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Abstract—1In this paper, we investigate power and channel allo-
cation for cooperative relay in a three-node cognitive radio net-
work. Different from conventional cooperative relay channels, cog-
nitive radio relay channels can be divided into three categories: di-
rect, dual-hop, and relay channels, which provide three types of
parallel end-to-end transmission. In the context, those spectrum
bands available at all three nodes may either perform relay diver-
sity transmission or assist the transmission in direct or dual-hop
channels. On the other hand, the relay node involves both dual-hop
and relay diversity transmission. In this paper, we develop power
and channel allocation approaches for cooperative relay in cog-
nitive radio networks that can significantly improve the overall
end-to-end throughput. We further develop a low complexity ap-
proach that can obtain most of the benefits from power and channel
allocation with minor performance loss.

Index Terms—Channel allocation, cognitive radio, cooperative
relay, power control, resource allocation.

1. INTRODUCTION

OGNITIVE radio (CR), a key technology for future

wireless communications, is capable of sensing and
adapting to environments [1]-[5]. It can adjust its transmis-
sion parameters, such as spectrum bands, transmission power,
coding rates, and modulation levels, to opportunistically access
available spectrum bands without interfering with primary
users (PUs). In general, a CR user can access the spectrum
bands that are not used by PUs. Spectrum sensing detects the
availability of spectrum bands. Recent studies [6]-[8] have
shown that the available spectrum bands may vary with dif-
ferent CR users. It happens when the transmission range of CR
users is larger than or similar to that of PUs. Then different
CR users may obtain different sensing results since they are at

Manuscript received November 06, 2009; revised March 29, 2010; accepted
May 21, 2010. Date of publication June 14,2010; date of current version January
19, 2011. This work was supported in part by the National Science Foundation
under Grant 0721580, in part by the Research Gift from Huawei Technologies
Co., Ltd., in part by the Program of Introducing Talents of Discipline to Uni-
versities (111 Program), and in part by the Innovation Foundation of BUAA
for Ph.D. Graduates. The associate editor coordinating the review of this man-
uscript and approving it for publication was Vincent K. N. Lau.

G. Zhao and C. Yang are with the School of Electronics and Information Engi-
neering, Beihang University, Beijing 100191, China (e-mail: zhaoguodong@ee.
buaa.edu.cn; cyyang @buaa.edu.cn).

G. Y. Li is with the School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, GA 30332 USA (e-mail:
liye@ece.gatech.edu).

D. Li and A. C. K. Soong are with Huawei Technologies, Plano, TX 75075
USA (e-mail: ldd@ieee.org; asoong@huawei.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTSP.2010.2052784

% Available spectrum bands

Source : % f
Destination %/

Relay channel  Direct channel ~ Dual-hop channel

Fig. 1. CRRC in CR networks.

different locations and have different impacts on PU systems.
For example, an available spectrum band at a CR transmitter
may not be available at its intended CR receiver and vice
versa [9]. Nevertheless, secondary communication can only be
established through common available bands between a pair of
CR users. If there are no available bands in common, then no
direct link can be established.

In order to solve the problem, cooperative relay has been
introduced into CR networks [10]. With the assistance of a CR
user as a relay that has rich available spectrum bands, some
of non-common spectrum bands between the CR source and
the CR destination can be bridged to exploit more spectrum
opportunities. Recent literature [11]-[15] has discussed co-
operative relay in CR from various perspectives. In [11], a
cognitive space-time—frequency coding technique is proposed
to maximize spectrum opportunities. In [12], relays are used
for balancing the traffic requests and available spectrum re-
sources. In [13], [14], signal-to-interference-plus-noise ratio
(SINR) is enhanced by relays through spatial diversity. In
[15], directional transmission of relays is used for exploiting
spatial spectrum holes.

In this paper, we investigate power and channel allocation for
cooperative relay in a three-node CR network, which consists of
a source, a relay, and a destination and can operate in multiple
spectrum bands. In the context, CR relay channels (CRRCs)
can be divided into three categories as shown in Fig. 1. If a
spectrum band is available at all three CR nodes, it is called a
relay channel since it can provide end-to-end communication
using cooperative relay protocols in [16]. If a spectrum band is
available at both the source and the destination but not at the
relay, it is called a direct channel for it can provide end-to-end
communication directly. If one spectrum band is available at
the source and the relay, and another one is available at the
relay and the destination, it is called a dual-hop channel since
end-to-end communication can be established via the relay.
Each kind of the above channels has been studied in [17]-[19].
Dual-hop channels may increase throughput, extend coverage,

1932-4553/$26.00 © 2011 IEEE
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TABLE 1
LIST OF ABBREVIATIONS

BD Band

CR Cognitive radio

CRRC | Cognitive radio relay channel
CSI Channel state information
DF Decode and forward

RD Relay-destination

SD Source-destination

SR Source-relay

PU Primary user

and reduce interference [20]. Relay channels improve the
performance through spatial diversity by using additional paths
between source and destination [21]. However, in CRRC, if CR
nodes are with rich available bands, some of the bands can be
used as a relay, a direct, or a dual-hop channel, and different
combinations may result in different performance. Allocating
each available band to one of the three kinds of channels will
bring us new degrees of freedom, which has not been discussed
in CR.

Instead of addressing the transmission for each kind of chan-
nels separately, we design transmission schemes to exploit all
channels jointly to optimize overall system performance. In gen-
eral, a dual-hop channel has a bottleneck in throughput whereas
a relay channel loses half of its throughput due to its half du-
plex constraint in practice. We propose to assign the spectrum
band of the relay channel to assist the transmission in dual-hop
or direct channels. This not only compensates for the bottleneck
of the dual-hop channel but also enables the spectrum band of
the relay channel to work in full-duplex mode. As a result, the
overall end-to-end throughput can be significantly improved.
Furthermore, we apply power allocation for CRRC so that the
maximum overall end-to-end throughput can be achieved.

The rest of this paper is organized as follows. In Section II,
we introduce cooperative relay channel in a three-node CR
network, discuss power constraints for both the source and
the relay, and derive throughput expression for CRRC. In
Section III, we study power and channel allocation to maximize
the overall end-to-end throughput. In Section IV, we present
numerical results to illustrate the performance of the proposed
power and channel allocation and develop a low complexity
approach from practical considerations. Then we conclude the
paper in Section V.

The abbreviations in this paper are summarized in Table I.

II. COOPERATIVE RELAY CHANNEL IN CR NETWORKS

In this section, we will first introduce CRRC in a CR network
with four typical spectrum bands, and then discuss power con-
straints for both the source and the relay. Finally, we will obtain
the end-to-end throughput of CRRC.

A. Cooperative Relay Channel

Fig. 2 shows an example of cooperative relay in a three-node
CR network. In the figure, the source intends to send data to

the destination, and the relay may assist the transmission. We
assume that a central controller can obtain sensing results and
channel state information (CSI) among all three CR nodes
through dedicated control channels. We further assume that
every CR node is equipped with an omnidirectional antenna and
can simultaneously sense four licensed spectrum bands,! BDs
for2 = 1,...,4. Each of them belongs to a PU exclusively.
Specifically, PU3 in Fig. 2 may be a base station or a TV tower
with large coverage and uses BD3. All three CR nodes are
assumed to obtain the same sensing result on BD3. If PU3 is
not transmitting, BD3 can be used as a relay channel to provide
relay diversity transmission,? i.e., the source broadcasts its data
to both the relay and the destination in a time slot while the
relay forwards the data to the destination in the subsequent
one. Meanwhile, the source is silent when the relay transmits
signals. Three links are involved in BD3, source-relay (SR),
relay-destination (RD), and source-destination (SD). As shown
in Fig. 2, their channel powers are denoted as g3", ggd, and g§d,
respectively. By contrast, the rest of the spectrum bands, BDI,
BD2, and BD4, are assumed to belong to short-range primary
users, PU1, PU2, and PU4, respectively. Those users can only
affect the sensing results of their nearby CR nodes. Even when
they are active, their spectrum bands can still be used by the
CR system. As shown in Fig. 2, BD1 and BD2 can be used as
a dual-hop channel, where BD1 and BD2 bridge the source
and the relay, and the relay and the destination, respectively.
Then the data can be sent to the relay through BD1 and be
forwarded to the destination through BD2.3 Furthermore, BD4
that is available at both the source and the destination but not at
the relay can provide direct transmission. Therefore, the overall
end-to-end communication is composed of the three kinds of
channels occupying four spectrum bands.

Although CR systems may have multiple available spec-
trum bands, each can be regarded as one of the above four
typical bands. Without loss of generality, we will develop
our algorithms for a CR network with four typical spectrum
bands to gain insights on the performance of power and
channel allocation.

B. Transmit Power Constraint

Denote p; and pf as the transmit power of the source and the
relay for the sth spectrum band, respectively. Then their power
allocation vectors can be expressed as p° = [p7,p5, pg, p3]
and p® = [pE p& pZ pL]. In particular, p5 = 0 implies that
BD2 cannot be used at the source. Similarly, pf = 0 and p¥ = 0
denote that BD1 and BD4 can not be used at the relay.

In CR, secondary communication can only be established
when it does not cause intolerable interference to PUs. To pro-
tect each PU, we assume that the transmit power of the source

I1deal spectrum sensing is considered here; therefore, no false alarm and
missed detection events happen.

2Even though there are many cooperative relay protocols [19], we only con-
sider the decode-and-forward (DF) protocol in [16] to facilitate the development
of our idea.

3In the dual-hop transmission, full-duplex relays are used here, which requires
the SR and RD links, e.g., BD1 and BD2 in Fig. 2, are available at the same time.
Otherwise, if they are not available at the same time, the dual-hop transmis-
sion will be disabled and other modes will be used for providing the end-to-end
throughput.
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Fig. 2. System setup of cooperative relay in CR networks.

and the relay on each band has a power constraint of Ppax,
which is called the per band power constraint and can be ex-
pressed as

PP < Poax and pf < Py, i=1,...,4. (D

We notice that secondary transmission can be designed under
various power constraints [22]-[24], which need the CSI from
CR transmitter to primary receiver that is in general very hard
to obtain. In this paper, we focus on developing the method of
cooperation among the three kinds of channels in CRRC. There-
fore, the above per band power constraint is used for simplicity
and it can be obtained by proactive spectrum sensing [25].

Furthermore, due to some implementation issues, such as
radio front-end (RF) capability, power, and cost budgets, the
total transmit power at the source and the relay will be limited,
which can be expressed by the sum power constraint

4
S S
Zpi S Pmax
=1

where PS5, and PR are the maximum powers that the source

and the relay are able to transmit, respectively.

4
and » pf <P 2)
=1

C. End-to-End Throughput

In CRRC, the three kinds of channels can provide three
parallel end-to-end transmission. For the direct transmission in
BD4, the end-to-end throughput can be expressed as

Rdirect = C(pfg4) (3)

where C(z) = Blog(1+ =) is the Shannon capacity with band-
width B and g, is the channel power of BD4.4 Here we assume
that the bandwidth of each band, BDz for 7 = 1,...,4, is the
same for simplicity.

For the dual-hop transmission in BD1 and BD2, since the
two hops are serially connected at the relay, the end-to-end
throughput equals to the smaller throughput of the two hops. In
addition, the full duplex can be realized because the two hops,

4If h; represents a complex channel coefficient, g; = |h;|? is defined as

channel power, where the subscript denotes the index of the channels.

i.e., the SR and the RD links, work in different spectrum bands
and the relay is able to transmit and receive at the same time.
Then the end-to-end throughput can be expressed as [26]

Rayar = min {C(p7 1), C(pFg2)} - “

For the relay diversity transmission in BD3, all three links in-
volved in the DF protocol are in the same spectrum band. Only
half duplex can be realized in practice since the relay cannot
receive and transmit signals simultaneously at the same spec-
trum band. According to [21], [26], and [27], the end-to-end
throughput can be expressed as

1 . sr S r
Rectay = 5 min {C(p3g3"), C(p393") + Clpg'gs")} - (5)

Therefore, the overall end-to-end throughput of CRRC is con-
tributed by the three parallel transmission as follows:

Rall(ps7 pR) = Rdirect + Rdual + Rrelay~ (6)

Remark: In (6), the overall end-to-end throughput is given
by the summation of the three kinds of transmission since mul-
tiple transmission may happen simultaneously in CRRC. Thus,
Ruu(+) or J(+) in the following sections represents the instan-
taneous throughput, where the state of PUs is constant during
CR’s communication.’

III. POWER AND CHANNEL ALLOCATION

In a three-node CR network with a cooperative relay, the relay
improves performance by exploiting available spectrum bands
at the three nodes. When an available band at the relay is also
available at the source and the destination, such as BD3 in Fig. 2,
it can introduce the extra SR and RD links to enhance the ex-
isting SD link by relay diversity transmission. On the other hand,
when two different spectrum bands are available at the source
and the destination, respectively, and are both available at the
relay, such as BD1 and BD2 in Fig. 2, then they can be bridged
by the relay through dual-hop transmission. As indicated be-
fore, the relay diversity transmission loses half of the end-to-end
throughput as shown in (5) whereas the dual-hop transmission
experiences a bottleneck in end-to-end throughput as shown in
(4). In order to maximize the overall end-to-end throughput, all
three kinds of channels should be used cooperatively.

In this section, we will investigate power and channel alloca-
tion to fully exploit CRRC by considering the heterogeneous
spectrum availability at different CR nodes. In principle, our
idea is to use the relay channel to compensate for the bottleneck
of the dual-hop channel, which can be realized by channel al-
location® To further improve the overall end-to-end throughput,
power allocation for different kinds of channels is also consid-
ered, which is different from the conventional power allocation
in parallel relay channels [21]. Since joint power and channel
allocation design is very complicated, we can perform power

5The state of PUs (on/off) may change with time, i.e., state transition. This
leads to the power and channel allocation in both time and frequency, and will
complicate our system. Since the models describing the state transition of PUs
have not been well developed, the case with multiple PU states is beyond the
scope of this paper.

6In addition, when the SD link of the relay channel is good enough, it can
also be used to provide end-to-end transmission directly.
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BD4

Fig. 3. Different modes of channel allocation.

allocation for all possibilities of channel allocation and then se-
lect the case with the highest throughput. In the following, we
will first present all the possible channel allocations in CRRC
and then develop the corresponding power allocation for each
case.

A. Channel Allocation

In CRRC, some available spectrum bands can be used in dif-
ferent ways, which will result in different overall end-to-end
throughputs. Here, BD3 that is available to all three CR nodes
can be used in the four different modes in Fig. 3:

* Mode I: Direct transmission from the source to the desti-

nation.

* Mode 2: Dual-hop transmission from the source to the

relay.

* Mode 3: Dual-hop transmission from the relay to the des-

tination.

* Mode 4: Relay diversity transmission by using all three

links with cooperative relay protocols [16].

If one of the first three modes is used, i.e., Modes 1, 2, and 3,
the overall end-to-end throughput consists of the throughputs of
the direct and the dual-hop transmission with enhanced SD, SR,
and RD links and can be expressed as in (7), shown at the bottom
of the page. If the last mode is used, the overall end-to-end
throughput can be obtained by (6).

The channel allocation is to select a proper mode to maxi-
mize the overall end-to-end throughput. From (6) and (7), the
throughput in each mode is also determined by power alloca-
tion. To achieve the maximum overall end-to-end throughput,
the throughput in each mode should be maximized by power
allocation. Afterwards, we can pick the mode with the highest
throughput to perform cooperative transmission in CRRC. Next,

TABLE II
CHANNEL ALLOCATION SETS FOR MODES 1, 2, AND 3

Mode | T'sp | T'srk | Trp
Lo {48y ] {13 | {2}
> | | @
sl w | o | e

B. Power Allocation

From the above discussion, there may be two or three types of
transmission working simultaneously in CRRC. Consequently,
this will lead to different power constraints for different spec-
trum bands, and makes the power allocation more challenging.
Since there are two types of transmission for the first three
modes and three types for the last mode, we will discuss them
separately in the following.

1) Modes 1, 2, and 3: In these modes, without relay diver-
sity transmission, the direct and dual-hop transmission provide
end-to-end communication simultaneously. Define I'sp, I'sg,
and I'rp as three sets of the spectrum band indices allocated
for the SD, SR, and RD links, respectively. Then they can be
expressed as in Table II for different channel allocation modes.

To maximize the throughput from the relay to the destination,
we allocate power at the relay with both sum and per band power
constraints, i.e.,

JRD = max{

> Cpfig:) } ®)

1€l rp

:n;%)({ Z Blog(l—irpf{gi)} 9)
i€l rp

subject to Z pE <Pl (10)
1€lCrp

P < Prax, i €TrD (11)

pE >0, i€Tlgp (12)

where g3 = g5¢. According to [28], the power allocation can be
obtained by a water-filling solution, i.e.,
B 17+
Py = [4 - —} (13)
2\ + i) i
where 1/(\ 4 ;) represents the water-level of the ith spectrum
band. Since it is a convex problem, it can be solved efficiently by
using the algorithms in [29]. Then the throughput of the second
hop in the dual-hop transmission can be expressed as

we will develop power allocation approaches for each mode of Z C(pE gi). (14)
the channel allocation. i€Crp
(C(pF94) + C(p595%)) + min {C(pYg1), C(pFga)} :Mode 1
Rall(p57 pR) = Rdirect + Rdual = C(pf(]4) + min {C(pl Q1) + C(p§Q§T 7 (pgq )} : Mode 2 (7)
C(piga) + min {C(pig1), C(pf'g2) + C(p5'gs?)}  : Mode 3
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The total power of the source can be divided into two parts,
one for direct transmission and the other for dual-hop trans-
mission. The former can provide the end-to-end throughput di-
rectly. The latter can only provide the throughput of the first hop
from the source to the relay, which can improve the end-to-end
throughput of the dual-hop transmission as in (7) only when the
first hop is no better than the second one. Therefore, the source
should assign more power for the dual-hop transmission only
when the throughput of the first hop is no larger than that of
the second one. Therefore, the following power constraint on
dual-hop transmission will apply to the source, i.e.,

> Cwig) <R

i€lsRr

15)

where R* is from (14) and it is the throughput that the second
hop can provide. Consequently, to maximize the overall
end-to-end throughput, the power allocation at the source can
be formulated as follows:

Jsp = max C(pFgi
sp = ma { > Cl g)}

i€lsrUl'sp
(16)
subject to Z p? <P3_ 17)
i€lsrUlsp
PY < Puax, i€DspUlsp  (18)
p? >0, i€TspUTsp (19)
Y Cwie) <E° (20)
i€l sk

where g3 = ¢3" and U denotes the union of two sets.

In Modes 1 and 3, since there is only one spectrum band for
the first hop of the dual-hop transmission, the constraint (20)
can be converted into the following inequality:

ps< L (2R*/B - 1) . Q1)
g1
Then the power allocation at the source is a convex optimization
problem and has the same water-filling solution as in (13).

In Mode 2, when there are more than one spectrum bands for
the first hop of the dual-hop transmission, the constraint (20) is
non-convex, which makes the optimization complicated. Next,
we will convert the non-convex constraint to inequality con-
straints by the following steps:

» Step 1: Perform power allocation without considering the

constraint (20) and obtain the power allocation vector p~.

* Step 2: Check whether p° meets the constraint (20). If so,

itis the power allocation vector that we need for the source.
Otherwise, reduce the sum power constraint of the source
PS5, and perform power allocation until p* meets

max

R —e< Z C(p*gi) < R* + ¢
1€lsr

(22)

where e is a small error that is tolerable for the system and
p°* = [p?*, 0, p3*, 0].
s Step 3: Obtain the inequality constraints by p{ < p7* and
S < Sk
b3 = P3 -

Then we can solve the problem efficiently by replacing the non-
convex constraint in (20) by the two inequality constraints.

2) Mode 4: As indicated in (6), the overall end-to-end
throughput consists of the throughputs of the three transmis-
sion. In particular, the relay diversity transmission uses all three
links in the same spectrum band. When the SD link is better
than the SR link, i.e., g§d > g3", there is no need to ask the
relay for help and direct transmission should be used in BD3
[27]. Then the power allocation is the same as that in Mode 1.

On the other hand, when the SD link is no better than the SR
link, i.e., g§d < g3", all three links will take part in the relay
diversity transmission. In this case, the power allocations at the
source and the relay interact with each other. In order to simplify
the problem, we introduce a factor 0 < « < 1 to divide the
total transmit power of the relay into two parts, «PE _and (1—
a)PE _ for dual-hop and relay transmission, respectively. In
this way, the power allocation at the source can be designed for
a given power allocation at the relay that is fixed by . Then the
overall end-to-end throughput can be maximized by searching
for the optimal «. For a given « and considering the per band
power constraint in (1), we have p&(a) = min{aPE | Pyax}
and pf(a) = min{(1 — «) PR, Prax}. In other words, the
power allocation vector at the relay depends on the factor o and
can be expressed as

p™(a) = [0,pF(a), p5 (), 0].

Now we develop power allocation at the source for the given
p®(a). In this case, the source needs to divide its power into
three parts for direct, dual-hop, and relay diversity transmission,
respectively. In the direct transmission, from (3), we have

(23)

Rairect (@) = C(p3 ga). (24)

It involves only SD link and provides end-to-end throughput
directly. In the dual-hop transmission, from (4), we have

Rdual(a) = min {C(prI)/ C(pg(a)Q2)} -

It involves the SR and RD links for the first and second hops,
respectively. As indicated before, for a given power allocation
at the relay pZt(a), the throughput of the first hop should be no
more than that of the second hop, i.e.,

C(pigr) < R* = C(p5()g2).

(25)

(26)

From (21) and (26), we have the following inequality constraint:

g2
Py < Zpk(a).
g1

27)
Therefore, the end-to-end throughput of the dual-hop transmis-
sion becomes Rqya1(a) = C(py g1) with constraint (27). In the
relay diversity transmission, from (5), we have

Reoay () = 3 min {C(p503"), CpS9i") + Cofi ()"}

(28)
It involves three links, the SR, SD, and RD links. Similar to (25),
the end-to-end throughput of the relay diversity transmission is
also limited by the smaller term in (28). The first one repre-
sents the throughput of the SR link, which is determined by the
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power allocation at the source p5 . The second one denotes the
summation of the throughputs of the SD and RD links, which is
determined by the power allocations at both the source and the
relay, i.e., p5 and pZ. For a given power allocation at the relay
pH(a), even though the throughput of the RD link C(p%(a)g5?)
is a constant, the end-to-end throughput will still increase as the
power p5 grows. Generally speaking, if the power p3 is low
enough,

1 sr
Rrelay(a) = §C(p§g3 )

since C(p5957) < C(p5g5h) + C(pF(a)gi?). On the other

hand, if the power p3 is high enough,

1 S r
Rectay (@) = 5 (C(p595") + C(p5 (@)g5"))
since C(p§g5") > C(p3937) + C(p5(a)g5).
Therefore, the overall end-to-end throughput that consists of
the throughputs of direct, dual-hop, and relay diversity trans-
mission can be maximized as follows:

J(Oé) = m%X{Rdirect(a) + Rdual(a) + Rrelay(a)}
P

(29)
subject to
> PP <Ph. (30)
i={1,3,4}
p? <Py, i=1,3,4 (31)
p? >0, i=1,34 (32)
P < j—jpé*(a) (33)

When C(p3957) < C(p5g5") + C(pF(a)g5?). the objective

function becomes

1
J(a) = max {C(pfm) +5C(p3937) + C(pfg4)} . (34)

When C(p35957) > C(p5g3") + C(p§(a)g5?), the objective
function becomes

J(@) = max{C(pg:)

+ (OS5 + CER(@g™) + Cwlan)}.

: (35)

Each of the above case is a convex problem and the power allo-
cation has the water-filling solution as follows:

I B 117"

S
=l = 36

Pro = 1o+ ) 91:| (56)

I B 11t
S | = 37
P3o 12In2(\ + u3) 93] 37)
S = _L—ir (38)
Pro= 20N+ pa) ~ g4

where g3 = g3" is for (34) and g3 = g§d for (35). Since
whether using (34) or (35) depends on the power allocation at

the source for the relay diversity transmission p3, we can per-
form the power allocation by using the objective function in (34)
to obtain the power p5 . Then we check whether its condition is
satisfied. If so, the power allocation for the source is obtained.
Otherwise, it can be calculated by using the objective function
in (39).

In brief, the power and channel allocation in CRRC can be
summarized as follows:

e List all possible modes of the channel allocation as in

Section III-A.
e Perform power
Section III-B.

e Pick the mode with the largest overall end-to-end

throughput by exhaustive search.

Even though we have developed the power and channel al-
location in this typical case with four spectrum bands, we will
show performance in the case with an arbitrary number of spec-
trum bands in the next section, where a low complexity approach
will be considered.

allocation for each mode as in

IV. NUMERICAL RESULTS

In this section, we first present numerical results to illustrate
the performance of our power and channel allocation in the typ-
ical case with four spectrum bands. Based on the observation
from the results, we will find a low complexity method and show
its performance in the case with an arbitrary number of spectrum
bands.

In this example, we assume that three CR nodes are with
equal distance’ and they experience independent Rayleigh
fading channels. We further assume that each spectrum band
has 1 MHz bandwidth, the noise power at each CR node
is —126 dBW, and the path loss between two CR nodes is
126 dB. Furthermore, all curves are averaged over 200 channel
realizations and the per band power constraint is set to 3 W,
i.e., Pmax = 3 W, which represents the maximum allowable
transmit power on each spectrum band. In the following, we will
present the overall end-to-end throughput, R,;;, for different
power and channel allocation schemes. Legends ‘“PA+CA)”
“PA only,” “CA only,” and “No PA No CA” represent the
scheme with both power and channel allocation, the scheme
that only works in Mode 4 with power allocation, the scheme
that performs channel allocation with equal power allocation,
and the scheme that only works in Mode 4 with equal power
allocation, respectively.

A. Different Source Power Constraints

Fig. 4 illustrates the overall end-to-end throughputs of dif-
ferent schemes versus different sum power constraints at the
source, where the sum power constraint at the relay is set to be
6 W. It is shown that the power and channel allocation can sig-
nificantly improve the throughput. When the power constraint is
low, for example, 2 W, the throughput is improved from about
1.5 Mbps to about 2.5 Mbps, i.e., around 67% improvement.

TFor simplicity, we consider the scenario with equal distance among three CR
nodes.
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Fig. 5. End-to-end throughput versus the power constraint at the relay.

When the power constraint equals to 9 W, all throughputs be-
come the same value because the per band power constraint
limits the transmit power so as to protect PUs.

From Fig. 4, the schemes with either power or channel alloca-
tion can improve the throughput as well but in different manners.
The scheme without power and channel allocation is a baseline
for comparison. From the figure, as the sum power constraint
grows, the throughput improvement of channel allocation in-
creases. On the other hand, the power allocation can only im-
prove the throughput when PS5, < 9 W. This is because when
the sum power constraint is large enough, the per band power
constraint will limit the transmit power. Then the source sends
signals with maximum allowable transmit power Py, on each
spectrum band. This is equivalent to equal power allocation, i.e.,
no power allocation. Therefore, channel allocation is more ef-
fective than power allocation in CRRC.

B. Different Relay Power Constraints

Fig. 5 shows the overall end-to-end throughputs of different
schemes versus different sum power constraints at the relay,
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Fig. 6. Performance of the low complexity approach in the typical case with
four spectrum bands.

where the sum power constraint at the source is set to be 5 W.
From the figure, as the sum power constraint at the relay in-
creases from O to 6 W, the throughputs of different schemes
grow almost at similar scales. As before, when the sum power
constraint is large enough, the throughput will be capped by per
band power constraint.

C. Low Complexity Approach

In practice, if the CR system works in Mode 4, the relay has to
conduct both dual-hop and relay diversity transmission, which
complicates the system. Therefore, we omit Mode 4 and only
consider Modes 1, 2, and 3 for the power and channel allocation.
In this way, the relay only needs to conduct dual-hop transmis-
sion, which significantly simplifies the CR system.

Fig. 6 compares the overall end-to-end throughput of the
approach without Mode 4 and those of the schemes with and
without power and channel allocation. Here, the sum power
constraint at the relay is set to be 6 W. We can find that the
low complexity approach of omitting Mode 4 has similar
performance to the method of considering all four modes.
Furthermore, when the sum power constraint at the source is
larger than 9 W, it only decreases the throughput from about
4.6 Mbps to about 4.5 Mbps compared to the scheme with
power and channel allocation, i.e., about 2% performance loss.
Therefore, the low complexity approach can obtain most of
the benefits from power and channel allocation with minor
performance loss.

D. Performance in Multiple Spectrum Bands

We consider a relay CR network with N spectrum bands
available. For the channel allocation of the low-complexity ap-
proach without Mode 4, each relay channel can be used in one
of the first three modes in Fig. 3. For the power allocation, the
developed method in Section III-B1 can be directly applied. We
also compare the performance of the power and channel alloca-
tion with all four modes.

Fig. 7 compares the overall end-to-end throughput of
the low complexity approach and those schemes with and
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Fig. 7. Performance of the low complexity approach in the case with NV spec-
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without power and channel allocation in different sum power
constraints. We assume that the spectrum availability of N
spectrum bands is independent and each of them may be one
of the four typical spectrum bands in CRRC with equal prob-
ability. Then there are L = N/4 relay channels on average.
We further assume that the source and the relay have the same
sum power constraint. We compare the performance curves of
difference schemes when the sum power constraints are 10 W.
It is shown from the figure that the low complexity approach
outperforms the scheme without power and channel allocation,
and has the similar performance to the power and channel allo-
cation scheme with all four modes. In particular, the throughput
improvement of the low complexity approach increases as the
number of spectrum bands grows. This is because the more
available spectrum bands there are, the more relay channels
may appear, and the more benefits from power and channel
allocation can be obtained. Similar results are observed when
the sum power constraints are 5 W.

Now, we compare the curves with different power constraints
for the same approach. From the figure, when the number of
the spectrum bands is small, i.e., N = 1, 2, the throughputs
with different sum power constraints are similar. When the
number of the spectrum bands becomes large, i.e., N > 3, the
throughput with 5 W power constraint is smaller than that of
10 W. This is because when there are a few spectrum bands,
the per band power constraint limits the throughputs, which
leads to the similar performance. On the contrary, when there
are many spectrum bands, the different sum power constraints
limit the throughputs, which leads to the different performance.

V. CONCLUSION

In this paper, we have studied power and channel alloca-
tion for cooperative relay in a three-node CR network, where
a CR relay channel consists of three kinds of channels: direct,
dual-hop, and relay channels. In order to maximize the overall
end-to-end throughput, we propose to use some relay channels
that have spectrum bands available at all three CR nodes to as-
sist the transmission in direct or dual-hop channels. Our study
shows that the power allocation can improve the throughput

when the power at the source is limited. The channel allocation
is more effective than the power allocation and can improve the
throughput with various power constraints. Based on the obser-
vation from the numerical results, we suggest to use the relay
only for dual-hop transmission since this can significantly sim-
plify the system with only minor performance loss.
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