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Abstract—Cognitive radio network (CRN) has been proposed
in recent years to solve the spectrum scarcity problem by
exploiting the existence of spectrum holes. One of the important
issues in a cellular CRN is how to efﬁciently allocate primary
user (PU) spectrums without causing harmful interference to
PUs. In this paper, we present a cross-layer framework which
jointly considers spectrum allocation and relay selection with
the objective of maximizing the minimum trafﬁc demand of
secondary users (SUs) in a cellular CRN. Speciﬁcally, we consider
(1) CRN tries to utilize PU spectrums even when the CRN
cell is not outside the protection region of the PU cell, and
(2) cooperative relay is used in cellular CRNs to improve the
utilization of PU spectrums. We formulate this cross-layer design
problem as a mixed integer linear programming (MILP), and
use LINGO to obtain the optimal solution. Compared with a
simple channel allocation scheme, the numerical results show a
signiﬁcant improvement by using our method.

I. I NTRODUCTION
Recent studies have shown that traditional ﬁxed spectrum
allocation policy is becoming inadequate to address today’s
rapid growing wireless communications. On the one hand,
because of the increase in spectrum demand, this policy is
facing spectrum scarcity problem. However, on the other
hand, measurement studies indicate that a large portion of the
assigned spectrums are not used in certain geographical areas
in a signiﬁcant duration of time. These two reasons render
the traditional static spectrum allocation scheme insufﬁcient,
and hence a new technology called cognitive radio (CR) [1]
is proposed to solve the spectrum scarcity and inefﬁciency
problem.
Cooperative relay [2] could help improve spectrum utilization as well as the network throughput performance. Some
research works [3] [4] [5] adopted cooperative relay in multihop ad hoc CRNs and studied the related joint spectrum and
ﬂow allocation problems. Some practical cognitive radio network like IEEE 802.22 system focuses on a cellular network
which mainly aims to utilize DTV idle spectrums. Although
channel allocation [6] and cooperative relay [2] [7] in cellular
networks have been discussed widely, spectrum allocation in
cellular CRNs still faces a special characteristic. i.e., CRNs
have to opportunistically use the idle spectrum left by PUs and
essentially have no ﬁxed spectrum to use. This characteristic
makes the incumbent protection (i.e., PU protection) very
important in the successful application in CRNs.
[8] [9] used cooperative relay to improve the system
throughput in cellular CRNs. However, in [8] [9] CRNs mainly
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used the so-called white space [10] of PU spectrum, and thus
SUs’ harmful co-channel interference to PUs’ receivers was
not explicitly considered.
In order to further enhance the system throughput, CRNs
can aggressively operate on the so-called grey space [10] of
PU spectrum by making use of space diversity. For example,
even if CRN is inside the protection region of PU cells, it can
still use the PUs’ channel as long as the caused interference
is unharmful (i.e., below some threshold).
Based on this consideration, in this paper, we study the
joint spectrum allocation and relay selection problem for
CRNs. We focus on the infrastructure-based CRNs (e.g., the
model proposed in IEEE802.22). Speciﬁcally, we consider
the following two special points in this work. First, we use
both white space and grey space of PU spectrum available to
enhance the CRNs throughput. To make use of the grey space,
CRNs carry out a strict transmission power control policy
so that PUs’ receivers are sufﬁciently protected. Second, we
use cooperative relay in CRNs to fully utilize the available
spectrum resources (including both white and grey spaces
of PU spectrum). Simulation results show that by making
use of the above two points, CRN can improve its system
performance signiﬁcantly compared to that without using
them.
The rest of the paper is organized as follows. We present
the network model in section II. We then formulate the joint
spectrum allocation and relay selection problem as a MILP in
section III. Section IV shows the numerical results. Finally, we
present some future work and conclude this paper in section
V.
II. S YSTEM M ODEL
A. Centralized Cognitive Radio Network Model
We consider an infrastructure-based point to multiple point
CRN model [11] [12] in this paper. The CRN base station
(BS) is in charge of the uplink and downlink transmission for
each SU in the CRN cell. Speciﬁcally, we assume that CRN
BS knows the location of each SU as well as the location of
each PU BS nearby. We consider a relatively static scenario
where the PU spectrum environment is slow changing (e.g.,
DTV spectrum). For the PU network, only the PU BS is
a transmitter, and all the PUs are just receivers (e.g., DTV
system).

In this work, we adopt two methods to improve the spectrum
utilization of the CRNs. First, we adopt cooperative relay
scheme to enhance spectrum reuse and system throughput
performance. Second, in addition to the white space of PU
spectrum, we also use the so-called grey space of PU spectrum
1
to further improve the spectrum utilization.
Since PUs (e.g., DTV receivers) could be anywhere in
the PU BS’s transmission range and CRN BS could not
obtain their location information, we adopt a conservative
interference constraint in this paper, which means if CRN BS
or SU intends to use the grey spectrum to transmit, then it
should not have a downlink interference to the potential closest
PU and thus not interfering with any potential PU.
We assume that each SU has multiple radio interfaces for
data transmission, and all the transmitters’ (i.e. including both
PU and SU) transmission range and interference range are
circular. In this work, we only consider the downlink case,
and for the uplink case, the problem could be formulated in a
similar way.
Fig. 1 is used to illustrate our ideas. Without our schemes
and only using the conventional method, BS1 in CRN cell 1
and BS2 in CRN cell 2 can only transmit to SUs over idle
PU channels directly. In comparison, using our ideas, Fig.
1 shows that in CRN cell 1, idle channels ch2 and ch3 are
reused to enhance system performance. Besides, BS1 is using
busy channel ch4 to transmit data to SU4 while limiting its
transmission power so that the nearest PU receiver (i.e., the PU
connected by a red dash dot line) is outside the interference
range of this transmission. Similar case happens in CRN cell
2, SU1 relays some trafﬁc to SU2 over busy channel ch7, and
in this case, this transmission must also guarantee that it will
not affect the nearest potential PU receiver.
In this work, we only consider intra-cell spectrum sharing
problem. We assume inter-cell spectrum sharing use the exclusive allocation model [13], which means different CRN
cells use different spectrum bands. Therefore, there is no
interference among CRN cells.
In the rest of this paper, we focus on the spectrum allocation
and relay selection problem in a single CRN cell. Table I lists
the notations used in this paper.
B. Signal Propagation Model and Link Capacity Formula
There are two kinds of SUs in a CRN. The SUs with
downlink trafﬁc demand which we call destination nodes and
the SUs without downlink trafﬁc demand. Let R denote the
set of all SUs (excluding CRN BS) co-existing in CRNs. We
further deﬁne the following two sets of SUs: (1) set D denotes
the set of SU nodes which have downlink trafﬁc demands, and
(2) we consider that each SU could be a potential relay, then
the set including all SU nodes which can serve as relay is R.
1 White space of PU spectrum refers to the PU spectrum which is currently
not occupied by PUs, while grey space of PU spectrum, according to [10],
is the spectrum that is currently partially occupied by PUs. Speciﬁcally in
this work, if channel b is grey space, it means some PU BS is currently
using channel b. However, CRN BS can sense channel b’s busy state, and
opportunistically reuse channel b in some area of the CRN cell as long as its
reuse will not cause any harmful interference to PU BS.
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An illustrated example of our ideas
TABLE I
N OTATIONS

Symbol

Descriptions

I
B
D
R
Wi
Wb
i
Pm
b
Pm
PTb V
Gm
GT V
him,n
hbm,n
hbT V,n
sm,n
i
Bm,n
b
Bm,n
α
β
tbT V
tim
tbm
tm,max
i
Tm
b
Tm
Δ
η
N
γ(d)

Set of idle channels
Set of busy channels
Set of SU destination nodes
Set of all SUs
Bandwidth of idle channel i
Bandwidth of busy channel b
Transmission power of m over idle channel i
Transmission power of m over busy channel b
Transmission power of PU BS over busy channel b
Antenna gain of m
Transmission antenna gain of PU BS
Power propagation gain of link (m, n) over idle channel i
Power propagation gain of link (m, n) over busy channel b
Power propagation gain of link (T V, n) over busy channel b
Distance between transmitter m and receiver n
Capacity of link (m, n) over idle channel i
Capacity of link (m, n) over busy channel b
Signal detection threshold over an idle channel
Signal detection threshold over a busy channel
Transmission range of PU BS over busy channel b
Transmission range of m over idle channel i
Transmission range of m over busy channel b
Physical transmission range limit of m
Interference range of m over idle channel i
Interference range of m over busy channel b
Guard zone
Path loss exponent
Power of background noise
Trafﬁc demand at destination node d

We only consider two-hop relay in this work and the multi-hop
case will be brieﬂy discussed in the future work.
As mentioned before, we want to utilize two kinds of
spectrum spaces (i.e. white space of PU spectrum and grey
space of PU spectrum). These two kinds of spectrum spaces
refer to two kinds of PU channels. White space of PU spectrum
refers to the idle channels (i.e., no PU is using this channel).
Grey space of PU spectrum refers to the busy channels (i.e.,
some PU is currently using this channel, but SU can still use it

as long as its transmission will not cause harmful interference
to PU). We also deﬁne two sets of channels. Let I denote the
set of idle channels, and let B denote the set of busy channels.
Let W i and W b denote the bandwidth of idle channel i
i
i
i
, BBS,r
, Br,d
(i ∈ I) and busy channel b (b ∈ B), and let BBS,d
denote the capacity of link from CRN BS to destination node
d (d ∈ D), CRN BS to relay node r (r ∈ R), and relay node r
to destination node d over idle channel i (i ∈ I) respectively.
Each link capacity can be obtained by
i
Gm Gn him,n
Pm
), ∀ m, n, i
(1)
N
where m ∈ R ∪ {BS}, n ∈ R (m = n), and him,n = s−η
m,n
(sm,n is the distance between transmitter m and receiver
i
i
could be PBS
(i.e.,
n) is the power propagation gain2 . Pm
i
transmission power of the CRN BS) or Pr (i.e. transmission power of SU r). Gm , Gn denote the antenna gains of
the transmitter and receiver, respectively. For example, when
m = BS, n = r, Gm is the antenna gain of the CRN
BS (i.e., GBS ) and Gn is the antenna gain of SU r (i.e.,
GSU 3 ). N is the power of the background noise. For example,
P i GBS Gd hi
i
= W i log2 (1 + BS N BS,d )
BBS,d
b
b
b
, BBS,r
Meanwhile, let BBS,d
, Br,d
denote the capacity of
link from CRN BS to destination node d (d ∈ D), CRN BS
to relay node r (r ∈ R), and relay node r to destination node
d over busy channel b (b ∈ B) respectively. We obtain the
capacity for each link,
i
= W i log2 (1 +
Bm,n

b
Gm Gn hbm,n
Pm
), ∀ m, n, b
= W log2 (1 +
N + PTb V GT V Gn hbT V,n
(2)
where m ∈ R ∪ {BS}, n ∈ R (m = n), and PTb V is the
DTV BS’s transmission power, GT V is the DTV BS’s antenna
−η
b
b
gain. hbm,n = s−η
m,n , hT V,n (i.e., sT V,n ) could be hT V,d (i.e.,
the power propagation gain from DTV BS to SU d) or hbT V,r
(i.e., the power propagation gain from DTV BS to SU r). For
b
PBS
GBS Gd hbBS,d
b
example, BBS,d
= W b log2 (1 + N +P
).
b G
b
T V Gd hT V,d
TV
In this paper, we assume all SUs using idle channel have the
same signal detection power threshold denoted by α. Based
on the successful transmission condition [4], we have
b
Bm,n

b

i
Pm
Gm Gn s−η
m,n ≥ α

(3)

We also assume all SUs using busy channel have the same
signal detection power threshold denoted by β which is larger
than α, because in using the busy channels, the noise not only
contains background noise but also noises from the nearby
DTV BS. Therefore, we have
b
Gm Gn s−η
Pm
m,n ≥ β

(4)

From equations (3) and (4), the transmission range of m
(m ∈ R ∪ {BS}) over an idle channel i (i ∈ I) denoted
him,n

i
s−η
m,n ρm,n ,

s−η
m,n
ρim,n

=
where
is the path loss of link
(m,n) with exponent η (we set η = 4) and
is a normalized random
factor modeling the frequency selective fading across different channels. In
this work, we set ρim,n = 1 for simplicity.
3 In this work, we assume all SUs have the same antenna gain G
SU .
2 Speciﬁcally,
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by tim (i.e. maximum sm,n with the guarantee of a successful
transmission) can be expressed as:
i
Pm
Gm GSU 1/η
(5)
)
α
Meanwhile, the transmission range of the BS and SU over a
busy channel can be expressed as:

tim = (

tbm = (

b
Pm
Gm GSU 1/η
)
β

(6)

By using equations (5) and (6), we can determine SU’s
transmission range from the transmission power. Conversely,
we can also determine SU’s transmission power from the
transmission range. Since the transmission range is related to
the interference range which will be discussed in the following,
we can control the transmitter’s power (to make its interference
range small enough) to avoid any potential interference to PUs.
For clear presentation, we put (5) and (6) into (1) and
(2) respectively. The capacity formula becomes a function of
transmission range and the distance between transmitter and
receiver as follows:
i
Bm,n

= W i log2 (1 +

α tim η
) )
(
N sm,n

(7)

tbm

b
Bm,n

= W b log2 (1 +

( sm,n )η
N
β

tb

V
+ ( sTTV,n
)η

)

(8)

In the following, we use equations (7) and (8) instead of the
original capacity formulas (1) and (2).
C. Protocol Interference Model
In this work, we adopt the Protocol Interference Model [14].
i
b
The corresponding interference range denoted by Tm
, Tm
can
be obtained by the following equations:
i
Tm
b
Tm

= (1 + Δ)tim
= (1 + Δ)tbm

(9)
(10)

Since we adopt the conservative interference constraint and
the locations of all SUs and PU BSs are known to the CRN BS,
we can obtain the interference range limit for the CRN BS and
each SU when using a busy channel. For the transmission over
an idle channel i, since the transmitter could use its physical
power limit, we have
i
= (1 + Δ)tm,max
Tm

(11)

where tm,max is the maximum transmission range of transmitter m.
However, for the transmission over a busy channel b, the
transmitter may not use its physical power limit in order to
protect PUs. In this case (shown in Fig. 1), we have
b
= min{(1 + Δ)tm,max , dT V,m − tT V }
Tm

(12)

where dT V,m − tT V is the distance from the transmitter to the
potential nearest PU (distance from PU BS to the transmitter
minus the PU BS’s transmission range tT V which is shown
as the red dash dot line in Fig. 1).

Since the locations of CRN BS and all SUs are ﬁxed, the
interference ranges of CRN BS and all SUs which can be
obtained from (11) and (12) are also ﬁxed. From (9) and (10),
the transmission ranges of CRN BS and all SUs could be
obtained. Therefore, from (5) and (6) the transmission powers
of CRN BS and all SUs could be adjusted.
III. P ROBLEM F ORMULATION

transmission range of the transmitter. In summary, we can express the set of constraints regarding to the channel allocation
mathematically as follows:
xir,d = 0, ∀d ∈ D, r ∈ R, i ∈ I, sr,d > tr,max

(15)

xbBS,d = 0, ∀d ∈ D, r ∈ R, b ∈ B, sBS,d > tbBS

(16)

xbBS,r = 0, ∀d ∈ D, r ∈ R, b ∈ B, sBS,r > tbBS

(17)

xbr,d = 0, ∀d ∈ D, r ∈ R, b ∈ B, sr,d > tbr

(18)

A. Link Assignment and Flow Assignment
The decision variables representing channel allocation and
relay selection decisions are:
xiBS,d , xiBS,r , xir,d , xbBS,d , xbBS,r , xbr,d ∈ {0, 1},
∀d ∈ D, r ∈ R, i ∈ I, b ∈ B

(13)

where for example, xiBS,d = 0 denotes CRN BS not allocating
channel i for link (BS, d), while xiBS,d = 1 denotes CRN BS
allocating channel i for link (BS, d).
Meanwhile. the decision variables representing ﬂow rate
allocation for each link over each channel are:
i
i
i
b
b
b
, fBS,r
, fr,d
, fBS,d
, fBS,r
, fr,d
≥ 0,
fBS,d
∀d ∈ D, r ∈ R, i ∈ I, b ∈ B

C. Mutual Interference Constraint
Besides the interference to PU, mutual (co-channel) interference should be avoided in CRN. Therefore, we have the
following constraints for the idle channels:

(xiBS,d + xiBS,r ) ≤ 1, ∀i ∈ I
(19)
r∈R d∈D

xiBS,d + xir,d ≤ 1, ∀i ∈ I, ∀r ∈ R, ∀d, d ∈ D
xiBS,r

+

xir ,d

≤ 1, ∀i ∈ I, ∀r, r ∈ R, ∀d ∈ D
(r, d) = (r , d ), sr,d ≤ Tri

(14)

denotes the ﬂow rate allocation for
where for example,
i
link (BS, d) over channel i. Notice that fBS,d
= 0 means that
CRN doesn’t allocate any rate for link (BS, d) on channel i.
B. Transmission Range Constraint
As described before, careful channel allocation and relay
selection should be carried out by CRN BS so that PUs only
suffer unharmful interference. To achieve this, we need to limit
the transmission range of the CRN BS as well as the SUs
when using busy channel to transmit. This means CRN BS
and SUs have to use smaller transmission power instead of
their physical power limits when using busy channels.
When the locations of CRN BS, PU BS, and all SUs are
i
b
, TBS
) and
ﬁxed, the interference ranges of CRN BS (i.e., TBS
i
b
SUs (i.e., TSU , TSU ) are also ﬁxed.
Speciﬁcally, we consider the following two cases:
Case 1: allocation of the channel i (i ∈ I). For the idle
channel transmission range limit and interference range limit,
they are just the ranges when using the physical power limit
because this transmission will not cause interference to the
PUs. Therefore, CRN BS could transmit to any SUs in the
cell over an idle channel, and SU could relay trafﬁc to the
SUs which are within its physical transmission range limit
(i.e. tim = tm,max , m ∈ R ∪ {BS}), .
Case 2: allocation of the channel b (b ∈ B). When using
busy channels, both the CRN BS and the SUs may need to
transmit lower than their physical power limits in order to
protect PUs. From equations (11) and (12), we can obtain the
b
transmission range of CRN BS and SUs as tbm = Tm
/(1 +
Δ), m ∈ R ∪ {BS}.
Based on the transmission ranges, we know that the link
assignment should be 0 when the receiver is outside the

(20)
(21)

xir,d + xir ,d ≤ 1, ∀d, d ∈ D, r, r ∈ R, i ∈ I,
(22)

xir,d + xir ,d ≤ 1, ∀d, d ∈ D, r, r ∈ R, i ∈ I,

(r, d) = (r , d ), sr ,d ≤ Tri

i
fBS,d
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(23)



In (22) and (23) (r, d) = (r , d ) means the constraints are
applied only when links (r, d) and (r , d ) are two different
links, and the scenario that two links overlap at only one point
applies the constraints. Speciﬁcally, when d = d , r = r ,
the constraints avoid two relay nodes transmit to the same
destination node using the same channel. When r = r , d = d ,
the constraints avoid one relay node transmit to two different
destination nodes over the same channel. When r = r , d = d ,
the constraints avoid two links within each other’s interference
range use the same channel to transmit.
For the scenario of using nearby PU cell busy channels, the
constraints are similar but due to the decreased BS’s power
and relay node’s power, the interference ranges shrink, and
we have the following constraints for the busy channels:

(xbBS,d + xbBS,r ) ≤ 1, ∀b ∈ B
(24)
r∈R d∈D
b
≤ 1, ∀d, d ∈ D, r ∈ R, b ∈ B, sBS,d ≤ TBS
(25)
xbBS,d + xbr,d ≤ 1, ∀d, d ∈ D, r ∈ R, b ∈ B, sr,d ≤ Trb
(26)
xbBS,r + xbr ,d ≤ 1, ∀d ∈ D, r, r ∈ R, b ∈ B, sr ,r ≤ Trb
(27)
b
xbBS,r + xbr ,d ≤ 1, ∀d ∈ D, r, r ∈ R, b ∈ B, sBS,d ≤ TBS
(28)

xbBS,d

+ xbr,d

xbr,d + xbr ,d ≤ 1, ∀d, d ∈ D, r, r ∈ R, b ∈ B,
(r, d) = (r , d ), sr,d ≤ Trb

(29)

xbr,d + xbr ,d ≤ 1, ∀d, d ∈ D, r, r ∈ R, b ∈ B,
(r, d) = (r , d ), sr ,d ≤ Trb

(30)

D. Flow Conservation and Capacity Constraint
To impose certain fairness criteria on each destination node
rate demand in the CRN, we set the objective function as
maximizing the scaling factor λ for all the destination node
rate requirements. Through this, we actually achieve a maxmin fairness over all SUs’ trafﬁc demands. Then, we have

i
i
b
b
(fBS,d
+ fr,d
+ fBS,d
+ fr,d
) ≥ λ · γ(d), ∀d ∈ D
i∈I b∈B r∈R

(31)
where γ(d) denotes destination node d’s trafﬁc demand. Equation (31) means all trafﬁc ﬁnally come to destination node d
should be larger than or equal to some proportion of d’s trafﬁc
demand.
Besides, we have the ﬂow conservation constraints to guarantee the total incoming ﬂow and the total outgoing ﬂow of
any relay node to be equal. Therefore,




i
b
i
b
fBS,r
+
fBS,r
=
fr,d
+
fr,d
, ∀r ∈ R
i∈I

d∈D i∈I

b∈B

d∈D b∈B

(32)
The ﬂow rate allocation and channel allocation are coupled
by the following constraints.
∀d ∈ D, i ∈ I

(33)

i
i
≤ xiBS,r BBS,r
, ∀ r ∈ R, i ∈ I
fBS,r

(34)

i
fBS,d

≤

i
xiBS,d BBS,d
,

F. A Relaxation Approach
The channel allocation scheme used in section (III-E) means
that CRNs can only decide whether or not to allocate a speciﬁc
channel to a speciﬁc link.
However, a more ﬂexible scheme is that CRNs can further
decide how much transmission time should be allocated within
a frame so that the links can time-share a channel. Following is
an example considering the proposed IEEE 802.22 framework.
According to [11] each MAC superframe contains 16 frames
and each frame contains an integer number of MAC slots.
Therefore, CRN BS can further determine the percentage of
the transmission time to allocate channels in a frame.
Our previous problem formulation can be smoothly extended to include this feature.
Speciﬁcally, we relax the constraint that xiBS,d should be
chosen from a binary value (i.e. xiBS,d ∈ {0, 1}) to the
constraint that xiBS,d can now be chosen from any real value
within [0,1] (i.e. xiBS.d ∈ [0, 1])4 . All decision variables representing the channel allocation for the link from relay nodes
to destination nodes remain as binary values. Mathematically,
we change constraint (13) into:
xiBS,d , xiBS,r , xbBS,d , xbBS,r ∈ [0, 1], and
xir,d , xbr,d ∈ {0, 1}, ∀d ∈ D, r ∈ R, i ∈ I, b ∈ B

(39)

The formulation of this relaxation approach is as follows:
max λ
subject to:
(14) − (39)

i
fr,d

≤

i
xir,d Br,d
,

∀d ∈ D, r ∈ R, i ∈ I

(35)

We denote the optimal solution of this relaxed problem by
”Relaxed BS X” scheme.

b
b
fBS,d
≤ xbBS,d BBS,d
, ∀d ∈ D, b ∈ B

(36)

b
b
fBS,r
≤ xbBS,r BBS,r
, ∀r ∈ R, b ∈ B

(37)

IV. N UMERICAL R ESULTS
In this section, we present numerical results for our proposed methods and compare them with a simple channel
allocation scheme.

b
b
, ∀d ∈ D, r ∈ R, b ∈ B
fr,d
≤ xbr,d Br,d

(38)

For example, constraint (33) states that the ﬂow allocation
for link (BS, d) on channel i cannot exceed the link capacity
according to the channel allocation decision xiBS,d .
E. Problem formulation
The complete problem is formulated as follows:
max λ
subject to:
(13) − (38)
The formulated problem is a MILP problem, which is very
difﬁcult to solve in general. We use LINGO (an optimization
software) to ﬁnd the optimization solution, which we denote
by ”Binary X” scheme in the following.
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A. Parameter Settings
Table II shows the transmission range of CRN BS and PU
BS (coverage of CRN cell and PU cell), and the transmission
range from a SU to another SU. Table III and table IV
shows the topology of the PU BS, CRN BS, all SUs and the
destination SUs’ demands. Table V shows the value of the
parameters used in our experiments.
B. Numerical Results
Fig. 2 shows that using ”Binary X” scheme, the channel
allocation and relay selection results. It is shown that CRN BS
tends to use busy channels in a direction away from the PU cell
which is reasonable because this will cause less interference
to PUs. Meanwhile idle channels 1 and 2 are reused in this
SU cell to get the best system performance.
4 Notice that in practical application, these values should be discrete values
instead of real values. Therefore, for practical application, we can approximate
the real values into close discrete values. As long as there are many slots in
each frame, the performance using real values will be close to the practical
case.

TABLE II
T RANSMISSION RANGE LIMIT

CR BS
DTV BS
SU to SU

33km
132km
15km

ch1 (idle)

BS to SU 7, x=0.5025

ch2 (idle)
ch3 (idle)
ch4 (busy)

BS to SU 3, x=0.5338

SU 7 to SU 9, x=1

ch5 (busy)

802.22 BS
DTV BS

(0,0)
(0,165)

downlink

Fig. 3.

TABLE IV
SU S ’ LOCATION OF A RANDOM TOPOLOGY AND THEIR DEMANDS
SU’s node index

Location

Demand

1
2
3
4
5
6
7
8
9
10

(12,12)
(-11,28)
(-12,20)
(-19,26)
(-13,1)
(-17,-19)
(10,-10)
(5,-18)
(9,-20)
(20,-18)

0
2Mbps
0
2Mbps
2Mbps
0
0
0
2Mbps
2Mbps

”Relaxed BS X” scheme with |I|=3, and |B|=2

Fig. 3 shows that using the ”Relaxed BS X” scheme, the
results of the channel allocation and relay selection. It is shown
from Fig. 3 that this scheme gives the CR BS more ﬂexibility
to allocate channels in a frame.
1.5
"Relaxed BS X" scheme
"Binary X" scheme
Simple scheme

1

λ

Location

BS to SU 2, x=0.4662

BS to SU 5, x=1

TABLE III
L OCATION OF SU AND PU BS S
Type of user

BS to SU 2 , x=0.4975

SU 3 to SU 4, x=1 ; SU 7 to SU 10, x=1
Preamble

Physical transmission range limit

MAC slots
Logical channel number

Type of user

One frame at BS

0.5

TABLE V
PARAMETERS
Symbol

Value

I
B
D
R
Wi
Wb
Δ
η
α
β

ch1, ch2, ch3
ch4, ch5
2,4,5,9,10
1 – 10
1MHz
1MHz
1
4
N
1.2N

0

2

Potential DTV receiver
Destination node
1

ch1
5

6

ch4

ch5
7
8

ch2
9

SU without demand
CRN BS

ch3

DTV BS
10
Connection over an idle channel
Connection over a busy channel

Fig. 2.

2

3

4

5

6

Fig. 4. Comparison of λ with different number of idle channels when |B|=2

PU channel
Idle: ch1, ch2, ch3
Busy: ch4, ch5

ch2 ch3
3

1

Number of idle channels

TV

4

0

”Binary X” scheme with |I|=3, and |B|=2
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For comparison, we also consider a simple scheme here.
Speciﬁcally, the simple scheme is just maximizing fairness
factor λ without using relay and busy channels but with
relaxed channel allocation variable xiBS,d (d ∈ D, i ∈ I)
from [0, 1]. This means it is just allocating idle channels to
make the destination nodes achieve even percentage of their
demands without the help of relay scheme and grey space of
PU spectrum.
It is shown in Fig. 4 that our scheme (”Relaxed BS
X” scheme) has a signiﬁcant improvement over the simple
scheme5 even only with 2 logical busy channels. With the
increase of idle channels (all the other parameters remain
the same and only the number of idle channels changes), the
improvement by our scheme becomes better and better than the
simple method. The ”Binary X” scheme is not good because
of its inﬂexibility in allocating channels for multiple MAC
5 Notice that in this work, we assume that the PU spectrums are slow
changing and the PU is not coming back in the middle of a CRN MAC frame.
However, in reality, the PU may come back in the middle of a CRN MAC
frame. In that case, both the performance of our schemes and the performance
of the simple scheme should be slightly decreased. This situation also exists
in the following results.

slots in one frame.

the distance between PU BS and CRN BS is very close,
and in some cases the CRN cell could be even included
in the PU cell, then the improvement of the ”Relaxed BS
X” scheme over the simple method may just come from
the advantage of relay. When the distance between PU BS
and CRN BS becomes larger, the performance increase of
the ”Relaxed BS X” scheme becomes smaller. Finally when
the CRN cell is outside the keep-out region [12] of the PU
cell, the performance of the ”Relaxed BS X” scheme stops
increasing. Because at this time, the CRN cell can fully utilize
the spectrums in the PU cell, and thus those busy channels
becomes idle channels for the CRN cell.

0.7
"Relaxed BS X" scheme
"Binary X" scheme
Simple scheme

0.6

0.5

λ

0.4

0.3

0.2

0.1

0

1.4

0

1

2

3

4

Simple scheme
"Relaxed BS X" scheme

1.2

5

Number of busy channels
1

Comparison of λ with different number of busy channels when |I|
0.8

λ

Fig. 5.
=2

Fig. 5 shows the performance of our proposed schemes have
similar trends as Fig. 4 when the number of busy channels
increases (all the other parameters remain the same, only the
number of idle channels is set as 2 and the number of busy
channels changes). However, the increase of λ is much slower
than in Fig. 4 because when using busy channels, CRN BS
and SUs need to consider the interference to the nearby PU
cell and thus they need to decrease their transmission power.
However, when using idle channels, CRN BS and SUs need
not to consider the interference to PU.
1.4
"Relaxed BS X" scheme
"Binary X" scheme
Simple scheme

1.2

1

λ

0.8

0.6

0.4

0.2

0
145

150

155

160

165

170

175

180

185

190

195

Distance between CR BS and TV BS
Fig. 6. Comparison of λ with different distance between CR BS and TV
BS when |I| = 3,|B|=3

Fig. 6 shows the performance comparison when the distance
between PU BS and CRN BS changes. It shows that when
the distance between PU BS and CRN BS increases, the
performance of our proposed schemes becomes better because
CRN BS and SUs could transmit using more power over those
busy channels of the nearby PU cell. We notice that when
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0.4

0.2

0

0

1
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3

4

5

6

7

8

Experiment index
Fig. 7. Comparison of λ in multiple experiments with randomly generated
topologies

Fig. 7 shows the comparison of λ between using our
proposed ”Relaxed BS X” scheme and simple scheme in
multiple experiments. In each experiment, we set different
random topologies (i.e. locations of the PU BS, CRN BS
and all SUs) as well as different SUs’ trafﬁc demands. In
this ﬁgure, it is shown that in most of the experiments, the
improvement by our proposed scheme is signiﬁcant. In some
experiments (e.g. experiments 5 and 7), the improvements
seem not that good because in these cases, the CRN cell is
very close to the PU cell or even is covered by the PU cell, and
thus, CRN BS and SUs cannot utilize the grey spectrums in the
PU cell. Besides, in these two cases, due to the bad location
of SUs, relay cannot make a good inﬂuence to improve the
overall performance.
V. C ONCLUSION AND F UTURE W ORK
In this paper, we present an optimization framework which
maximizes the fairness factor in a cellular CRN while jointly
considers spectrum allocation and relay selection. We formulate it as a MILP problem and use LINGO to obtain the
optimal solution. Compared with a simple channel allocation
scheme, the numerical results show a signiﬁcant improvement
by using our method.
Currently, we only focus on the intra-cell spectrum allocation and relay selection problem. In our future work, we will

extend this problem to the inter-cell case. For instance, the
CRN cells with the fairness factor λ < 1 (i.e., SUs’ demands
cannot be fully satisﬁed) may initiate inter-cell spectrum
sharing requests, and those CRN cells with λ > 1 (i.e.,
SUs’ demands can be fully satisﬁed) could lend some of
their spectrums to the neighbor CRN cells having inter-cell
spectrum sharing requests so that their own demands can still
be satisﬁed while at the same time their neighbor CRN cells
could have a better performance.
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