃i . Therefore, the intention for the weight-based dropping criterion is to
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drop links with poorer transmission conditions. In designing these dropping criteria,
we do not distinguish links with diﬀerent type of the traﬃc, but this can be an option
in practical systems. The exact criterion may depend on practical situations, for
example, agreement between the users and the network operator, but is beyond the
scope of this work.

4.4

Packet Transmission Scheduling

In the scheduling process, the ﬁrst goal is to reduce the session outage for the streaming links and guarantee the average throughput for the nrt links. This will be presented in subsections 4.4.1 and 4.4.2. The scheduling should then try to utilize the
available resources in a fair and eﬃcient way. We design two scheduling methods,
an optimum scheduling in Subsection 4.4.3 and a weight-based scheduling in Subsection 4.4.4. The former is an ideal method assuming global information about the link
and interference conditions is available, and the latter is a heuristic scheme based on
measured link and interference conditions at the CR nodes.

4.4.1

Reducing session outage probability for streaming trafﬁc

For the streaming traﬃc, every eﬀort should be made to reduce the session outage.
Assuming that data can be replayed at the receiver during the packet transmission
process, whether there is a session outage at time slot t depends on both the receiver
buﬀer occupancy at the end of time slot t − 1 and the transmission rate at time slot
t. Let Bi (t − 1) represent the receiver buﬀer occupancy normalized to Rreq,i for link

89

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

i at the end of time slot t − 1, i.e., the actual buﬀer occupancy is Bi (t − 1)Rreq,i .
Then Bi (t − 1) indicates how much time the buﬀered data at the receiver can keep
the session running without a session outage, if the link will not have a chance to
transmit after time slot t − 1. Because of the constant replay rate, the transmitter
′

has full knowledge about Bi (t − 1). Deﬁne S = {i|Bi (t − 1) < Ts , i ∈ S}, where Ts is
′

the duration of one time slot. Links in S should have a higher priority to transmit
at time slot t in order to avoid immediate session outage. The minimum transmission
rate at time slot t to keep the session running for the entire duration of the time slot
is given by
Rmin,i (t) =

Ts − Bi (t − 1)
Rreq,i .
Ts

(4.8)

On the other hand, the limited buﬀer size at the receiver limits the maximum transmission rate. Consider that an amount of Rreq,i Ts data is replayed and removed from
the receiver buﬀer in each time slot (when there is no session outage), the maximum
transmission rate for link i at time slot t is given by

Rbuf,i (t) =

4.4.2

Bmax,i − Bi (t − 1) + Ts
Rreq,i .
Ts

(4.9)

Achieving average throughput for nrt traﬃc

For the nrt links, the objective is to maximize the resource utilization while satisfying
the average throughput requirements. Meanwhile, we notice that in order to maximize
the resource utilization, the average throughput can be achieved over a longer period
of time for links with poorer channel and interference conditions. To have some
control over the time scale over which the average throughput is achieved for the nrt
traﬃc, we deﬁne a counter, ξi (t), for each nrt link. The initial value of ξi (t) is set to
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zero and it is updated at the end of every time slot. It is increased by one if link i
i (t)
does not transmit at a time slot, and decreased by ⌊ RRreq,i
⌋ if the link transmits at rate
′

′

Ri (t). Deﬁne D = {i|ξi (t − 1) > ξmax , i ∈ D}. Links in D have a higher priority to
transmit in the next time slot. Intuitively, a smaller ξmax helps to achieve the average
throughput over a shorter period of time, but may force the links to transmit more
frequently than necessary, and this can easily result in that some links transmit when
their transmission conditions are poor.

4.4.3

Optimum scheduling

′′

′′

Let S be a set of the streaming links with Bi (t − 1) ≥ Ts , and D be a set of
the nrt links with ξi (t − 1) ≤ ξmax . The objective of the scheduling for links in
′′

′′

S and D is to improve the resource utilization, while keeping fairness among the
links. Links with good transmission conditions should transmit at higher rates in
order to eﬃciently utilize the available resources. Meanwhile, other links with poorer
transmission conditions should also have chances to transmit in order to avoid very
low rate over a long period of the time. The idea of packet scheduling with longterm proportional fairness (PF) can achieve this objective. It is proved that the
PF scheduling is the best tradeoﬀ between network resource utilization and user’s
satisfaction [107]. The long term PF scheduling further improves resource utilization
compared to the slot-by-slot PF scheduling. In chapter 3 we have designed scheduling
schemes to achieve long-term PF rates among links in a CRN with spectrum underlay,
where the OPT-A scheme is an ideal scheme that achieves the optimum proportional
fairness, and the MUSU scheme is a heuristic scheme that is based on measured link
and interference conditions. The basic idea for these schemes is that links with either
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good transmission conditions at the current time or low transmission rates in the
past may have a higher priority to transmit. However, the schemes are speciﬁcally
designed for best-eﬀort data traﬃc. In this work we reconsider the scheduling schemes
by jointly considering the streaming traﬃc and the nrt traﬃc. By modifying the
OPT-A and MUSU schemes in chapter 3, an optimum scheduling is formulated in
the remaining of this subsection, and a heuristic scheduling is designed in the next
subsection.
Let Ropt,i (t) and Popt,i (t), respectively, be the transmission rate and power for link
i. The optimum scheduling scheme is formulated as follows :

max

∑N
i=1

s.t.
Ropt,i (t)

Ropt,i (t)
X i (t)

[∑

(4.10)

W Popt,i (t)gii (t)
N
j̸=i

Popt,j (t)gji (t) + Ip2s,i (t) + η

] ≥ γ ∗ , i = 1, 2, . . . , N (4.11)

Ropt,i (t) > 0, i = 1, 2, . . . , N,

(4.12)

Ropt,i (t) ≤ Rbuf,i (t), i ∈ S,

(4.13)

′

Ropt,i (t) ≥ Rmin,i (t), i ∈ S ,

(4.14)

0 ≤ Popt,i (t) ≤ Pmax , i = 1, 2, . . . , N,
∑
′
i∈S Popt,i (t)gs2p,i (t) ≤ Ith ,
∑
∑
j∈S ′ Pj gs2p,j (t),
i∈D′ Popt,i (t)gs2p,i (t) ≤ Ith −
∑
∑
′′
′
′
i∈S Popt,i (t)gs2p,i (t) ≤ Ith −
j∈S ∪D Pj gs2p,j (t),
∑
∑
′′
′
i∈D Popt,i (t)gs2p,i (t) ≤ Ith −
j∈S∪D Pj gs2p,j (t),

(4.15)
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where X i (t) represents a smoothed average rate in the past and is deﬁned as
X i (t + 1) = αX i (t) + (1 − α)Ropt,i (t),

(4.20)

and 0 < α < 1. For a special case, X i (t) = 0 when t = 0. The constraints (4.12)(4.14) are for the transmission rates, and the constraints (4.16)-(4.19) give diﬀerent
priorities of the links by setting diﬀerent interference thresholds. The optimization
′

problem is solved ﬁrst using constraints (4.11)-(4.14) and (4.16) for all the links in S .
After having the results, it is then solved using constraints (4.11)-(4.14) and (4.17)
′′

for all the links in S . After the scheduling is done for all the streaming links, it is
′

solved using constraints (4.11)-(4.14) and (4.18) for all the links in D , and ﬁnally
′′

solved using constraints (4.11)-(4.14) and (4.19) for all the links in D . In this way,
′

the streaming links in S have the highest priority, followed by the streaming links in
′′

′′

S , and the links in D have the lowest priority. If there is no feasible solution, link
k is temporarily removed, where k = arg maxi,i∈S ′ Bi (t − 1), and the optimization
problem is solved again. This is repeated until a feasible solution is obtained.
The optimization problem is nonlinear and nonconvex. It can be reformulated
into a general geometric programming problem as done in Section 3.3. The optimum
scheduling, however, cannot be implemented in a practical system because it requires
link gains and interference conditions within the CRN and between the CRN and the
primary network.

4.4.4

Weight-based scheduling

In order to design a scheduling scheme that can be implemented in a practical system,
we modify the MUSI scheme proposed in chapter 3 to incorporate the session outage
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performance for the streaming traﬃc and the average throughput requirement for the
nrt traﬃc. Deﬁne Li (t) as the priority level of link i at time slot t. A larger value
of Li (t) indicates a lower transmission priority for the link. A link with Li (t) = 1
has the highest priority to transmit, and a link with Li (t) = ∞ cannot transmit at
time slot t. Algorithm 1 is used to ﬁnd the priority levels. The streaming links with
Bi (t − 1) < Ts have the highest priority, and a higher priority is given to the link
with smaller Bi (t − 1). After that, a higher priority is given to the nrt links with
ξi (t − 1) > ξmax , and a higher priority is given to the link with larger ξi (t − 1). For
each of the other links, the streaming links have a higher priority than the nrt links.
A weight wi (t) similar to that in chapter 3 is deﬁned and a link with a larger weight
has a higher priority to transmit. The weight for link i at time slot t is given by

wi (t) =

W
γ ∗ X i (t) [Ip2s,i (t − 1) + η]

·

gii (t − 1)
.
gs2p,i (t − 1)

(4.21)

Diﬀerent from the deﬁnition in chapter 3, this weight in (4.21) is calculated based on
the link and interference conditions at time slot t − 1. Each CR transmitter calculates
the weight at the end of time slot t − 1 and passes it to the controller.
At the end of each time slot, the controller collects information from the CR
nodes and calculates the transmission priority of each link for the next time slot
using Algorithm 1. For the streaming links with Bi (t − 1) < Ts and the nrt links with
ξi (t − 1) > ξmax , the CR transmitters pass the respective Bi (t − 1) and ξi (t − 1) values
to the controller at the end of the time slot t − 1. For other links, the transmitters
can pass their calculated wi (t) values to the controller, which performs Algorithm 1
and informs the CR transmitters of their priority levels through the control channel
before the start of time slot t.
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After performing Algorithm 1, transmission power for the links will be found.
Deﬁne
Ith,rem = Ith −

∑

all j,Lj (t)<Li (t) Pj (t)gs2p,j (t)

(4.22)

as the amount of the interference that the BS can still tolerate after the transmissions
of all the CR links with higher priority. The maximum transmission power of a nrt
link i is then given by

{

Ith,rem
Pi (t) = min Pmax ,
gs2p,i (t)

}
.

(4.23)

In order to ﬁnd the updated Ith,rem for each link, the lower priority link should transmit
slightly later. This is achieved by a backoﬀ process similar to that in chapter 3. The
transmitter of link i sets its backoﬀ timer to be Li (t)δ, where δ is equal to the
maximum round trip time required for a signal to propagate between an MS in the
CRN and the controller. At the time when the transmitter of link i completes the
backoﬀ, the controller measures the interference level, updates Ith,rem , and broadcasts
it in the CR network. Upon completing the backoﬀ, the CR transmitter calculates its
transmission power based on the current Ith,rem . Lower priority links cannot transmit
if Ith,rem = 0 when they complete the backoﬀ. Note that the total amount of time for
backoﬀ, denoted as Th , is limited. Therefore, the number of transmitting links in a
given time slot is limited to Th /δ, and a link with Li (t) > Th /δ cannot transmit in the
current time slot. Instead of having the MSs perform the backoﬀ and calculate the
transmission power, the CR transmitters can also pass values of gs2p,i (t − 1) to the
controller, which calculates the transmission power for each CR transmitter and passes
the values back to the transmitters at the beginning of the time slot t. In either way,
the controller plays an important role because the transmission power at the CRN is
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limited by the interference level that is measured at the controller. Instead of using
the backoﬀ process to select the links that are allowed to transmit, an optimization
problem can be formulated and ﬁnd the optimum Th /δ links. However, this requires
the controller to collect information about the mutual interference among the links,
which is practically diﬃcult and therefore not considered here.
In addition, the concept of exclusive region is adopted to prevent strong mutual
′′

′′

interference among the peer links. A link i in S or D cannot transmit if it is within
the exclusive region of any link with a higher priority. The actual transmission power
for each link is limited by the maximum transmission power of the transmitter node.
For a streaming link, the transmission power is also dependent on Rbuf,i (t), which
is the maximum rate limited by the receiver buﬀer space. The required transmission
power for achieving Rbuf,i (t) is estimated as

Pbuf,i (t) =

γ ∗ Rbuf,i (t)[Ip2s,i (t) + η]
,
W gii (t)

(4.24)

where mutual interference from peer links is ignored due to the use of exclusive
regions which prevent strong mutual interference among the peer links. By taking
into consideration the interference threshold and the maximum transmission power
of the node, the actual transmission power is given by
}
Ith,rem
, Pbuf,i (t) .
Pi (t) = min Pmax ,
gs2p,i (t)
{

(4.25)

Note that mutual interference cannot be completely eliminated by using the exclusive regions. Given the transmission power of each node, the actual transmission
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Algorithm 1 Calculating priority levels
′

′

′

′

′′

′′

′′

′′

1: Deﬁne As = S , Ad = D , As = S , and Ad = D . Initialize C = 0, and

Li (t) = ∞ for all links.
′

2: while As is not empty do
3:
i = arg mink∈A′ Bk (t − 1)
s

′

4:
C = C + 1, Li (t) = C, and As = As \ {i}.
5: end while
′
6: while Ad is not empty do
7:
i = arg maxk∈A′ ξk (t − 1)
d

′

′

s

′′

′′

d

′′

′′

8:
C = C + 1, Li (t) = C, and Ad = Ad \ {i}.
9: end while
′′
10: while As is not empty do
11:
i = arg maxk∈A′′ wk (t)
12:
C = C + 1, Li (t) = C, and As = As \ {i}.
13: end while
′′
14: while Ad is not empty do
15:
i = arg maxk∈A′′ wk (t)

C = C + 1, Li (t) = C, and Ad = Ad \ {i}.
16:
17: end while
rate is obtained through rate adaptation so as to meet the SINR requirements. Mathematically, the transmission rate for link i can be found from (4.26) as

Ri (t) ≤

γ∗

[∑

W Pi (t)gii (t)
N
j=1,j̸=i

],

(4.26)

Pj (t)gji (t) + Ip2s,i (t) + η

where the equality holds if the actual SINR is equal to γ ∗ .
The scheduling decisions strongly depend on the interference levels at the primary
BS. In a practical system, the measured interference levels may not be accurate. As
a result, the actual interference at the BS caused by the secondary transmissions,
denoted by Ime , may exceed Ith . When this occurs, the controller notiﬁes all the
transmitting MSs to reduce their transmission power to Pi (t) ×
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the allowed interference threshold can be reduced to βIth , where β is between 0 and
1, in order to accommodate potential measurement errors. When β is smaller, more
measurement errors can be tolerated in the scheduling, given the same probability
that (4.16) is violated; or with the same measurement errors, (4.16) is violated with
a smaller probability.

4.5

Numerical Results

We consider a generic cell of a cellular network as the primary network. The initial
locations of the MSs in the primary network are uniformly distributed in a circular
coverage area of the BS. For the CRN, the initial locations of the transmitters are
uniformly distributed in the BS coverage area, and the receivers are randomly located
within the circular ad hoc coverage area of the respective transmitters. The moving
speed of the MSs is 5m/s and the direction is uniformly distributed between 0 and 2π.
Whenever an MS moves to the boundary of the BS coverage, it changes to another
direction randomly. The link gains are generated using the two-dimensional correlated
shadowing model in [136], which considers both spatial and temporal correlations of
the shadowing factors. The temporal correlation reﬂects the correlation of link gains
over time due to moving of the MSs. The spatial correlation considers the ﬁxed
location of obstacles and ﬁnds the correlation in close distance. The autocorrelation
function is determined by two factors: the resolution distance (which is 1m) gives the
accuracy of the correlation, and the decorrelation length (which is 20m) is a constant
recommended in [136]. Each I˜p2s,i is an average of the measured Ip2s,i (t) values over
one second interval.
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In the primary network, transmissions from MS i to the BS in the uplink require a constant rate, Rp,i , and a minimum required SINR, γp∗ , at the BS receiver. Let Pp,i represent the transmission power of MS i in the primary network, and
gp,i (t) the link gain between the MS and the BS. Assuming perfect power control is
achieved, the values of Pp,i for all i can be jointly solved from the following relationship,

Rp,i

[∑M

W Pp,i (t)gp,i (t)

p
j=1,j̸=i

Pp,j (t)gp,j (t)+Ith +η

]

≥ γp∗ , for i = 1, 2, . . . , Mp , where Mp is the total

number of primary links, and the equality is used so that each MS transmits at the
minimum power.
For the CRN, two independent Poisson processes are used to generate the connection requests for the streaming traﬃc and nrt data traﬃc, respectively. The new
connection is randomly (with equal chance) assigned to one of the transmitter-receiver
pairs that do not have active connections at the time. The duration of each admitted
connection follows an exponential distribution. For each admitted nrt connection, data packets each with a ﬁxed size are generated using another Poisson process. Default
parameters are listed in Table 4.1.
Fig. 4.1 shows the connection blocking rates of both types of the traﬃc. When
generating Fig. 4.1, we ﬁx the connection arrival rate for the streaming traﬃc and
vary that for the nrt traﬃc. As the nrt connection arrival rate increases, the overall
traﬃc load admitted into the network increases, and therefore the blocking rates
for both types of the traﬃc may increase. Although the blocking rate for the nrt
traﬃc keeps increasing, that for the streaming traﬃc is upper bounded. This is due
to the use of Ith,data , which limits the amount of admitted nrt traﬃc. Therefore,
when the arrival rate for the nrt connections is high, the high blocking rate for the
nrt traﬃc guarantees that a certain amount of resource is always available for the
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Table 4.1: Default Simulation Parameters
Parameter
Cell radius
Path loss exponent
Standard deviation of log-normal fading
Spread spectrum bandwidth W
SINR threshold γ ∗ (primary and secondary)
Background AWGN noise power η
Number of primary links
Transmission rate of primary link
Maximum transmission power of primary MS
Maximum transmission power of secondary MS Pmax
Exclusive region size (radius)
Interference threshold Ith
Secondary user transmission range
Streaming connection arrival rate
Nrt data connection arrival rate
Average streaming connection duration
Average nrt connection duration
Data packet arrival rate
Time slot duration Ts
Overhead time per time slot Th

Value
1000m
4
8dB
5MHz
5dB
10−10 W
10
32kbps
0.5W
0.05W
100m
10−12 W
100m
100 requests/sec
100 requests/sec
60 sec
120 sec
2.5 packets/sec
5ms
0.5ms

streaming traﬃc. Furthermore, the blocking rate for the nrt traﬃc is much smaller
when Ith,data = 70% than that when Ith,data = 30% since more system resource is
available for the nrt traﬃc in the former case. Correspondingly, the blocking rate for
the streaming traﬃc is higher when Ith,data = 70% than that when Ith,data = 30%.
Fig. 4.2 further shows that setting diﬀerent values for Ith,data can change the relative
amounts of the streaming and nrt traﬃc admitted into the system. When Ith,data = 0,
all the system resource is used for the streaming traﬃc. As Ith,data increases, more nrt
data connections and fewer streaming connections can be admitted into the system.
Below we consider performance of the admitted streaming and nrt traﬃc separately.

Figs. 4.3 and 4.4 show the session outage performance for the streaming traﬃc.
One session outage is recorded if for a given time slot, the receiver does not have
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Figure 4.1: Connection blocking rate
enough data in the buﬀer to keep the replay rate at Rreq,i . Fig. 4.3 shows that both the
optimum scheduling and the weight-based scheduling achieve very low session outage
probability. This indicates that the admission control scheme and the scheduling
together can eﬀectively protect QoS of admitted traﬃc. By using only static link gains
and average interference levels, the admission control ignores the random channel
fading and interference changes in predicting the resource availability, and this gives
chance for the scheduling scheme to take advantages of the random channel fading
and interference changes so to achieve low session outage. The outage performance
using the weight-based scheduling is very close to that using the optimum scheduling.
This proves the eﬀectiveness of the weight-based scheduling in determining the link
transmission priority based on link and interference conditions.
In Fig. 4.3, we also plotted outage performance of two other schemes: buﬀer-based
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Figure 4.2: Eﬀect of Ith,data on amount of admitted traﬃc
and rate-based scheduling. In the buﬀer-based scheduling, links with smaller Bi (t)
values are given a higher priority to transmit; and in the rate-based scheduling, links
with higher Ropt,i (t) are given a higher priority to transmit. Both the buﬀer-based
and rate-based schemes result in about one magnitude higher outage probability
than the proposed scheduling schemes. The rate-based scheme does not consider the
buﬀer occupancy, which is directly related to the session outage, and therefore results
in the highest outage probability. The buﬀer-based scheduling does not consider
link transmission conditions. Links with small receiver buﬀer occupancy but poor
transmission conditions may have to transmit at high power which leaves small Ith,rem
for other links and causes high interference to other links.
Fig. 4.4 shows fairness of the scheduling schemes in terms of outage performance,
where we use Jain’s fairness index [137]. The buﬀer-based scheme has the best fairness
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Figure 4.3: Session outage probability
among all the schemes since it always balances the buﬀer occupancy, which is directly
related to the outage performance. Fairness of the weight-based scheme is very close
to that of the buﬀer-based and the optimum scheduling since buﬀer occupancy is
the ﬁrst aspect considered when determining transmission priority of the streaming
links. The rate-based scheme has the worst fairness because it does not consider
buﬀer occupancy when determining the transmission priority.
Fig. 4.5 shows performance of the nrt traﬃc when using the weight-based scheduling, where Ravr,i in the vertical axis is the cumulative average throughput of an admitted nrt connection over the time interval indicated in the horizontal axis. It is
shown that when the time interval is suﬃciently long (about 1500 time slots with
the given parameters), all connections can receive their required average throughput.
Within a short period of time, using smaller ξmax may result in smoother rate changes
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Figure 4.4: Fairness of session outage
since it forces the nrt connections to transmit more frequently. On the other hand,
setting a larger value for ξmax may beneﬁt the system resource utilization.
Fig. 4.6 compares the packet transmission delay and throughput performance
of the admitted nrt traﬃc. The ﬁgure shows that the performance of the optimum
scheduling and the weight-based scheduling is quite close, in terms of both throughput
and delay. This shows the eﬀectiveness of the weight-based scheduling. Fig. 4.6 also
shows that as ξmax increases, the throughput increases, while data transmission delay
increases too. This shows the tradeoﬀ between the resource utilization and the latency.
Fig. 4.7 further shows the fairness of average packet transmission delay among the
nrt links, where we can see that very good fairness can be achieved among diﬀerent
links.
Accurate interference measurements are assumed in generating the above results.
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Figure 4.5: Cumulative average data throughput
In practice, the measured interference at the BS may not be accurate. As a result,
the actual interference at the BS caused by the secondary transmissions, denoted by
Ime , may exceed Ith . Whenever Ime > Ith , the controller notiﬁes all the transmitting
MSs to reduce their transmission power to

Ith
Ime

of their current transmission power, in

order to protect the transmissions in the primary network. To ensure the QoS of the
traﬃc admitted into the CRN, the allowed interference threshold during admission
control can be reduced to βIth , where β is between 0 and 1. That is, Ith is replaced
with βIth during admission control, although the acceptable interference threshold
packet transmissions is Ith . We assume that the measured interference from the secondary transmissions at the controller has an error which is log-normally distributed
with mean of zero and standard deviation of δ. Figs. 4.8 and 4.9 show the eﬀect
of estimation error on the performance of the streaming traﬃc and the nrt traﬃc,
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Figure 4.6: Throughput and delay performance of nrt traﬃc
respectively, based on the above approaches. Fig. 4.8 indicate that larger estimation
errors can negatively aﬀect the performance of the streaming traﬃc. On the other
hand, this depends on the tolerable outage probability. If a slightly higher outage
probability, such as 1% for the streaming traﬃc, the estimation error has very little
eﬀect on the performance of the streaming traﬃc. Reducing β during the admission
control can reduce the outage probability of admitted streaming traﬃc at a price of a
fewer admitted connections. Similar observations can be obtained from the nrt traﬃc
from Fig. 4.9, although performance degradation is larger, compared to the streaming
traﬃc, because of the lower priority of the nrt traﬃc. Mathematically analyzing the
relationship among β, δ, and the required outage performance can be diﬃcult, but the
value of β can be adjusted dynamically based on the measured outage performance.
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Figure 4.7: Fairness of transmission delay for admitted nrt connections
In generating all previous results, we considered a ﬁxed number of primary connections. Next we consider a more dynamic scenario in the primary network, where each
MS can have two states. When the MS generates a new connection, its state changes
from “oﬀ” to “on”. When an existing connection ends, the MS’s state changes from
“on” to “oﬀ”. In the simulation, we ﬁx the probability from “on” to “oﬀ” and vary
the probability from “oﬀ” to “on”. Fig. 4.10 shows the connection dropping rate.
We can see that it is possible to achieve very low connection dropping rate. Using
the weight-based criterion achieves slightly lower connection dropping rate than the
other two criteria, because this criterion takes not only interference between the two
networks, but also interference within the CRN. The criterion that drops the most
recent admitted connection does not consider the interference condition and therefore
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Figure 4.8: Eﬀect of inaccurate measurement on streaming traﬃc performance
results in the highest dropping rate, and the criterion based on primary to secondary
interference achieves drop rate performance between the other two criteria.

4.6

Conclusions

We have proposed an admission control scheme for streaming traﬃc and non-real-time
data traﬃc and designed scheduling schemes for each type of the traﬃc. By using
static channel and interference conditions, the admission control scheme eﬀectively
limits amount of the traﬃc admitted into the system to be below capacity. The
heuristic scheduling scheme opportunistically takes advantage of the random channel
and interference conditions and achieves low and fair session outage probability for
the streaming traﬃc and high throughput and fair transmission delay for the data
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Figure 4.9: Eﬀect of inaccurate measurement on nrt traﬃc performance
traﬃc, and its performance is close to the optimum scheduling. Extending the current
work to multihop ad hoc network is underway.
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Chapter 5
RRM in CDMA-based
Cooperative Networks
5.1

Introduction

Using cooperative relaying is another approach to improving the spectrum eﬃciency
and the transmission quality of the users. As mentioned in section 1.4.2, most
of the work on cooperative communication networks available in the literature is
based on orthogonal transmissions among diﬀerent links, where diﬀerent transmitterreceiver pairs use diﬀerent frequency channels. In this chapter, we study the power
distribution of a CDMA-based cellular network with cooperative relaying, where all
the transmissions share the same spectrum. Two forwarding techniques, i.e., decodeand-forward (DF) and amplify-and-forward (AF), are considered. An optimization
problem is formulated for the uplink and downlink, respectively. The objective is
to minimize the total transmission power of the stations, subject to the average
transmission rate and SINR requirement of the user traﬃc. A heuristic scheme is
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designed for distributing transmission powers of the SSs and RSs in each direction.
Transmission power and outage performance is examined for both the optimum and
heuristic solutions with diﬀerent RS selection criteria. We ﬁnd that very signiﬁcant
performance improvement can be achieved using cooperative relaying. The remaining
part of this paper is organized as follows. In Section 5.2 we describe the system model
that this work is based on. The optimum power distribution solutions for the uplink
and downlink are presented in Section 5.3 and Section 5.4, respectively. A heuristic
power distribution scheme is presented in Section 5.5. RS selection criteria are
described in Section 5.6. Numerical results are shown in Section 5.7. Section 5.8
concludes the paper.

5.2

System Description

We consider a cellular CDMA network, where diﬀerent frequency bands are used for
the uplink and downlink, so that there is no interference between the uplink and
downlink transmissions. Each BS is associated with several MSs, each of which is
equipped with a single radio transceiver with an omni-directional antenna. The maximum transmission power for an MS is PMS,max , and that for the BS is PBS,max . We
consider cooperative transmissions in both the uplink and downlink. In the uplink,
MSs carrying their own connections are the SSs, and the BS is the DS for all connections. In the downlink, the BS is the SS for all connections and the DSs are MSs.
MSs that do not carry active traﬃc are available for cooperatively relaying packets
for their peer stations.
Each BS transmits a pilot signal at a constant power. An MS measures the channel
gain between itself and its associated BS according to the received pilot signal strength
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and reports the channel gain to the BS. The link gains can be used by the BS to select
RSs and to distribute the transmission power. We use Gi,j to represent the link gain
between station i and station j, where a station can be either the BS or an MS, and
the MS can be an SS (in the uplink), RS, or DS (in the downlink). We further assume
that the link gains are reciprocal, i.e., for any two stations i and j, Gi,j = Gj,i .
For capacity analysis, we consider that each connection generates packets at a
constant rate R bits per second. All packets have the same size and bit error rate
(BER) requirement. A packet is received successfully if the average BER is less than
or equal to the target BER. For given transceiver design, the BER can be converted
into a minimum SINR requirement, γ ∗ . Channel time is divided into equal length time
slots, each of which is for one packet transmission. We assume that channel fading is
relatively slow so that the channel condition can be considered time-invariant over a
period of time which is much longer than the packet transmission time.
We consider that one RS is selected for each connection based on the RS selection
criterion. The RS selection schemes are presented in Section 5.6. Since the RS cannot
transmit and receive at the same time, it receives from the SS in the odd time slots
and forwards to the DS in the even time slots. The DS receives from the SS in the odd
time slots and from the RS in the even time slots, and combines the signals at the end
of each even time slot using maximum ratio combining (MRC). As a result, the SS
only transmits at the odd time slots, i.e., it is idle for half of the time. Therefore, the
instantaneous data transmission rate of the source should be 2R in order to guarantee
the average service rate of R to the end user. We consider a synchronized case as
follows. In the odd time slots, all SSs transmit while both the DS and the RSs are
receiving, and in the even time slots all RSs forward the received signals from the SSs
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to the BS. We consider both two relay forwarding techniques: decode-and-forward
(DF) and amplify-and-forward (AF).

5.3

Power Distribution in the Uplink

We consider N u connections in the uplink. The MS carrying the ith connection in
the uplink is denoted as the ith MS. We use riu to represent the RS of connection i
in the uplink, Piu to denote the transmission power of SS i, and Priu the transmission
u
power of the RS of connection i. Let γs,i
represent the received SINR of the signal
u
at the BS receiver input for a packet from SS i, γc,i
the received SINR of the signal
u
at the RS receiver input for the same packet, and γr,i
the received SINR at the BS

receiver input for a packet forwarded from the RS. Below we formulate an optimum
power distribution problem for both DF and AF with an objective to minimize the
total transmission power of all MSs, including both the SSs and RSs, subject to the
SINR requirement of the connections and maximum station transmission power.
We consider a typical connection in the uplink. In the odd time slots, the RS
and DS receive interference from transmissions of SSs of all other connections. The
received SINR for a packet transmitted from SS i at the BS after de-spreading can
be found as
u
γs,i
=

W
Piu Gb,i
.
∑N u u
2R j=1 Pj Gb,j − Piu Gb,i + η

(5.1)

for i = 1, 2, . . . , N u , where W is the spread spectrum bandwidth, b is the BS that
SS i is associated to, and η is the power of the background additive white Gaussian
noise. Similarly, the received SINR of the same signal at the RS after de-spreading
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is given by
u
γc,i
=

Piu Gi,riu
W
.
∑ u u
u
2R N
u − P Gi,r u + η
P
G
j,r
i
j=1 j
i
i

(5.2)

u
For DF, γc,i
should be larger than or equal to γ ∗ so that the RS can successfully

decode the received signal from the SS before forwarding it to the DS. When the packet
is forwarded from the RS to the DS, it experiences interference from transmissions of
all other RSs, and its SINR at the BS receiver after de-spreading is

u
γr,i
=

Priu Gb,riu
W
.
∑N u
2R j=1 Pru Gb,ru − Pru Gb,ru + η
j
j
i
i

(5.3)

For AF, successful decoding is not required at the RS, which simply ampliﬁes the
received analog signal together with interference and noise and forwards to the BS.
u
Therefore, the expression of γr,i
should take the ampliﬁed interference into consider-

ation and is given by

u
γr,i

Priu Gb,riu βiu
W
,
=
∑ u
u
2R N
u
u
u
u
j=1 Pr Gb,r − Pr Gb,r βi + η
j

where βiu =

u
γc,i
u
γc,i +1

j

i

(5.4)

i

.

At the end of each even time slot, the BS combines the signals from the SS and
u
u
the RS for each connection, and the combined SINR after MRC is γiu = γs,i
+ γr,i
for

connection i. To ensure successful transmission, γiu ≥ γ ∗ .
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Given the above analysis, an optimum power distribution problem can be formulated as follows:
N
∑
(
u

Problem I: min

Piu + Priu

)

(5.5)

i=1

s.t.

u
u
γs,i
+ γr,i
≥ γ ∗ , i = 1, 2, . . . , N u

(5.6)

u
≥ γ ∗ , i = 1, 2, . . . , N u , for DF only
γc,i

(5.7)

0 ≤ Piu ≤ PMS,max , i = 1, 2, . . . , N u

(5.8)

0 ≤ Priu ≤ PMS,max , i = 1, 2, . . . , N u

(5.9)

u
u
u
where γs,i
and γc,i
, respectively, are given by (5.1) and (5.2), and γr,i
is given by (5.3)

for DF and (5.4) for AF. Note that the SSs and the RSs do not transmit at the
same time, therefore the objective function is equivalent to minimizing the total SS
transmission power in the odd time slots and the total RS transmission power in the
even time slots. If there is no solution to the optimization problem, one or more
connections should be removed so that a solution can be found for the remaining
connections. The removed connections are in outage.
Solving Problem I is not trivial. The constraint in (5.6) is a non-linear function
of Piu ’s and Priu ’s. It can be proved that Problem I is non-convex. The problem
cannot be directly solved by commonly used optimization software. With some simple
mathematical manipulations we can use the iterative method proposed in [128] to
solve the problem. The method is summarized in Appendix. Let Ai = Piu Gb,i ,
∑N u
∑ u
2Rγ ∗
u
u
u
u
u
Āi = N
j=1,j̸=i Prj Gb,rj , and C = W . Then
j=1,j̸=i Pj Gb,j , Bi = Pri Gb,ri , B̄i =
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u
and γr,i
=

W Bi
.
2R B̄i +η

Then constraint (5.6) can be rewritten as

Bi
Ai
+
≥ C,
Āi + η B̄i + η

(5.10)

which can be further rewritten as
C Āi B̄i + ηC Āi + ηC B̄i + η 2 C
≤ 1.
Ai B̄i + Bi Āi + ηAi + ηBi

(5.11)

In (5.11) both the numerator and the denominator on the left-hand side are posynomials of Piu ’s and Priu ’s. Replacing (5.6) in Problem I with (5.11), we can use the
iterative method in Appendix A to solve.

5.4

Optimum Power Distribution in the Downlink

In the downlink the BS is the SS for all connections. Let Pid denote the transmission
∑ d d
power of the BS for connection i, then Pb = N
i=1 Pi is the total transmission power
of the BS, where N d is the total number of connections in the downlink. We use rid
to represent the RS for connection i in the downlink, and Prid the transmission power
∑ d
of the RS. Then N
j=1 Prjd is the total transmission power of all RSs. The objective
of the power distribution is to guarantee the SINR requirement of the connections,
d
while minimizing both the BS and the RS transmission power. Below we use γs,i

to represent the received SINR of the signal at the DS for a packet from the BS
d
d
the
the received SINR at the RS for the same packet, and γr,i
for connection i, γc,i

received SINR at the DS for the packet forwarded from the RS.
The objective of power distribution in the downlink is to minimize Pb +
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Since the BS and the RSs do not transmit at the same time, the objective function
is equivalent to minimizing the total BS transmission power in the odd time slots
and the total RS transmission power in the even time slots. At the odd time slots
when the BS (SS) transmits, the received SINR of the signal for connection at the
DS receiver after de-spreading is given by

d
γs,i
=

W
Pid Gb,i
,
2R Pb Gb,i − Pid Gb,i + η

(5.12)

and the same packet also reaches the RS of connection i with the received SINR (after
de-spreading) given by

d
γc,i
=

Pid Gb,rid
W
.
2R Pb Gb,rid − Pid Gb,rid + η

(5.13)

For DF, the RS should decode the received packet, re-encode, and forward to the DS.
d
That is, γc,i
≥ γ ∗ should hold. At the DS receiver, the forwarded signal from the RS

experiences interference from transmissions of all other RSs. Assuming the RS can
correctly decode the signal from the BS, the SINR at the DS receiver for connection
i after de-spreading is given by

d
γr,i
=

Prid Grid ,i
W
.
∑N d
2R
j=1 Prjd Grjd ,i − Prid Grid ,i + η

(5.14)

For AF, the RS does not decode the received signal, but ampliﬁes the received analog
signal, interference, and noise and forwards to the DS. The SINR of the forwarded
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signal at the DS after de-spreading is given by

d
γr,i
=

where βid =

d
γc,i
d
γc,i +1

βid Prid Grid ,i
W
,
∑
2R N d Prd Grd ,i − βid Prd Grd ,i + η
j=1
j
j
i
i

(5.15)

.

At the end of each even time slot, the DS combines the signal from the BS in
the previous time slot and the signal from the RS in the current time slot, and the
d
d
combined SINR after MRC is γid = γs,i
+ γr,i
for connection i.

Similar to that for the uplink, the optimum power distribution problem for the
downlink is then formulated as follows:
)
(
∑ d
Problem II: min Pb + N
P
d
i=1 ri
s.t.

(5.16)

d
d
γs,i
+ γr,i
≥ γ ∗ , i = 1, 2, . . . , N d

(5.17)

d
γc,i
≥ γ ∗ , i = 1, 2, . . . , N d , for DF only

(5.18)

0 ≤ Prid ≤ PMS,max , i = 1, 2, . . . , N d

(5.19)

0 ≤ Pb ≤ PBS,max

(5.20)

d
d
d
where γs,i
and γc,i
, respectively, are given by (5.12) and (5.13), and γr,i
is given

by (5.14) for DF and (5.15) for AF. A similar method as in Section 5.3 can be used
to convert Problem II into a format that can be solved by the iterative method in
Appendix. Communication outage occurs if the optimization problem does not have
a feasible solution.
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Heuristic Power Distribution Schemes

From the optimum problem formulation in Section 5.3 we ﬁnd that for the uplink,
the signals received at the RS of SS i experience interference from transmissions of
all other SSs. Therefore, to solve the optimization problem, the BS should know link
gains from all SSs to all RSs. This information cannot be easily obtained by the
BS. The same diﬃculty also exists in the downlink when implementing the optimum
power distribution solution since it requires link gains from all RSs to all DSs.
A practical solution is that the SS-DS link and the RS-DS link each have a ﬁxed
SINR target so that dynamic power control is possible, for example, each of the
two links can have a ﬁxed share of the total required SINR. A simple scheme is to
determine the shares based on their link gains to the BS. In the uplink, we can have
u
γs,i
Gb,i
=
, i = 1, 2, . . . , N u , and
u
γr,i
Gb,riu

(5.21)

u
u
γs,i
+ γr,i
= γ ∗ , i = 1, 2, . . . , N u .

(5.22)

Based on this policy, the target SINRs for the SS-DS link and the RS-DS link are
Gb,i
γ∗
Gb,i +Gb,ru
i

and

Gb,ru
i

Gb,i +Gb,ru

γ ∗ , respectively. Assuming the dynamic power control con-

i

verges and the power control is perfect, the transmission power of each SS and RS
can be found from the equation set of (5.23) and (5.24) for DF and the equation set
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of (5.23) and (5.25) for AF.

u
γs,i
:

Piu Gb,i
Gb,i γ ∗
W
=
,
∑ u u
u
u
2R N
G
+
G
G
−
P
G
+
η
P
b,i
b,r
b,j
b,i
i
i
j=1 j

Priu Gb,riu
Gb,riu γ ∗
W
,
=
∑ u
u
2R N
G
+
G
u Gb,r u − Pr u Gb,r u + η
P
b,i
b,r
r
i
j=1
j
j
i
i
u
∗
u
u
u
β
G
P
γ
G
W
b,ri i
ri
b,ri
for AF:
=
,
∑ u
u
2R N
Gb,i + Gb,riu
u
u
u
j=1 Pr Gb,r − Pri Gb,r βi + η

u
γr,i
for DF:

u
γr,i

j

j

(5.23)
(5.24)
(5.25)

i

for i = 1, 2, . . . , N u . The solution to the above equation system is feasible if all the
following conditions are satisﬁed: i) 0 ≤ Piu ≤ PMS,max for all i = 1, 2, . . . , N u , and
ii) 0 ≤ Priu ≤ PMS,max for all i = 1, 2, . . . , N u . Note that the power distribution does
not guarantee the SINR of the SS-RS link. For DF, the solution should satisfy an
u
additional condition, γc,i
≥ γ ∗ , for successful decoding at the RS.

A similar heuristic power distribution solution can be designed for the downlink.
That is, the total required SINR of each downlink connection is split between the
BS-DS and RS-DS links based on their link gains. The SINR shares of the two links
are given by
d
γs,i
Gb,i
=
, i = 1, 2, . . . , N d , and
d
Grid ,i
γr,i

(5.26)

d
d
γs,i
+ γr,i
= γ ∗ , i = 1, 2, . . . , N d ,

(5.27)

and the transmission power of the BS and RS for each connection can be solved using
the equation set in (5.28) and (5.29) for DF and (5.28) and (5.30) for AF, assuming
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perfect power control.

d
γs,i
:

d
γr,i
for DF:

d
γr,i
for AF:

Pid Gb,i
W
Gb,i γ ∗
,
=
2R Pb Gb,i − Pid Gb,i + η
Gb,i + Griu ,i
Grid ,i γ ∗
Prid Grid ,i
W
=
,
∑
2R N d Prd Grd ,i − Prd Grd ,i + η
Gb,i + Grid ,i
j=1
j
j
i
i
Grid ,i γ ∗
βid Prid Grid ,i
W
=
,
∑
2R N d Prd Grd ,i − βid Prd Grd ,i + η
Gb,i + Grid ,i
j=1
j
j
i
i

The solution is feasible if i) 0 ≤

∑N d
i=1

(5.28)
(5.29)

(5.30)

Pid ≤ PBS,max , and ii) 0 ≤ Prid ≤ PMS,max for

d
i = 1, 2, . . . , N d . For DF, the solution should satisfy an additional condition, γc,i
≥ γ∗

for i = 1, 2, . . . , N d .

5.6

RS Selection

The selection of RSs can aﬀect the cooperative system performance. In order to ﬁnd
the RS that results in the best performance (e.g., in terms of total transmission power
or outage probability) for a particular connection, link conditions such as SINR of
potential RSs should be known. However, the link conditions depend on transmission powers of the stations, which are dependent on selected RSs of the considered
connection and all other connections in the system. Therefore, the RS selection of
all connections are correlated and the optimum RS selection requires information of
all SS-DS links and all potential SS-RS and RS-DS links. Below we present an RS
selection scheme that decouples the RS selection among diﬀerent connections.
Theoretically, all idle MSs can be potential RSs for a connection. In order to
save time and signaling exchange overhead for RS selection, only a small number of
potential RSs are selected for each connection, and one of them is selected as the
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RS forwarding traﬃc for the connection. In the uplink, a certain number of idle
MSs closest to the SS are selected as the potential RSs for each connection. In the
downlink, the same number of idle MSs closest to the DS are selected as the potential
RSs for each connection. If by coincidence the same idle MS is selected by two
connections as their potential RS, then the idle MS becomes potential RS for one of
the connections randomly.
We ﬁrst describe the SINR-based RS selection for the uplink. Initially, each SS
transmits a packet assuming that cooperative relaying does not exist. The objective
of the SS transmissions is to achieve the target SINR γ ∗ for each link, and the power
control is performed in the same way as in traditional CDMA networks without
relaying. During this period, potential RSs listen to the transmission from their
corresponding SS and measure received SINRs. At the end of the packet transmission,
the potential RSs with received SINRs satisfying a certain condition report to the BS.
When using DF, the potential RSs that can correctly decode the signal from their SS
report to the BS. Although correct decoding is not a requirement for AF, we set an
SINR threshold, γth > 0, so that only the potential RSs that receive the SS’s signal
with an SINR above the threshold report to the BS. This is to avoid the case when
the SINR at the RS is low and the RS ampliﬁes most interference and noise instead
of the desired signal. The eﬀect of the threshold on the system performance will be
discussed in Section 4.5. Among all the potential RSs that have reported to the BS,
the one with the best RS-BS link gain is selected as the RS, which is then notiﬁed
through the downlink transmissions and starts relaying for its SS.
After the initial RS selection, cooperative communications are established between
the SS and the RS. While the selected RS is relaying traﬃc for the SS, all other
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potential RSs keep listening to the SS. As the physical channel conditions change
with random fading, the SINR of the current RS may drop below the threshold and
should be replaced. In this case, the SS sends a message requesting for a new RS.
All potential RSs then report to the BS if their received SINRs satisfying the SINR
requirements, and the new RS is selected as the one with the best SINR. Since the fast
fading can be well mitigated by the transceiver design, its eﬀect on the RS selection
is negligible. Therefore, the overhead for reselecting the RSs is relatively small.
The RS selection process in the downlink works in a similar way. Initially, the
BS transmits a packet for each connection assuming that there is no relaying. The
transmission power to each DS is to achieve the target SINR for their connections. At
the end of the packet transmission, potential RSs measure received SINRs and report
to the BS. This process is the same as in the uplink. Upon receiving the reports
from the potential RSs, the BS selects the one with the best RS-DS link gain as the
RS and notiﬁes the RS through the downlink transmissions. The potential RSs keep
listening to the SS. RSs are reselected as their SINRs are not satisfactory. If there is
no potential RS satisfying the required SINR condition for certain connections, the
SS transmits in both the odd and even time slots.
For comparison, we also present three simple criteria for RS selection based on
link gains. Compared to the SINR-based RS selection, these link gain based RS
selection criteria are less dynamic and require smaller signaling overhead. We ﬁrst
describe the link gain based RS selection for the uplink. In the ﬁrst criterion, the
potential RS with the best link gain between itself and the SS among all the potential
RSs is selected as the RS. That is, riu = argmaxj∈Ci Gi,j , where Ci is a set of the
potential RSs of SS i. The RS selection criterion is referred to as “the best ﬁrst hop”
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(i.e., the “ﬁrst hop” is the SS-RS hop). The second one is referred to as “the best
second hop”, which selects the RS based on the link gains from the potential RSs
to the BS, and riu = argmaxj∈Ci Gj,b (i.e., the “second hop” is the RS-DS hop). The
last criterion takes into consideration both the ﬁrst and second hop link gains, and
riu = argmaxj∈Ci min(Gi,j , Gj,b ). This is referred to as “the best worst hop”. The
link gain based RS selection for the downlink is similar, except the “ﬁrst hop” is the
BS-RS hop, and the second hop is the RS-DS hop.

5.7

Numerical Results

We consider a generic cell in a cellular CDMA network, where the BS is located at the
center of the cell. The initial locations of the MSs are uniformly distributed in the cell
coverage area. MSs move randomly using a random way point model. We simulate a
slow fading channel with path loss and log-normal shadowing. Default parameters are
listed in Table 5.1. Based on the parameters we can ﬁnd that the channel coherence
time is 27ms. Therefore the channel quasi-static duration is around 40 time slots
(each time slot lasts for 2/3ms). The link gain for each channel is kept constant for
a period of time which follows Gaussian distribution with mean of 40 time slots and
standard deviation of 4 time slots. The link gain is regenerated when this period has
expired. With 10m/s moving speed on average, an MS moves less than 0.3m in 40
time slots. Therefore, we can assume that the MS is static between two channel gain
updates.
When using either the optimum or heuristic power distribution, if there is no
feasible solution, we apply a simple removal scheme by removing the connection with
the worst SS-DS link gain. The removed connection is in outage. This process is
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repeated until a feasible solution can be found for all the remaining connections.
A more complicated connection removal scheme can be used and a better outage
probability may be achieved, but this is at a price of increased computational overhead
and longer processing delay and is not considered in this paper. Below we examine
the outage probability and transmission power performance using diﬀerent forwarding
techniques and RS selection criteria.
Table 5.1: Default Parameters Settings
Parameter
Value
Cell size
2km
Carrier frequency
2GHz
Spread spectrum bandwidth W
5MHz
Time slot duration
2/3ms
MS velocity
0 to 20m/s
Path loss exponent
4
Log-normal fading standard deviation δ
6dB
Background noise power η
10−8 W
Total number of MSs
140
Number of potential RSs per connection
6
Max. transmission power of MSs, PMS,max 0.5W
Max. transmission power of BSs, PBS,max 5W
SINR threshold γ ∗
7dB
AF SINR threshold for RS selection, γth
4dB
Number of uplink connections N u
10
d
Number of downlink connections N
10
Data rate R
32kbps

5.7.1

Results for the uplink

Figs. 5.1-5.5 show the performance in the uplink. Comparing the outage performance
using the three RS selection criteria based on link gains, we can ﬁnd from Fig. 5.1 that
the “best worst hop” one achieves the best outage performance. This observation is
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Figure 5.1: Uplink: outage performance using link gain based RS selection
consistent for both AF and DF. This is because the “best worst hop” one integrates
the link conditions of both the SS-RS and RS-BS hops. On the other hand, the “best
ﬁrst hop” criterion can result in using an RS with extremely poor RS-BS link, and
the “best second hop” one may select an RS with extremely poor SS-RS link. When
this happens, very high transmission power is required from the SS or RS, causing
high interference to other stations in the system. Therefore, below we only consider
the “best worst hop” one for link-gain based RS selection.
It is also interesting to see from Fig. 5.1 that with the link-gain based RS selection
criteria, using DF results in worse outage performance than using AF. This is due
to the fact that, DF requires suﬃcient transmission power from the SS in order for
the RS to correctly decode the received signal. The high transmission power causes
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Figure 5.2: Uplink: transmission power vs. outage performance
high interference to the system and can negatively aﬀect the overall performance.
In contrast, using AF always leads to better outage performance than that without
relaying. Although the RS using AF ampliﬁes both the interference and noise together
with the signal, less transmission power may be required from the SS using AF than
using DF since no decoding is required in AF.
Fig. 5.2 compares the performance of cooperative relaying using the SINR-based
RS selection and the “best worst hop” RS selection. It is shown that the SINRbased RS selection can achieve much better outage performance than the “best worst
hop” one. It is also seen that both the “best worst hop” and the SINR-based RS
selection can achieve better outage performance and signiﬁcantly save transmission
power, compared to without relaying.
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Figure 5.3: Uplink: comparison between the optimum and heuristic power allocation
All results in Figs. 5.1 and 5.2 are based on the optimum power distribution. In
Fig. 5.3 we compare the performance of the optimum and heuristic power distribution
using the SINR-based RS selection, where “scheme” represents the heuristic power
distribution. The performance of the heuristic scheme is slightly worse than the
optimum solution. Using the heuristic scheme, the link (either the SS-DS or the
RS-DS link) with better link gain is allocated a larger fraction of the target SINR
for each connection. However, the same link may suﬀer from high interference from
other transmitters and require high transmission power.
Using cooperative relaying can signiﬁcantly reduce the transmission power. This
can be seen in both Figs. 5.2 and 5.3. Given a certain outage probability requirement,
the vertical axis of each of the ﬁgures shows the total required transmission power
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Figure 5.4: Uplink: outage performance vs. number of potential RSs per connection
from the SS and the RS for each connection. For comparison, the transmission power
vs. outage curve for the original system without relaying is also shown. The transmission power is averaged over all connections. Although the number of transmitters
in the system with relaying is increased, the total transmission power can be several
magnitudes lower than that without relaying. As the outage probability becomes
lower, the diﬀerence between required transmission power in the systems with and
without cooperative relaying becomes larger. This can be a very attractive feature
for encouraging mobile users to cooperatively relay traﬃc for one another. For a long
term, every station can have its own traﬃc and should relay for its peers, eventually, they all beneﬁt from the cooperative transmissions for improved communication
outage probability and signiﬁcantly reduced battery power consumption.
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Figure 5.5: Uplink: eﬀect of γth on outage performance using AF
Comparing Figs. 5.2 and 5.3 we ﬁnd that the heuristic power distribution together
with the SINR-based RS selection achieves similar performance as the optimum power
distribution with the “best worst hop” RS selection. This observation is true for both
AF and DF. Note that the results in Fig. 5.2 are based on optimum power distribution.
That is, transmission powers of all SSs and RSs are jointly optimized. This requires
a central station that knows the link gains from all SSs to all RSs, which may not be
practical. For each connection, the actual SINR that each of the SS-DS and the RSDS links contributes depends on both its own link gain and interference from other
transmitters. Therefore, distributed power control cannot be used in this scenario.
On the other hand, the heuristic power distribution scheme sets a clear SINR target
for each of the SS-DS and RS-DS links, and the transmission power can be easily
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adjusted by using distributed power control.
In Fig. 5.4 we show the outage probability by varying the number of potential RSs.
For both the optimum and the heuristic power distribution, the outage performance
is improved with the number of potential RSs. When the number of potential RSs
per connection is relatively small, increasing the number can dramatically reduce the
outage probability. However, when it exceeds a certain value, for example, 7 in the
example shown, further increasing the number of potential RSs does not improve the
outage probability, since the performance is then limited by the link condition of the
SSs and other system parameters.
Fig. 5.5 shows the eﬀect of γth on the outage performance in cooperative communications using AF. It is seen that for both the optimum and heuristic power
distribution, there is an optimum value of γth that results in the lowest outage performance. This is due to the contradictory eﬀects of γth in AF. When γth is very small,
a selected RS may have poor link condition from the SS to itself. The poor receiving
quality is then translated to poorer SINR after the RS forwards the ampliﬁed analog
signal (together with interference and noise) to the BS. On the other hand, a large
value of γth may prevent eligible RSs from being selected, resulting in communication
outage. The optimum value of γth is between zero and γ ∗ in general and around 4dB
in the example shown.

5.7.2

Results for the downlink

For the downlink we demonstrate transmission power of the BS (SS) and the RSs
separately as normally they have diﬀerent maximum transmission power limits. To
save space, we do not show results of the “best ﬁrst hop” and “best second hop” RS
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Figure 5.6: Downlink: comparison of BS transmission power
selection criteria as they perform worse than the “best worst hop” one in terms of
both transmission power and outage probability.
Figs. 5.6 and 5.7 show the BS and RS transmission power, respectively, based on
optimum power distribution. From the ﬁgures we ﬁnd that using the SINR-based
RS selection achieves better performance than the “best worst hop” one in both
AF and DF. Fig. 5.6 shows that cooperative relaying can signiﬁcantly save the BS
transmission power. With cooperative relaying, the required BS transmission power
can be several magnitudes lower when the outage probability is below 10−2 , and
this improvement becomes higher as the outage probability is lower. Fig. 5.7 shows
that the RS transmission power only increases very slightly when the required outage
probability is reduced from 10−2 to 10−4 . With very low (< 10mW) RS transmission
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Figure 5.7: Downlink: comparison of RS transmission power
power, cooperative relaying in the downlink can signiﬁcantly improve the outage
probability for the same BS transmission power or reduce the BS transmission power
for given outage requirement.
Figs. 5.6 and 5.7 also show that DF achieves slightly better performance than AF
for the same RS selection criterion. This is because in the downlink the BS has better
control over the transmission power to guarantee correct decoding at the RS as much
as possible. Although similar procedure is also performed for AF, the performance is
degraded due to ampliﬁed noise and interference.
Figs. 5.8 and 5.9 compare the performance of the link gain based power distribution with the optimum power distribution when using AF and the SINR-based RS
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Figure 5.8: Downlink: BS transmission power using AF
selection, and similar comparison is done in Figs. 5.10 and 5.11 for DF. The performance of the heuristic scheme is slightly worse than the optimum due to its ﬁxed
allocation of the target SINR between the SS-DS and RS-DS links without considering the interference condition of the links. In the same ﬁgures we ﬁx the maximum
BS transmission power and vary the maximum RS (MS) transmission power, where
p = PBS,max /PMS,max . It is seen that for both AF and DF, when the allowed RS (MS)
transmission power increases, i.e., p is smaller, the required BS transmission power is
reduced in order to achieve the same outage performance, or the outage probability
can be reduced for the same BS transmission power.
We have also found that in the downlink, the heuristic power distribution together
with SINR-based RS selection achieves similar performance as the optimum power
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Figure 5.9: Downlink: RS transmission power using AF
distribution with the “best worst hop” RS selection, and this observation is consistent
for both AF and DF.
Fig. 5.12 shows the eﬀect of selecting diﬀerent γth values in AF on the downlink outage probability, where we have similar observations as in the uplink. Fig. 5.13
shows that having more potential RSs can improve the outage performance. Comparing the ﬁgure with Fig. 5.4 we can ﬁnd that the outage performance in the downlink
does not improve as signiﬁcantly as that in the uplink. This is due to the fact that
the power allocation in the downlink can be better controlled at the BS, and therefore
the requirement for better RS selection in the downlink is reduced, compared to that
in the uplink.
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Figure 5.10: Downlink: BS transmission power using DF

5.8

Summary

We have studied power distribution of cooperative relaying in CDMA networks. Our
results have shown that outage performance improvement and signiﬁcant transmission
power reduction is possible by using cooperative communications, provided appropriate forwarding techniques and RS selection criterion are used. The improved outage
performance and reduced transmission power can be attractive features that encourage more stations to cooperate with one another, as this beneﬁts all users in the
system as well as the network providers. Our results also indicate that using AF is
preferred in the uplink and DF is preferred in the downlink.
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Figure 5.11: Downlink: RS transmission power using DF
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Figure 5.13: Downlink: eﬀect of number of potential RSs/connections
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Chapter 6
Conclusions and Future Works
We have studied resource allocations of two types of networks, cognitive radio networks and cooperative communication networks, in a CDMA-based scenario, where
all simultaneous transmissions cause interference to one another, and transmission
power management is the main factor that aﬀects other aspects of the network performance.
We have studied resource management for supporting best eﬀort traﬃc in the
CRNs. Diﬀerent approaches have been used in our proposed resource management
schemes to managing the transmission power and interference in the CRN. Interference to the primary network is measured and fed back to the stations in the CRN,
and this information is used so that the interference from the secondary transmissions to the primary network does not exceed the predeﬁned interference threshold.
Within the CRN, by preventing stations with strong mutual interference to transmit
simultaneously, the available resources can be more eﬃciently utilized. Transmission
opportunities are prioritized based on the traﬃc type, instantaneous transmission
conditions, and the QoS requirements in terms of fairness, required throughput, or
141

Ph.D. Thesis - Bin Wang

McMaster - Electrical Engineering

outage performance. The work has proved that, eﬃcient and fair resource management is possible in ad hoc CRNs for supporting both short term and long term
traﬃc. Furthermore, it is possible to support traﬃc with strict quality of service
requirements.
On the other hand, there are more practical and interesting topics on resource
management that should be studied for CRNs. In our work, we have studied an environment with a single cell in the primary network and a single CRN. When multiple
CRNs coexist in a cellular network with multiple radio cells, resource management
becomes more complicated, yet more transmission opportunities can be explored for
the CRNs. Resource management in multihop ad hoc CRNs should also be studied
to extend the current work, which is based on single hop transmissions. Our current
work is based on the assumption of stationary traﬃc load in the primary network.
When there is signiﬁcant jitter or the traﬃc load exhibits heavy tail distribution, the
current admission control for long term throughput guarantee may not be valid, and
other methods should be explored to predict the resource availability in the CRNs.
We have also studied power distribution in CDMA-based cooperative communication networks. Our work has shown that with very low transmission power from
the relay stations, using cooperative relaying can signiﬁcantly save the transmission
power of the mobile stations or improving the outage performance. This work is based
on given transmission rate requirements for the traﬃc. Further work can be done for
supporting variable rate traﬃc, maximizing a certain system utility function, such the
throughput, subject to providing the users with a certain fairness, supporting user
mobility, etc.
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Appendix A
Geometric Programming
We ﬁrst introduce two deﬁnitions.
A monomial is deﬁned as a function h: Rn++ → R:
(1)

h(x) = dxa1 xa2

(2)

(n)

. . . xan ,

(A.1)

where d ≥ 0 and a(j) ∈ R, j = 1, 2, . . . , n.
(j)

Given that dk ≥ 0 and ak ∈ R for all k = 1, 2, . . . , K and j = 1, 2, . . . , n, a
posynomial f (x) is deﬁned as

f (x) =

∑K

a

(1)

a

(2)

a

(n)

k
k
. . . xnk .
k=1 dk x1 x2

(A.2)

Consider the following nonconvex problem

min f0 (x)

(A.3)

s.t. fi (x) ≤ 1, i = 1, 2, . . . , m

(A.4)
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where f0 and fi are posynomials. This type of problems in general are not convex,
but can be transformed into convex problems. With a change of variables: yi = log xi
and bik = log dik , (A.3) can be converted into convex form [138]:
∑ T
min f˜0 (y) = log(
ea0k y+b0k )

(A.5)

k

∑ T
s.t. f˜i (y) = log(
eaik y+bik ) ≤ 0, i = 1, 2, . . . , m.
k

Since the functions f˜i are convex, this problem is a convex optimization problem,
which can be solved globally and eﬃciently through the interior point primal dual
method [138] with polynomial running times.
When either f0 (x) or fi (x) is not posynomials but in the format of a ratio of
posynomials, i.e., fi (x) = s(x)/g(x), the problem is not a standard GP problem any
more, but it still can be turned into GP problem by approximating the denominator
of the ratio of posynomials, g(x), with a monomial g̃(x), leaving the numerator s(x)
∑
unchanged. It is proved in [128] that if g(x) = i ui (x) is a posynomial, then
g(x) ≥ g̃(x) =

∏ [ ui (x) ]αi
i

If, in addition, αi =

ui (x0 )
,
g(x0 )

αi

.

(A.6)

∀i, for any ﬁxed positive x0 , then g̃(x0 ) = g(x0 ), and

g̃(x0 ) is the best local monomial approximation to g(x0 ) near x0 in the sense of ﬁrst
order Taylor approximation. It is further proved in [128] that the approximation
of a ratio of posynomials fi (x) = s(x)/g(x) with f˜i (x) = s(x)/g̃(x) satisﬁes the
Karush-Kuhn-Tucker (KKT) conditions:
(1) fi (x) ≤ f˜i (x) for all x,
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(2) fi (x0 ) = f˜i (x0 ) where x0 is the optimal solution of the approximated problem
in the previous iteration, and
(3) ∇fi (x0 ) = ∇f˜i (x0 ).
With the above process, the denominator of fi (x) is approximated as a monomial,
and fi (x) is then approximated as a posynomial. An iterative method as follows is
then proposed in [128] to solve the original optimization problem:
Step 0: Choose an initial feasible point x(0) and set k = 1.
Step 1: Approximate gi (x) with g̃i (x) around the previous point x(k−1) .
Step 2: Solve the approximated problem and obtain solution x(k) .
Step 3: Increase k by 1 and go back to Step 2 until the solution converges.
The convergence of this method is guaranteed by the KKT conditions in the approximation. It is demonstrated in [128] that this method can ﬁnd the global optimum in
over 96% cases, and a local optimum is found in other cases.
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