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Summary
In cognitive radio networks (CRNs), resources available for use are usually very lim-

ited. This is generally because of the tight constraints by which the CRN operate.

Of all the constraints, the most critical one is the level of permissible interference to

the primary users. Attempts to mitigate the limiting effects of this constraint, thus

achieving higher productivity, are a current research focus, and in this work cooper-

ative diversity is investigated as a promising solution. Cooperative diversity has the

capability to achieve diversity gain for wireless networks. In the work, therefore, the

possibility of and mechanism for achieving greater utility for the CRN when cooper-

ative diversity is incorporated are studied. To accomplish this, a resource allocation

model is developed and analyzed for the heterogeneous, cooperative CRN. In the

model, during cooperation, a best relay is selected to assist the secondary users that

have poor channel conditions. Overall, the cooperation makes it feasible for virtu-

ally all the secondary users to improve their transmission rates while still causing

minimal harm to the primary users. The results show a marked improvement in the

resource allocation performance of the CRN when cooperation is used in contrast to

when the CRN operates only by direct communication.
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1 INTRODUCTION

Recent measurements performed in various locations on the

use of the allotted spectrum spaces by the networks to which

they have been assigned have shown a rather high level of

inefficiency in spectrum use.1,2 Since the discovery of this

underuse of the less-freely available radio-frequency spec-

trum with the current static allocation arrangement, efforts

have been geared at devising a newer, better, and more

efficient approach to sharing and using the spectrum. One

such outstanding and bold attempt has been the introduction,

description, experimentation, and gradual implementation of

cognitive radio networks (CRNs).3,4 Generally, with CRN,

unlicensed cognitive or secondary users (SUs) are made to

access and use the same spectrum space that has been pre-

allocated to some licensed, original or primary users (PUs)

of the spectrum, provided certain preconditions (such as the

amount of permissible interference) already agreed upon that

are not violated by the SUs.5,6 This kind of arrangement

promises higher spectrum efficiency and system throughput.

With this huge promise, the CRN therefore seems to be a

likely major game-changer for spectrum use in the telecom-

munications space. Therefore, much work is being dedicated

to this wireless communication paradigm.

As the CRN develops, several issues with its design, imple-

mentation, application, and eventual productivity emerge.

Researchers in academia and the industry would generally

want to know whether it would be worth their while to invest

in such a supposedly huge deal. One main issue has been the

possibility of very low throughput that the SU network can

actualize, especially when the conditions of the PU network

are rather stringent. An example is the underlay CRN arrange-

ment where the SUs are made to transmit over the entire PU

spectrum, but at such low power that the PUs are not in any
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way adversely affected by the SUs’ transmission.7 In such a

case, it becomes really difficult for the CRN to achieve excel-

lent results, especially if the PU network has high sensitivity

and a low tolerance temperature. In such situations where the

permissible interference to PUs is very low or where there are

other very strict conditions under which the SUs must oper-

ate, the throughput or system capacity of the CRN becomes

very limited.8 It might therefore be arguable whether the CRN

is in fact a worthwhile investment, unless such issues are ade-

quately addressed. Several research projects on how to make

the CRN achieve its ends even within such tight constraints

are currently being undertaken.

In some earlier works of the authors of this paper, it has

been shown that to achieve an optimal or near-optimal pro-

ductivity level for the distribution or allocation of the rather

scarce and/or limited resources of the CRN, it is best to allo-

cate low data rates (or none at all) to subchannels where the

interference gains to PUs are quite high.9,10 This is under-

standable, as allocating high data rates to such subchannels

would imply high transmit power by the SUs and conse-

quently, high interference to the PUs because of the high

interference gain. This smart move by the allocating algo-

rithms of the SUs greatly increases the throughput of the

CRN. However, the throughput achieved is usually still very

limited, as there are some subchannels that, because of their

high interference channel gains to PUs, are either completely

unallocated or only allocated to transmit very low data rates. If

the throughput of the CRN is to be improved further, it there-

fore becomes imperative to investigate how better channelling

can be actualized so as to make higher data rates possible for

virtually all the available subchannels, without causing too

much interference to the PU network.

To address the problem raised above, in this work

cooperative diversity is investigated as a promising solu-

tion. Cooperative diversity is a recent but comprehen-

sive proposition on how to achieve better wireless channel

conditioning by providing diversity gains among spatially

dispersed users.11 This is usually actualized by the coop-

erating users (called nodes or relays) forming a “virtual

multiple input, multiple output” arrangement. These coop-

erating users use their antennas, as in conventional multi-

ple input, multiple output systems, to assist each other in

transmitting (or retransmitting) their data to a given desti-

nation user. Overall, a significant increase in the reliability

and capability of the system is realized. Several coopera-

tive diversity strategies have been developed and studied;

some of which are store-and-forward, amplify-and-forward,

decode-and-forward, and coded cooperation.12 Similarly,

cooperative diversity has been classified in the number of

cooperators selected, or whether or not the cooperation hap-

pens opportunistically or incrementally.13 The important thing

is that at the destination, a much better signal quality is

achieved and network capacity is significantly improved. This

work therefore investigates and develops how cooperative

diversity can be used in improving the effective capacity of

the CRN. Essentially, by bringing cooperative diversity into

the CRN, the work reveals how the limiting effects of the

interference constraint in its resource allocation (RA) prob-

lems can be adequately mitigated, thus achieving much better

productivity for the network.

2 RELATED LITERATURE

The concept of RA in CRN is no longer entirely new. Sev-

eral research projects have been undertaken in this regard,

and a review of relevant ones is performed in this section.

Resource allocation in CRN actually deals with devising and

describing mechanisms for assigning resources (frequency

spectrum, transmit power, bandwidth, time slot, modulation

scheme, etc) fairly and optimally to all users so that the

highest possible productivity level is achieved. A number of

RA problems for underlay CRN have been identified, and

attempts at solving them (both optimally and sub-optimally)

have been investigated. In the study of Wang et al,14 for

example, an approach for obtaining optimal solutions for

RA problems in an underlay CRN is developed. A central-

ized algorithm, which makes use of the Lagrangian duality,

is first used to solve the problem. Thereafter, a distributed

algorithm that uses dual decomposition is developed to solve

the same problem. Both algorithms produce near-optimal

solutions. Other similar works that have developed RA mod-

els for underlay CRN can be found in several studies.15–17 The

major challenge with underlay, as can be seen from the above

works and similar ones, is always the low level of utility that

is achievable in its network owing to the stringent conditions

of the PU and the power limitations of the secondary network.

Resource allocation problems in overlay CRN have been

studied in a number of studies.18–21 In overlay CRN generally,

the SUs use free and/or available spectrum (spectrum holes)

of the PUs for transmission. Both subchannel and power con-

trol were jointly considered in the study of Guo and Huang18

with the intent of maximizing the throughput of the CRN.

Expanding on this, the works of Xie et al19 and Wang et al20

extended the work to make room for possible imperfections

in the CRN sensing capabilities of PU and developed models

with some robustness to accommodate such imperfections. In

the work of Chen et al,21 the problem is studied even further

to include quality-of-service provisioning. As an observation,

a major problem with overlay networks, as can be identified

in these and similar works, is PU interference and possible

disruption in service delivery of the SU in the CRN.

As a means of addressing some of the limitations of the

underlay and overlay arrangements, recent attempts at intro-

ducing user cooperation into RA in CRN have been made.

A number of studies5,22–25 have all developed models that

describe possible cooperation between SUs in a CRN to help

achieve a higher utility level. In two studies5,22 relays using

decode-and-forward protocol are made to assist the SUs of

the CRN. For the optimization problem that has been devel-
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oped to be solvable, the subchannels are first assigned to the

SUs on the basis of their channel gains and possible inter-

ference to PUs. Thereafter, power is allocated to each sub-

channel. A similar model is developed in the work of Adian

and Aghaeinia,23 where a decode-and-forward cooperative

relay network is used to assist the SUs, thereby improving

throughput. The nonconvex optimization problem that was

developed is solved by first dualizing, then decomposing into

relay assignment and power allocation. A primary decompo-

sition method is also used in the work of Du et al,24 after the

power allocation problem in the developed model has been

formulated. The sum rate of both PUs and SUs is jointly max-

imized in the work of Pischella and Le Ruyet,25 while the SUs

cooperate to transmit their signals. To achieve a result close

to optimal, subchannels are first allocated to the SUs; there-

after, power is assigned to each SU and PU iteratively. While

the above reviewed publications have incorporated some kind

of cooperation, this work differs from them all in that the

cooperative diversity approach developed in this work is tar-

geted directly at addressing the problem of PU interference.

Thus, the interference problem is first taken care of by the

cooperation model even before the RA to SUs is performed.

More specifically, in this work, through SU cooperation, the

impact of the interference to PUs is mitigated, thus achieving

greater throughput for the heterogeneous CRN. The hetero-

geneity in the CRN has been approached from 2 perspectives.

Firstly, the channels are assumed to be heterogeneous, mean-

ing that the available channels for the CRN do not all have

the same characteristics. To capture the differing effects of

channel heterogeneity, the network has been developed using

an orthogonal frequency division multiple access (OFDMA)

platform. With the OFDMA, the system can dynamically and

TABLE 1 List of terms and symbol notations

K;k Total number of heterogeneous secondary users; k is used to identify a particular user

K1 Number of category 1 secondary users; number of category 2 users is thus K − K1

N;n Number of available OFDMA subchannels; n is used to identify a particular subchannel

L Number of primary users

SU;SUs Secondary user; Secondary users

PU;PUs Primary user; Primary users

SUBS Secondary user base station

SSU Source secondary user

CSU Cooperative secondary user

D Destination terminal

OFDMA Orthogonal frequency division multiple access

BPSK Binary phase shift keying

QAM Quadrature amplitude modulation

Hc
k,n Channel gain between SUBS and SU at the kth SU over the nth subchannel

Hs
k,n Channel gain from SSU to CSU at the kth SU over the nth subchannel

Hr
k,n Channel gain from CSU to D at the kth SU over the nth subchannel

Ps
k,n Transmit power from SSU to CSU at the kth SU over the nth subchannel

Pr
k,n Power from CSU to D at the kth SU over the nth subchannel

ck,n Data rate at the kth SU over the nth subchannel

cs
k,n Data rate from SSU to CSU at the kth SU over the nth subchannel

cr
k,n Data rate from CSU to D at the kth SU over the nth subchannel

ck,n,D Data rate at the kth SU over the nth subchannel for direct transmission

ck,n,C Data rate at the kth SU over the nth subchannel when cooperation is used

Pk,n,D Transmit power at the kth SU over the nth subchannel for direct transmission

Pk,n,C Transmit power at the kth SU over the nth subchannel when cooperation is used

Pmax Total transmit power at SUBS

x Bit allocation vector

xI;xII Bit allocation vector for category 1 SU; bit allocation vector for category 2 SU

b Modulation order vector

bI;bII Modulation order vector for category 1 SU; modulation order vector for category 2 U

p Power transmission vector

pD Power transmission vector for direct communication

pC Power transmission vector for cooperative communication

RK Minimum rate demand of category 1 SU

𝛾K Proportional rate constraint for category 2 SU
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optimally use different portions of the spectrum (heteroge-

neous channels) for different users at the same time. Secondly,

the SUs in the network are heterogeneous. This means that the

users do have different priorities, requirements, or demands,

thus necessitating that the SUs be categorized. Users in each

category are then serviced on the basis of their priority

and/or their varying demands. During cooperation, the selec-

tion scheme used is the single-best-relay selection scheme

used alongside the store-and-forward cooperative diversity

technique. With this scheme, a best relay among the SUs is

selected as the cooperator, which, during cooperation receives

data from the source user and transmits to the destination.

Overall, the heterogeneous cooperative CRN model, as devel-

oped and studied, reveals that much greater productivity is

achievable by the CRN when its users cooperate. For the pur-

pose of clarity, the most important contributions of this work

are highlighted:

• Investigating the use of cooperative diversity as a means

of mitigating the limiting effects of interference to PUs in

the RA problem of the CRN, thereby making much better

productivity possible for the CRN.

• Developing and analyzing methods for obtaining solutions

(optimal and suboptimal) to the RA problem in hetero-

geneous, cooperative CRN. The solutions are obtained

through a thorough study of the structure of the problem.

The remainder of this work is organized as follows: Section

3 describes the system model, Section 4 deals with the

problem formulation and reformulation to obtain optimal

solutions, Section 5 presents the heuristic developed to reduce

the computational complexity, Section 6 presents and dis-

cusses the results, and finally, Section 7 gives the concluding

remarks.

Table 1 contains the various notations that have been

applied in the work.

3 SYSTEM MODEL

The underlay, heterogeneous, cooperative CRN model devel-

oped consists of K heterogeneous SUs and L PUs, all located

within the coverage range of the secondary user base station

(SUBS). N OFDMA heterogeneous subchannels are available

for the SUs, to which any of them can be assigned. The K het-

erogeneous SUs have different demands and priorities. These

SUs are thus categorized as K1: SUs with minimum rate

guarantee and (K − K1): SUs with best effort service. Users

in category 1 have a minimum rate requirement, and their

demands are met first. They therefore have the higher priority.

Users in category 2 are best effort users; hence, the remaining

resources are proportionally shared among them (using a pro-

portional rate constraint). All subchannels are also modelled

to be in slow fading. During transmission, the network decides

whether to use direct or cooperative communication on the

basis of its prevalent condition. When cooperation occurs, the

FIGURE 1 System model of the cooperative cognitive radio network

direct link is ignored in the model because of the high inter-

ference to PUs that will be introduced if the direct link is used,

which would potentially limit the entire CRN resourcefulness.

Figure 1 shows the network when cooperation is to be

used. The cooperative scheme used in this work is the

incremental, single-best-relay selection cooperative diversity

scheme. The scheme being “incremental” means that coop-

eration is strictly restricted to only when it is needed and

single-best-relay selective cooperation means that only one

best relay is selected in such instances. The reason for this

cooperative diversity choice is to ensure that the model is fea-

sible, as well as to minimize overhead. The SU that requires

cooperation, as it intends to communicate with a destina-

tion terminal (D), is referred to as the source secondary user

(SSU). This SSU has a potentially high interference channel

gain to the PU on the direct link and would therefore either

not have been allocated subchannels at all or have been given

only a few subchannels to transmit at low data rates if direct

communication alone had been considered. To help mitigate

this limitation, the SSU, during cooperation, selects a cooper-

ating secondary user (CSU) with good channel quality (SSU

to CSU as well as CSU to D) and poor interference channel

gain to PUs. Through this cooperation, the effects of the poor

channel condition are mitigated. Next, a description of how

the best relay (i.e., the CSU) is selected from among the other

users is presented.

In the model developed, the CRN operates a centralized

control system with the SUBS as its communicating hub.

Communication between the SU and the SUBS is assumed

to be error free. All the SUs estimate and communicate their

channel conditions as well as their interference gains to PUs

to the SUBS. Any of the SUs can be the potential CSU for

any other one. The SUBS determines which of the SUs needs

a cooperator and chooses and contacts the best of the other

SUs, which is then assigned as its CSU. It is assumed that at

the moment of cooperation, the SU used as the cooperating

SU is idle and has no data of its own to transmit. This infor-

mation, along with the estimated channel condition and PU
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interference, is relayed on the control channel to the SUBS

by each SU. The choice of a CSU is usually based on the

SU with the best channel condition and the least interference

gain to the PU. The chosen CSU is thereafter relayed by the

SUBS to the SSU, while the other SUs, which have not been

contacted, carry on with their normal transmission (or sim-

ply maintain their idle state, as the case may be). The SSU

transmits to CSU, which then forwards the transmitted data to

the destination terminal D over the assigned subchannels. The

transmission is in 2 time slots. In the first time slot the SSU

transmits to the CSU, and in the second time slot the CSU

transmits to D. The combined channel condition of the SSU

and the CSU is obtained as follows:

Denote Hs
k,n as the channel gain between the SSU and the

kth SU, used as the CSU, at the nth subchannel and Hr
k,n as the

channel gain between the CSU and the destination terminal D

over the nth subchannel. The SSU transmits signals to the kth

relay on the nth subchannel with power Ps
k,n in the first slot,

while the kth relay (CSU) transmits signals to D on the nth

subchannel with power Pr
k,n in the second slot. Thus, the data

rate of each transmission slot is given in the work of Ge and

Wang5 as

cs
k,n = log

(
1 +

Ps
k,n|Hs

k,n|2
𝜎2

r +
∑L

l=1 Jl
k,n

)
,

cr
k,n = log

(
1 +

Pr
k,n|Hr

k,n|2
𝜎2 +

∑L
l=1 Jl

n

)
,

(1)

where 𝜎2
r and 𝜎2 are the variances of the noise at the kth relay

(CSU) and D, respectively. Similarly, the interference to the

kth relay and that to D on the nth subchannel by the lth PU’s

signal is denoted by Jl
k,n and Jl

n. This is regarded as noise and

measured by the receivers of the CSU and D. It is important

to state that the effective data rate during cooperative trans-

mission is actually limited by the minimum of the 2 hops:

ck,n,C = min
(

cs
k,n, c

r
k,n

)
. (2)

If no cooperation is needed, transmission is directly from the

SU to D over the assigned subchannels, and the data rate is

simply ck,n,D. This data rate c for each subchannel, using either

direct or cooperative transmission, is dependent on the mod-

ulation scheme to which the subchannel has been assigned. In

this work, 4 modulation schemes, which are binary phase shift

keying (BPSK), 4–quadrature amplitude modulation (QAM),

16-QAM, and 64-QAM, are considered. The modulation

schemes transmit c = 1,2,4, and 6 bits per OFDMA symbol,

respectively. For a given bit error rate 𝜌 value to be met at

the receiver end of communication, the minimum amount of

power required over any given subchannel is dependent on

the modulation scheme used. The minimum power for BPSK

modulation is given as P(c,𝜌) = N𝜙[c × erfc − 1(2𝜌)]2 (where

c = 1), while for the M-ary QAM, the minimum power is

given as P(c, 𝜌) = 2(2c−1)N𝜙

3

[
erf c−1

(
c𝜌
√

2c

2
(√

2c−1
)
)]2

(c = 2,4,

or 6 for 4-QAM, 16-QAM, and 64-QAM, respectively) where

erfc(x) =
(

1√
2𝜋

)
∫ ∞

x e
−t2

2 dt is the complementary error func-

tion, 𝜋 = (22/7), and N𝜙 is the single-sided noise power

spectral density. In this work, N𝜙 assumes the same value for

all subchannels. For a given value of 𝜌, as the number of bits

assigned to a subchannel increases, the transmit power also

increases, albeit nonlinearly. The minimum power Pk,n(ck,n,𝜌)

required at the kth SU over the nth subchannel to transmit

ck,n bits is obtained by dividing the power P(ck,n,𝜌) of that

user k on the nth subchannel by the channel gain Hc
k,n between

the SUBS and the user k over that subchannel n. This is thus

given as

Pk,n(ck,n, 𝜌) =
P(ck,n, 𝜌)

Hc
k,n

. (3)

4 RESOURCE ALLOCATION PROBLEM
FORMULATION

Let the minimum data rate assigned to user k in category 1

be Rk and the normalized proportional fairness factor for each

SU in category 2 be 𝛾k with data rate Ri indicating the rate

for the element i. The total power on the nth subchannel is

represented as Φn = ΣK
k=1

Pk,n with Pk,n being the transmit

power of user k over the nth subchannel (Pk,n,C is the power

used when cooperation is used and Pk,n,D is the transmit power

for direct transmission). Also let the interference power gain

matrix between the SUBS and the available PU be represented

as Hp∈RL × N. The vector Hp
l,n therefore denotes the subchan-

nel interference power gain between the SUBS and PU l over

subchannel n (Hp
l,n,D is the gain matrix when direct transmis-

sion is used and Hp
l,n,C is the gain matrix when cooperation

is used). The maximum permissible level of interference to

the lth PU from all the transmitting SUs is represented as 𝜀l
while Pmax denotes the maximum power available for trans-

mission at the SUBS. Also let Xk,n,D be a binary (0,1) variable

used to limit each subchannel to either direct communica-

tion or cooperative communication (since each subchannel

can only transmit using either of the 2, but not both). The RA

problem for the heterogeneous cooperative CRN is therefore

formulated as z = max

N∑
n=1

( K1∑
k=1

[
Xk,n,Dck,n,D + (1 − Xk,n,D)ck,n,C

]
+

K∑
k=K1+1

[
Xk,n,Dck,n,D + (1 − Xk,n,D)ck,n,C

])
;

ck,n,D, ck,n,C ∈ {0, 1, 2, 4, 6}

(4)

subject to

N∑
n=1

(ck,n,D + ck,n,C) ⩾ Rk; k = 1, 2, … ,K1 (5)
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Rk
K∑

i=K1+1

Ri

= 𝛾k; k = K1 + 1,K1 + 2, … ,K (6)

N∑
n=1

( K∑
k=1

[
Xk,n,DPk,n,D + (1 − Xk,n,D)Pk,n,C

])
⩽ Pmax (7)

N∑
n=1

ΦnHp
l,n,D ⩽ 𝜀l; l = 1, 2, … ,L (8)

N∑
n=1

ΦnHp
l,n,C ⩽ 𝜀l; l = 1, 2, … ,L (9)

ck,n,D = 0 if ck′,n,D ≠ 0, ck,n,C = 0 if ck′,n,C ≠ 0,

∀k′ ≠ k; k = 1, 2, … ,K
(10)

Xk,n,D ∈ {0, 1}, Xk,n,D = 1 if ck,n,D ≠ 0

Xk,n,D = 0 otherwise.
(11)

The objective function 4 captures the throughput or total

data rate that all the SUs in the network for both direct

and cooperative transmission can realize. Constraint 5 is the

minimum data rate constraint, indicating that for each SU

in category 1, their minimum data rate requirement must

be met. Constraint 6 is the best effort service constraint

where, to determine how the remaining resources are to be

assigned to each user in category 2, a proportional fairness

factor is being used. Constraint 7 is used to limit the total

transmit power of all the SUs during direct and coopera-

tive transmission to the SUBS’s maximum transmit power

available. Constraint 8 shows that when the SUs are trans-

mitting, the amount of interference permissible to each PU

during direct transmission must not be greater than the prede-

termined threshold limit. Constraint 9 is similar to constraint

8, but captures the interference constraint during coopera-

tive transmission. To restrict the allocation of subchannels

to only one user per subchannel for each user, the mutually

exclusive constraint in Equation 10 is given. The constraint

shows that once subchannel n has been assigned to a user

k′
≠ k, the data rate for subchannel n must therefore be 0 for

any other user k. The equation in constraint 6 can equally be

expressed as

Rk = 𝛾k ×
K∑

i=K1+1

Ri,

where
K∑

i=K1+1

Ri is the sum value of all the data rates for all SUs

in category 2. Representing 𝛾k ×
K∑

i=K1+1

Ri by �̃�k, Equation 6

becomes

RK1+1 ∶ RK1+2 ∶ … ∶ RK = �̃�K1+1 ∶ �̃�K1+2 ∶ … ∶ �̃�K . (12)

The above formulation of the RA problem in Equations 4

to 11 is not a linear programming problem because the

power constraint in Equation 7 is not linear. However, by

careful consideration of the problem structure, the problem

has been reformulated as an integer linear programming

(ILP) problem. The reformulated problem can easily be

solved by using any of the classical optimization tech-

niques. The branch-and-bound (BnB) approach is used

in this work. The reformulation is achieved as described

below:

Define xI as the bit allocation vector for all subchannels

assigned to all users in category 1 (both for direct and coop-

erative transmission, hence, xI = (xI,D + xI,C)), and also

define xII as the bit allocation vector for all subchannels

assigned to all users in category 2 (for direct and coopera-

tive transmission so that xII = (xII,D + xII,C)). xI and xII are

given as

xI =
[(

x1
I,N

)T (
x2

I,N

)T
…

(
xN

I,N

)T
]T

∈ {0, 1}NK1C×1

(13)

xII =
[(

x1
II,N

)T (
x2

II,N

)T
…

(
xN

II,N

)T
]T

∈ {0, 1}N(K−K1)C×1,

(14)

where xn
I,N = [xT

I,1,n xT
I,2,n … xT

I,K,n]
T ∈ {0, 1}KC×1 indi-

cates that subchannel n has been assigned to a category 1

SU with xI,k,n = [xk,n,1 xk,n,2 … xk,n,M ]T ∈ {0, 1}C×1; n =
1, … ,N; k = 1, … ,K; M indicates the overall number

of modulation schemes being used (for this work, M = 4).

The implication is that xI,k,n = [xk,n,1xk,n,2xk,n,3xk,n,4]T. Sim-

ilar explanations apply to xII. The combined bit alloca-

tion vector x = xI + xII. Because of the mutually exclu-

sive constraint, xn
I,N and xn

II,N can be any of the vectors

{[00· · ·0]T,[10· · ·0]T,[01· · ·0]T,· · ·,[00· · ·1]T}. Hence, only

one component in xn
I,N is 1, while the other components

are all 0s (same applies for xn
II,N). If xk,n,c is 1, it means

that subchannel n has been assigned to user k to trans-

mit c bits per symbol. If xn
I,N (or xn

II,N) has all its com-

ponents as 0s, subchannel n is not being assigned to

any user.

For the 2 user categories, define the modulation order

vectors bI and bII as

bI =
[(

b1
I,N
)T (b2

I,N
)T · · ·

(
bN

I,N
)T]T

∈ Z
NK1C×1 (15)

bII =
[(

b1
II,N
)T (b2

II,N
)T · · ·

(
bN

II,N
)T]T

∈ Z
N(K−K1)C×1,

(16)

where bn
I,N =

[
bT

I,1,n bT
I,2,n … bT

I,K,n

]T
∈ ZK1C×1 and bI,k,n =

[bk,n,1 bk,n,2 … bk,n,C ]T ∈ ZC×1. Similar explanations also

apply to bII. Having considered only 4 modulation schemes
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(i.e., BPSK, 4-QAM, 16-QAM, and 64-QAM),

b1,k,n=[1234]T (the same applies to bn
II,N). For the 2 cat-

egories of SUs, data rate matrices Bi ∈ ZK1×NK1C and

Bj ∈ Z(K−K1)×N(K−K1)C are defined respectively as

Bi =
⎡⎢⎢⎢⎣

b1 b1 · · · b1

b2 b2 · · · b2

⋮ ⋮ ⋱ ⋮
bK1

bK1
· · · bK1

⎤⎥⎥⎥⎦ , Bi ∈ Z
K1×NK1C

⎧⎪⎨⎪⎩
b1 = [bT 0T

C · · · 0T
C] ∈ Z1×K1C

b2 = [0T
C bT · · · 0T

C] ∈ Z1×K1C

⋮ ⋮ ⋱ ⋮
bK1

= [0T
C 0T

C · · · bT ] ∈ Z1×K1C

⎫⎪⎬⎪⎭
(17)

Bj =
⎡⎢⎢⎢⎣

bK1+1 bK1+1 · · · bK1+1

bK1+2 bK1+2 · · · bK1+2

⋮ ⋮ ⋱ ⋮
bK bK · · · bK

⎤⎥⎥⎥⎦ , Bj ∈ Z
(K−K1)×N(K−K1)C

⎧⎪⎨⎪⎩
bK1+1 = [bT 0T

C · · · 0T
C] ∈ Z1×(K−K1)C

bK1+2 = [0T
C bT · · · 0T

C] ∈ Z1×(K−K1)C

⋮ ⋮ ⋱ ⋮
bK = [0T

C 0T
C · · · bT ] ∈ Z1×(K−K1)C

⎫⎪⎬⎪⎭ .

(18)

Equation 4, which gives the total data rate achievable by the

network, can thus be written as maxx
[
(bI)TxI + (bII)TxII

]
.

Define Rk ≜ [R1 R2 … RK1
]T ∈ RK1×1 and �̃�k ≜

[�̃�K1+1 �̃�K1+2 … �̃�K]T ∈ R(K−K1)×1, the constraint of

Equation 5, which explains the data rate per user for category

1 SUs, can be written as BixI⩾Rk, while the data rate con-

straint for category 2 SU given in Equation 6 can be written

as BjxII = �̃�k.

Next, a power transmission vector p is defined as

p =
[(

p1
N
)T (p2

N
)T …

(
pN

N
)T
]T

∈ R
NKC×1, (19)

where pn
N =

[
pT

1,n pT
2,n … pT

K,n

]T
∈ RKC×1 and pk,n =

[pk,n,1 pk,n,2 … pk,n,C ]T ∈ RC×1; pk,n,c is the power required

to transmit c bits over subchannel n for user k. Equation 7,

which describes the power constraint, can now be written as

pTx ⩽ Pmax. Given that the transmit power is the summation

of the power used for both direct and cooperation transmis-

sion, p = pD + pC, where pD and pC are the transmit power

vectors during direct and cooperation transmission, respec-

tively. The power constraint therefore becomes (pD + pC)Tx ⩽
Pmax.

To write Equation 8, the interference power constraint

(which is also applicable to Equation 9), of the bit allocation

vector x, define a matrix A∈{0,1}xx-xxN × NKC as below

A =
⎡⎢⎢⎢⎣

1T
KC 0T

KC · · · 0T
KC

0T
KC 1T

KC · · · 0T
KC

⋮ ⋮ ⋱ ⋮
0T

KC 0T
KC · · · 1T

KC

⎤⎥⎥⎥⎦ , A ∈ {0, 1}N×NKC (20)

1KC =
⎡⎢⎢⎢⎣

1
1
⋮
1

⎤⎥⎥⎥⎦ ∈ {1}KC×1, 0KC =
⎡⎢⎢⎢⎣

0
0
⋮
0

⎤⎥⎥⎥⎦ ∈ {0}KC×1.

Let p ⊙ x be the Schur-Hadamard (or entry-wise) product of

p and x, A(p ⊙ x) will therefore be that N × 1 vector whose

nth element gives the total power the nth subchannel uses

while transmitting.By defining 𝜺l ≜ [𝜀1 𝜀2 … 𝜀L]T ∈ RL×1,

Equation 8, which describes the interference power constraint

for the direct transmission, can then be written as[
Hp

l ,n ,D(A(PD ⊙ x))
]
⩽ 𝜺l. (21)

Likewise, the constraint in Equation 9, which describes the

interference power for the cooperative transmission, can be

written as

[Hp
l ,n ,C(A(PC ⊙ x))] ⩽ 𝜺l. (22)

Thus, the RA problem for the modelled heterogeneous coop-

erative CRN described in Equations 4 to 11 can be described

in the ILP form as given by the following equations:

z∗ = max
x

[
(bI)TxI + (bII)TxII

]
(23)

subject to

BixI ⩾ Rk; k = 1, 2, … ,K1 (24)

BjxII = �̃�k; k = K1 + 1,K1 + 2, … ,K (25)

(pD + pC)Tx ⩽ Pmax (26)[
Hp

l , n ,D(A(pD ⊙ x))
]
⩽ 𝜺l (27)

[
Hp

l , n ,C(A(pC ⊙ x))
]
⩽ 𝜺l (28)

0N ⩽ Ax ⩽ 1N (29)

xI, xII, x ∈ {0, 1}. (30)

The formulation above is an ILP problem in which, in this

work, the BnB approach has been used to obtain solu-

tions. Branch-and-bound optimization is a very useful and

well-developed technique for solving such problems. How-

ever, although the BnB approach may yield optimal solutions,

it can be very poor at finding such solutions timeously, espe-

cially in large networks. It is imperative to investigate a much

faster approach to achieve a near-optimal solution. This can

be achieved by developing a heuristic for solving the problem,

as provided in the next section.

5 ITERATIVE-BASED HEURISTIC

In this section, a fast, iterative-based heuristic is developed

to solve the ILP problem. Even though the results obtained

are only near-optimal, the heuristic gives a good trade-off
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between optimality and complexity, especially for large sys-

tems. The approach used in the heuristic is an extension of

the work presented by Rahulamathavan et al.26 The algorithm

involves 2 steps:

• subchannel allocation

• iterative bit and power allocation.

5.1 Subchannel allocation

In performing the subchannel allocation for the different cat-

egories of SUs, the constraint x∈[0,1] is integer-relaxed such

that the constraint becomes

0 ⩽ x ⩽ 1. (31)

In other words, x is allowed to take any value from 0 to

1 and is not necessarily restricted to either 0 or 1. All the

other parts of the formulation are unchanged. By solving this

integer-relaxed formulation at the first iteration, the values of

x are obtained, which imply that the subchannels have been

allocated to the various users. The data rate for the kth SU

at the nth subchannel becomes
(
bT

k,nxk,n
)
. It is not impossible

that there is a user m ≠ k whose data rate
(
bT

m,nxm,n
)

on sub-

channel n could be larger than user k’s data rate on n. It would

therefore be more appropriate to give subchannel n to user m
rather than k. Hence, subchannel n is only allocated to user k
after ascertaining that

(
bT

k,nxk,n
)
⩾
(
bT

m,nxm,n
)
∀m ≠ k. Clearly

then, each subchannel is allocated to the SU that has the high-

est achievable data rate over that subchannel. It is important to

realize too that once the suchannels have been allocated to the

different SUs using the above criterion at the first iteration, the

dimension of x reduces from its initial value of x∈[0,1]KNC × 1

to the smaller value of x∈[0,1]NC × 1.

5.2 Iterative bit and power allocation

Once the subchannels have been assigned to the various SUs,

it then remains to determine how many bits (and by extension,

what modulation scheme) and what power can be associated

with each subchannel. This is performed in an iterative man-

ner. The algorithm starts by assigning a possible number of

bits (rather unambitiously) to each user, and then it deter-

mines the power used, checks that other constraints are not

violated, determines if there is some excess power left, and

increases the bits gradually where possible. Then it checks the

power again, and the whole iterative process is repeated until

no further improvement on bit allocation is possible.

The whole optimization process occurs in a number of iter-

ations, say y. In general, therefore, the following optimization

problem has to be solved at the yth iteration step:

max
xy

[(
by

I

)Txy
I +

(
by

II

)Txy
II

]
(32)

subject to

Bixy
I ⩾ [Rk − f (y−1)]+; k = 1, 2, … ,K1 (33)

Bjxy
II = [�̃�k − g(y−1)]+; k = K1 + 1,K1 + 2, … ,K (34)

(p(y−1))Txy ⩽ Pmax − ||u(y−1)||1 (35)

Hp[A(p(y−1) ⊙ xy)] ⩽ 𝜺l − Hpu(y−1) (36)

0N ⩽ Axy ⩽ 1N (37)

0KNC ⩽ xy ⩽ 1KNC, (38)

where f (y − 1) and g(y − 1) are the allocated bits for category

1 and category 2 users at the yth iteration, respectively, and

u(y − 1) is the allocated power at the yth iteration.

Here, a detailed explanation on the iteration process is

given. Recall that the bit allocation to the nth subchannel

assigned to a category 1 SU bI,n =
[
bT

1,n … bT
K1,n

]T
is a

vector of size K1C × 1 with possible entries 1, 2, 4, and 6.

Assume that during the subchannel allocation performed in

the last subsection, the first subchannel has been allocated

to the second user, which happens to be a category 1 SU.

Then, bI,1 = [0000,1246,0000,0000] for users in category 1

(assuming there are 4 users). If the third subchannel had been

allocated to the first user, which happens to be a category 2

SU, then bII,3 = [1246,0000,0000,0000] (assuming there are

also 4 users in this category) and so on. Once this has been

done and certain elements of bI and bII are zeros according to

the subchannel allocation, the vectors bI and bII are renamed

b1
I and b1

II, respectively. Consequently, at the first iteration

(i.e., when y = 1), the following optimization problem is

solved:

max
x1

[(
b1

I
)Tx1

I +
(
b1

II
)Tx1

II

]
(39)

subject to

Bix1
I ⩾ Rk; k = 1, 2, … ,K1 (40)

Bjx1
II = �̃�k; k = K1 + 1,K1 + 2, … ,K (41)

pTx1 ⩽ Pmax (42)[
Hp

l,n,D(A(pD ⊙ x1)
]
⩽ 𝜺l (43)[

Hp
l,n,C(A(pC ⊙ x1)

]
⩽ 𝜺l (44)

0N ⩽ Ax1 ⩽ 1N (45)

0KNC,1 ⩽ x1 ⩽ 1KNC,1. (46)

f (0), g(0), and u(0) are all going to be 0 at the first iteration;

hence, they are not reflected in the formulation above. The

rates Bix1
I and Bjx1

II and power pTx1 obtained at the first iter-

ation are passed on as f 1, g1, and u(1), respectively, for the

second iteration. Vector x1 is used along with the power vec-

tor p to determine the initial modulation scheme (invariably,
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the number of bits) for each SU at various subchannels. From

the explanation given earlier, the first subchannel, say, has

been allocated to the second SU. Hence, all entries of x1
I are

0s except the elements in x1
2,1

. The total power allocated to

the first subchannel can then be calculated as
(

pT
2,1

x1
2,1

)
. To

generalize, if the nth subchannel is allocated to the kth SU,

the total power allocated to it is calculated as
(

pT
k,nx1

k,n

)
. The

modulation scheme q (with bits cq) that can be used without

exceeding the power pT
k,nx1

k,n can be obtained as

q = argmax
q

{
q ∈ [0, 1, 2, 3, 4] ∶ pk,n,q ⩽ pT

k,nx1
k,n

}
. (47)

The value q answers the question, “what is the largest possible

modulation scheme with which the subchannel can transmit,

such that its power will not exceed the power allocated to

this subchannel?” Because the modulation sizes and their cor-

responding powers are finite and predetermined, the set of

power levels that pk,n,q can take will be finite. Once the bits

corresponding to this pk,n,q are determined, the total power

used up to that point will still be less than Pmax. The inter-

ference leakage to PU will also still be less than 𝜀. As a

result, it is most likely that there will be some residual power

available for use (thus implying that further iterations can

still be performed to increase the number of bits already

allocated to each subchannel). Hence, y = 2 (i.e., the sec-

ond iteration) becomes feasible. Since (from the subchannel

allocation) the first subchannel has been allocated to the sec-

ond user, which happens to be in category 1, to transmit

2 bits (4-QAM modulation), then, bI,2,1 can be modified as

b2
I,2,1 = [0 0 (4 − 2) (6 − 2)]T = [0 0 2 4]T . To have allo-

cated 2 bits to this subchannel, the power p2,1,2 must have

been used. With the realization of excess power available for

use, the allocation might then be upgraded to, say, a 16-QAM

(to transmit 2 more bits) or 64-QAM (to transmit 4 more

bits). For this to take place would require additional power of

(p2,1,3 − p2,1,2) (for 16-QAM) or (p2,1,4 − p2,1,2) (for 64-QAM)

respectively. Hence, the new power vector at the second iter-

ation p1
2,1

= [p2,1,1 p2,1,2 (p2,1,3 − p2,1,2) (p2,1,4 − p2,1,2)]T . The

values of the vector p1 are thus determined. If u1
n denotes the

power that was allocated to the nth subchannel in the first

iteration, then u1 ≜
[
u1

1
… u1

N

]T
. It therefore implies that

Pmax −
N∑

n=1

u1
n, which can rather be written as Pmax − ||u1||1,

is the residual power available for the second iteration step.

After this second iteration, the amount of power allocated to

the nth subchannel is the sum of the power allocated at the

first iteration and that allocated at the second iteration. This

total power is given as

v2
n = u1

n +
(

p1
k,n

)T
x2

k,n.

This new power is used to decide to what the modulation

scheme q of the nth subchannel should be upgraded.

TABLE 2 Pseudo-code for the proposed iterative-based heuristic

Pseudo-code for the subchannel allocation

1 solve for x using Equations 23 - 29 and 31

2 set subchannel index n = 0

3 repeat

4 n←n + 1

5 if (bT
k,nxk,n) ⩾ (bT

m,nxm,n)∀m ≠ k

6 nth subchannel is allocated to user k

7 end if

8 until n < N + 1

Pseudo-code for the bit and power allocation (i.e., at y = 1,2,3,… )

9 set n = 0, y = 0,u(0) = 0N , p(0) = p

10 repeat

11 y←y + 1

12 set f y = 0K , gy = 0K , vy = 0N

13 solve the problem (32) - (38)

14 repeat

15 N←n + 1

16 vy
n = uy−1

n + (py−1

k,n )T xy
k,n

17 if q = argmaxq
{

q ∈ [0, 1, 2, 3, 4] ∶ pk,n,q ⩽ vy
n
}

then

18 use modulation scheme q (i.e., with cq bits) on nth subchannel

19 set uy
k,n = pk,n,l; f y

k = f y
k + cq; gy

k = gy
k + cq

20 set py
k,n,m = pk,n,m − pk,n,l, ∀m > l

21 set by+1

k,n,m = bk,n,l − cq, ∀m > l

22 set by+1

k,n,m = 0, ∀m ⩽ l

23 end if

24 until n < N + 1

25 until no further improvement on total data rate (Equation 49)

26 the vectors f y + 1 and gy + 1 contain the bits allocated for each subchan-

nel in category 1 and 2 respectively

27 the vector uy + 1 contains the power allocated for each subchannel

q = argmax
q

{
q ∈ [0, 1, 2, 3, 4] ∶ pk,n,q ⩽ v2

n
}
. (48)

Similarly, the interference to PUs as a result of the power allo-

cated in the first iteration step is given as Hpu1. The remaining

interference permissible must be less than (𝜺l − Hpu1) for

the second iteration. Since, at this second iteration, f 1
k already

becomes the data rate allocated to the kth SU in category

1 during the first iteration and g1
k becomes the data rate

already allocated to the kth SU in category 2 during the

first iteration, f1 and g1 are defined as f 1 ≜
[
f 1
1

… f k
1

]T

and g1 ≜
[
g1

1
… gk

1

]T
, respectively. Hence, the data rate

requirement at the second iteration for category 1 users

would be (Rk − f 1), while the available data rate for cat-

egory 2 users at the second iteration would be (�̃�k − g1).
The constraints on data rate then become Bix2

I ⩾ [Rk − f 1]+
for category 1 users and Bjx2

II = [�̃�k − g1]+ for category

2 users.

This whole iteration process is repeated continuously and

only stopped when no further improvement can be achieved

on the total achievable data rate for each user (invariably, the
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throughput of the system cannot be improved any further).

The stopping criterion is thus given as

[(
by

I

)Txy
I +

(
by

II

)Txy
II

]
−
[(

by−1

I

)T
xy−1

I +
(

by−1

II

)T
xy−1

II

]
= ς,

(49)

where ς is a predetermined (very small) value. After the yth

iteration, the vectors f (y + 1) and g(y + 1) will contain the allo-

cated bits for each subchannel assigned to category 1 and

category 2 users, respectively. The vector u(y + 1) will con-

tain the power allocated to each subchannel. The pseudo-code

given in Table 2 summarizes both the subchannel alloca-

tion and the iterative bit and power allocation that form the

heuristic.

6 RESULTS AND DISCUSSION

The RA model for the underlay, heterogeneous, coopera-

tive CRN is simulated in MATLAB. For the simulation, the

parameters used are given as OFDMA subchannels N = 64,

PUs L = 4, SUs = 8 in all, with category 1 SUs K1 = 2,

category 2 SUs (K − K1) = 2, and SUs as possible cooper-

ators from which the best relay (CSU) is selected = 4. The

minimum data rate requirement for category 1 SUs is 64 bits

per user while the remaining resources are proportionately

distributed among the category 2 SUs with a normalized pro-

portional rate constant 𝛾k summed to unity. The bit error rate

requirement for all SUs 𝜌 = 0.01. The choice of the number

of PUs, SUs, and other parameters used in the simulation is

informed by the need to compare results obtained with similar

works in the literature. Hence, to validate the results presented

in this section, comparative results of the works of Awoyemi

et al9 and Rahulamathavan et al17 have been reproduced, albeit

at a heterogeneous scale (involving more SUs in 2 different

categories). The other results simply build on the validated

ones presented.

Figure 2 shows the interference channel gain patterns for

the various PUs and the consequent bit allocation to each

SU when only direct communication is considered. These

results are similar to and validated by the ones obtained in two

studies.9,17 The bit allocation is done with careful considera-

tion of the interference gains to the PUs. At high interference

gain, the subchannels are allocated low data rates to reduce

the adverse effect of high power and/or interference gain on

the PUs and vice versa. Examples of this can be seen in sub-

channels 2, 3, 9, 57, 63, and 64 of Figure 2B where a high data

rate has been allocated. The combined interference to the PUs

on those subchannels (see Figure 2A) is lower than the com-

bined interference on the other subchannels. On subchannels

14 to 27 and 39 to 52, the combined interference to PUs is

quite high, and the subchannels have been allocated low data

rates to transmit. This is the fundamental principle by which

the bit allocation is performed to obtain optimal results on the

overall throughput of the network.

Figure 3 gives the average data rate (bits per OFDMA

symbol) for each category of SUs against the maximum inter-

ference power to the PUs for both direct communication and

cooperative communication. Cases when the SUBS maxi-

mum transmit power is at 20 and 40 dBm are considered

in Figure 3A,B, respectively. From the results obtained, it is

obvious that for the developed RA problem to have feasible

solutions, the minimum rate constraint of the high priority cat-

egory 1 users has to be met at all times. Again, it can be seen

that at a higher SUBS power (40 dBm), the average data rate

is better than at a lower SUBS power (20 dBm). Importantly,

the result shows that a marked improvement in performance

of the network is achieved during cooperation, compared to

when direct communication alone is used. The reason for this

is the improved interference gain to PUs that the coopera-

tive network achieves, which means that the subchannels can

transmit at a higher rate than they would ordinarily have been

allocated by direct communication. It is also worth noting

that in Figure 3A, the average data rate during cooperation

eventually converges to nearly that of direct communication.

FIGURE 2 A, Interference gain of PUs. B, Subchannel allocation to SUs. Results obtained are comparable to those presented in the work of

Rahulamathavan et al.17 PU indicates primary user; SU, secondary user
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FIGURE 3 Average data rate for different categories of SUs, with both direct and cooperative communication considered. A is at 20 dBm maximum SUBS

power; B is at 40 dBm maximum SUBS power. OFDMA indicates orthogonal frequency division multiple access; PU, primary user; SU, secondary user;

SUBS, secondary user base station

FIGURE 4 Total data rate for different categories of SUs, with both direct and cooperative communication considered. A is at 20 dBm maximum SUBS

power; B is at 40 dBm maximum SUBS power. OFDMA indicates orthogonal frequency division multiple access; PU, primary user; SU, secondary user;

SUBS, secondary user base station

FIGURE 5 Average data rate for different categories of SUs, with both direct and cooperative communication considered. A is at 25 dBm maximum

interference to PUs; B is at 45 dBm maximum interference to PUs. OFDMA indicates orthogonal frequency division multiple access; PU, primary user; SU,

secondary user; SUBS, secondary user base station

This shows that as the permissible interference level to PUs

increases, the need for and/or effect of cooperation dimin-

ishes. It would be better to transmit directly if the PUs are

robust to the SUs’ interference than to transmit using cooper-

ation, as cooperation generally requires much more signalling

overhead than direct communication.

In Figure 4, the total data rate for each category of SUs

and the maximum interference power to the PUs for both
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direct communication and cooperative communication are

compared. Similar to Figure 3, cases when the SUBS max-

imum transmit power is at 20 and 40 dBm are considered

in Figure 4A,B, respectively. The explanations given for

Figure 3 are also applicable here, as the total data rate during

cooperation generally outperforms that of its direct commu-

nication counterpart. Similar reasoning and deductions about

the throughput and the better performance of cooperation

compared with direct communication can also be made.

Figure 5 describes the average data rate performance for

increasing SUBS power. The 2 categories of SUs are cov-

ered, and both direct and cooperative communications are

considered. In Figure 5A, a maximum interference power to

PUs of 25 dBm is used, while the maximum interference

power to PUs in Figure 5B has been increased to 45 dBm.

At all times, the minimum rate guarantee of the category 1

SUs must be met for the problem to have feasible solutions.

Again, as the SUBS power is increased, the average data

rate improves, particularly for category 2 SUs. After a while

though, no further improvement can be observed, irrespective

of whether or not the SUBS power is increased. The reason

for this is that the other constraints also come into play, thus

making it impossible for the data rate to keep increasing indef-

initely with increasing SUBS power. It is significant to note

the improvement that cooperative communication achieves

over direct communication. This improvement can be seen

when the interference limit is at 25 dBm (Figure 5A) and

at 45 dBm (Figure 5B). These results clearly show that the

network would rather transmit using direct communication

when the SUBS power is limited so as to maximize the power

use and reduce signalling overhead. At higher power, how-

ever, cooperative communication is preferred, as the overall

capacity is remarkably better.

Figure 6 presents the total data rate as realized by the

network for all the categories of SUs, with both direct and

cooperative communications. Also similar to Figure 5, the

cases presented are when the maximum interference to PUs

is at 25 and 45 dBm, as seen in Figure 6A,B, respectively.

The explanations given for Figure 5 are also very appropriate

for describing the performance of the network. The total data

FIGURE 6 Total data rate for different categories of SUs, with both direct and cooperative communication considered. A is at 25 dBm maximum

interference to PUs; B is at 45 dBm maximum interference to PUs. OFDMA indicates orthogonal frequency division multiple access; PU, primary user; SU,

secondary user; SUBS, secondary user base station

FIGURE 7 Performance of the branch-and-bound method compared with the iterative-based heuristic approach. A, Total data rate for an increasing SUBS

power (max interference to PUs at 25 dBm). B, Computational complexity for different number of subchannels. Results comparable to the work of

Rahulamathavan et al.26 ILP indicates integer linear programming; OFDMA, orthogonal frequency division multiple access; PU, primary user; SUBS,

secondary user base station
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rates during cooperation generally outperform rates achieved

during direct communication. The reasoning and inferences

given in Figure 5 are also applicable to understanding the

results of Figure 6

In Figure 7, the optimality of the network and the complex-

ity are compared for the ILP using BnB and the iterative-based

heuristic. The computational complexity is obtained from the

number of arithmetic operations that the network undergoes

before arriving at the solution.26 For the heuristic, the total

complexity is the sum of the complexities of the 2 parts (sub-

channel allocation and the iterative bit and power allocation).

The results presented show that while the heuristic performs

very close to optimality in its total data rate for the network,

the complexity is significantly less, especially as the network

gets larger. For such large CRN systems therefore, develop-

ing appropriate heuristic(s) to solve them, thereby providing

both feasible and timeous solutions with lower complexities,

is recommended.

7 CONCLUSION

In CRN, RA models that can yield outstanding productivity

even with very stringent constraints are critical. This work

develops such a model whereby, in a heterogeneous CRN

environment, cooperative diversity is used in mitigating the

limiting effects of the interference to the PUs of the network.

To make the model feasible and close to practical, only one

single best relay is selected from the available ones as the

cooperating relay. Also, cooperation is only used by users that

have subchannels with a high interference gain to the PU. The

problem that has been developed is first solved by a careful

reformulation of the non-deterministic polynomial-time-hard

problem into an ILP problem, and optimal solutions are

obtained using the BnB method for solving ILP problems. To

reduce computational complexity, an iterative-based heuris-

tic is developed to solve the problem in a much reduced

time frame. The results presented compare the average data

rates and total data rates for the different categories of SUs

when direct and cooperative communications are used. The

optimality and computational complexity of the developed

heuristic are compared with those obtained using ILP as

well. The improvement in the performance of the network

when cooperation is used is quite remarkable, as the results

have shown.
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