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Abstract—Cognitive Radio (CR) is an attractive technology
to deal with current spectrum scarcity problem, while cooper-
ative relay can make distributed receivers benefit from spatial
diversity and combat severe fading in wireless environment. CR
with cooperative relay is potentially a promising paradigm for
developing spectrum-efficient wireless systems. In this paper, we
study the resource allocation in Orthogonal Frequency Division
Multiplexing (OFDM)-based CR networks with cooperative re-
lays. Since the formulated optimization task defines a mixed
integer programming problem that is generally hard to solve, we
propose a two-stage method to produce near optimal solutions.
Particularly, by jointly considering the Signal-to-Noise Ratios
(SNRs) of OFDM subchannels and the interferences introduced
to primary users, we propose an efficient subchannel assignment
scheme for the CR system, as well as transmission mode
selection strategy. Furthermore, we develop a fast algorithm to
distribute power among subchannels, which can always work out
the optimal power allocation with a reasonable complexity by
exploiting the structure of the problem. Numerical results show
that our proposal can significantly increase the throughput of
the CR system compared with other schemes, and the proposed
algorithm converges quickly and stably.

Index Terms—Cognitive radio, cooperative relay, OFDM, op-
timization, resource allocation.

I. INTRODUCTION

S THE EVER emerging of wireless services, much radio

spectrum is required. Within current spectrum regulatory
policy, most of radio spectrum is exclusively allocated to
licensed systems. However, investigations show that a large
portion of the licensed spectrum is underutilized in vast
temporal and geographic dimensions. Based on the report
of the Federal Communication Commission, the temporal
and geographic variations in the utilization of the licensed
spectrum range from 15% to 85%. Novel spectrum usage
paradigms are urgently needed to improve the usage efficiency
of radio spectrum. Cognitive Radio (CR) is deemed as a
potential technique to alleviate the looming spectrum scarcity
crisis. CR users (also referred to as Secondary Users, SUs)
share wireless channels with licensed Primary Users (PUs)
who are already assigned specified spectrum [1,2], as long as
the interferences to the PUs are kept below preset thresholds,
such as interference temperatures [3]. To meet these require-
ments, the physical layer of a CR system should be flexible
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to support the opportunistic access of the SUs. Orthogonal
Frequency Division Multiplexing (OFDM) is widely accepted
as a powerful air interface of a CR system, owing to its
significant ability of allocating radio resource flexibly [4].

Meanwhile, relay is a promising technology to exploit spa-
tial diversity in wireless environment. By means of improving
spectral efficiency and extending coverage area, relay com-
munication can boost the overall performance of a wireless
system, as shown in [5], in which the channel capacity of a
relay system with three nodes: source, destination and relay,
is analyzed extensively. There are three representative relay
transmission protocols which have been discussed in detail
in [6]: Amplify-and-Forward (AF), Decode-and-Forward (DF)
and coded cooperation. Low-complexity cooperative diversity
protocols are developed in [7], which can combat fading
and exploit spatial diversity through cooperating terminals’
relaying signals. Because of its advantages in wireless com-
munications, cooperative relay has been introduced to the
standard of the next cellular systems, such as the Long Term
Evolution Advanced (LTE-Advanced).

CR systems can also benefit a lot from cooperative relay.
One of the main challenges in the CR systems is the trans-
mission opportunity exploitation. The SUs in a CR system
must exploit the transmission opportunity to satisfy their rate
requirements while prohibiting the unacceptable performance
degradation of the PUs. Nevertheless, since there frequently
exists severe channel attenuation between the source trans-
mitter and destination receiver in wireless systems, reliable
communication has to count on large transmission power,
which can also cast excessive interference to the PUs and
degrade the performance of both the CR and the licensed
systems. Hence, conventional end-to-end transmission manner
may be no longer suitable for CR scenarios. Instead, an
alternative path can be generated to achieve the diversity gain
between the source and the destination via relay technology,
making the transmission link in the CR system reliable.
Moreover, relay is also effective to weaken the effect of fading
by taking advantage of spatial diversity over the distributed
relay nodes [8,9], which can reduce the transmit power of
the CR system. Consequently, the interference to the PUs
introduced by the CR transmitters is mitigated significantly.
Hence cooperative relay can enhance the performance of
the CR system. OFDM-based CR networks with cooperative
relays attract much attention in both academia and industry
recently.

An important issue for the OFDM system is Resource
Allocation (RA), which usually involves OFDM subchan-
nel assignment and power distribution. RA has been exten-
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sively studied for both conventional OFDM systems [10]
and OFDM-based CR systems [11-16]. Referring to a relay
assisted OFDM system, a point-to-point two-hop channel
models the basic framework of relay communication, which
generally consists of a source, a destination and a relay. The
source transmits information during the first time slot, and the
relay transfers the information during the second time slot.
The destination combines the signals from the source and the
relay by maximal ratio combining. For such a fundamental
relay model, optimizing the RA for both the source and the
relay nodes is the key element for achieving high system
performance. In [17], power allocation is investigated for both
total and individual power constraints at the source and the
DF relay to maximize the sum capacity of the considered
system. In [18], a joint subcarrier pairing and power allocation
scheme is further studied. In [19], single-relay multiple-access
system is investigated, where the sum capacity is maximized
by jointly optimizing channel pairing, channel-user assignment
and power allocation. Different from the fundamental relay
models discussed in [17-19], RA is more complex for multi-
relay systems, where the optimization objective is usually a
predefined performance metric that takes multiple indexes into
consideration. Two RA algorithms are proposed for multiple
DF assisted OFDM systems in [20], where transmission mode
and relay selection are optimized, as well as power allocation
at the source and the relays. In [21], a two-step algorithm is
proposed to maximize the weighted sum rate. In [22], relay
selection, sub-carrier pairing and power allocation problems
are explored for a two-hop cooperative OFDM system with
multiple AF relays. The system models in [20-22] involve
one source and one destination. Multi-relay OFDM system
with one source and multiple destinations is discussed in [23],
where fairness among multiple SUs is also considered. Sub-
carrier pairing, relay selection and power allocation are jointly
optimized to maximize the system capacity.

The application of cooperative relay to the CR system
is envisioned in [24] and discussed in detail in [25,26].
A simplified optimization task is considered for the non-
convex power allocation problem in a multi-node relay CR
network in [27]. In [28], relay selection and power allocation
algorithms are proposed to maximize the system throughput
with given interference constraints laid by the primary system.
In [29], relay selection and power allocation are studied for
an OFDM-based CR system with a single pair of cognitive
transceiver nodes, where multiple DF relays are employed to
help the communication between source to destination. Also
for the single CR antenna scenario assisted by a set of relays, a
joint relay selection and power allocation scheme is proposed
to maximize throughput in [30]. A suboptimal RA algorithm
for a DF relay CR network is proposed in [31], however, its
computational complexity is too high for applications.

In this paper, we consider a CR system coexisting and
sharing radio spectrum with a licensed system. The PUs are
served by a Base Station (BS) of the licensed system, while the
SUs access the CR network via an Access Point (AP). In the
CR network, multiple relays with DF protocol are deployed to
help the AP communicate with each SU who is also covered
by a certain relay. The SUs adopt OFDM modulation. It is not
necessary for the PUs to employ OFDM. We try to maximize
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Fig. 1. System model

the overall system throughput under practical constraints, such
as the transmission power budget of the CR system, and the
interference to the PUs. Since the formulated optimization
task is computationally intractable, we develop a two-stage
method to address it efficiently, with which we separate the
RA task into two individual procedures: subchannel allocation
and power distribution. First, OFDM subchannels are assigned
to the SUs based on the channel gains and the interferences
to the PUs. Given a subchannel assignment, a fast algorithm
is proposed for power loading over each subchannel at the
source and the relay simultaneously to maximize the system
throughput. The proposed algorithm significantly reduces the
computational cost compared to standard techniques, making
our proposed method promising for applications.

The rest of this paper is organized as follows. In Section II,
we illustrate system model and formulate optimization task. In
Section III, we present subchannel allocation scheme in detail.
In Section IV, an efficient power allocation algorithm is de-
veloped to work out the optimal solutions. Simulation results
and discussions are given in Section V, while conclusions are
drawn in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

Consider the downlink of a multiuser OFDM-based relaying
CR system that coexists with a licensed one, as illustrated in
Fig.1. There are L PUs in the licensed system. K SUs, denoted
as a set of K = {1,2,..., K}, are served by an AP in the CR
system assisted by M relays. We assume that perfect channel
state information is available at the transceivers of both the
licensed system and the CR system. To reduce the deployment
cost, relays are always established apart from each other to
avoid the overlaps of coverage. Hence, each SU can hear
from only one relay, according to its location. For simplicity,
we denote the relay which covers user k£ as my. The whole
bandwidth B is divided into N OFDM subchannels in the CR
system, denoted as a set of N' = {1,2,..., N}

The relaying CR network operates as follows: In the first
time slot, the source (AP) transmits data while the relays and
the SUs receive; the relays are half-duplex, which means that
they receive data in the first time slot and transmit data in the
second time slot. The subchannel index used in the second
time slot is paired to the same as that in the first time slot. All
time slots have equal duration. To avoid interference, only one
node can transmit in a given time slot for each subchannel.
Each relay re-encodes the received message with the same
codebook as that used by the source. Besides, the receiver
of each SU employs Maximum Ratio Combining (MRC) to
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receive the signals from the source in the first time slot and
from the relay in the second time slot, pertaining to the same
message.

Suppose PU [’s nominal band ranges from f; to f; + By,
where f; and By are the PU [’s starting frequency and occupied
bandwidth, respectively. When the AP transmits data over the
subchannel n in first time slot, the interference introduced to
the PU [ with unit transmission power is

(n—1/2)B/N

fitBi—(n—
Inl _/
fi—(n—1/2)B/N

where gf f denotes the power gain over the subchannel n from
the transmitter of the source node (AP shown in Fig.1) to the
PU I’s receiver. ¢°U(f) is baseband power spectral density
(PSD) of OFDM signals, where ¢V (f) = T(Siif%T)Q, and
T is the OFDM symbol duration. In the second time slot, the
interference to the PU [ thrown by the transmission of the
relay to the kth SU’s receiver on the subchannel n with unit

transmission power is

g ¥ 8%V (f)df, (1)

fLJrBLf(bel/Q)B/N
Imk n,l — /
fi-(n—1/2)B/N

where gﬁf n,1 Tepresents the power gain from the relay my, to
the PU [ on subchannel n.
Denote a;,”, a5t and affP  as the channel gain of the
subchannel 7 from the AP to the SU k, the AP to the relay
my, and the relay my, to the SU k, respectively. o,,, and oy
are the variances of Additive White Gaussian Noises (AWGN)
at the relay my, and the SU k. The normalized Signal-to-Noise

Ratios (SNRs) of the two hops are defined as

gmk n, ld)SU (f)dfa (2)

| |2 |aSD|2
hk _ mk n SD _ k,n
" F(Ufnk +IEE) P T(op + 107
hk _ |a‘£31€,k.,n|2
" T 1)
where A% and hyD are the normalized SNRs of the links

TL TL

from the AP to the relay my, and the SU k, respectively. hkR’g
is the normalized SNR of the link from the relay my to the
SU k. The interference caused by PUs’ signals is I..* and
IP3 at the relay my, and the SU F, respectively, which can be
regarded as noise and measured by the receivers of relays and
SUs. I' is the SNR gap related to a given Bit-Error-Rate (BER)
for an uncoded MQAM, and I" = — In(5BER)/1.5 [32].

Let 71 x,n, be the achievable rate of the subchannel n used
by the SU k which is assisted by the relay my

1
"Lke = 5 min{log(1 + ps_,k_,nhff;),

10g(1 + ps kb 5 + Prenhin)}

where the rate is scaled by 1/2 because the transmission
continues two time slots. p, ., and p,, are the power
allocated to the subchannel n used by the SU k at the AP
and the relay, respectively. On the other hand, if the relay
does not forward and the subchannel is only used to transmit
information in the first time slot, the achievable rate over the
subchannel n employed by the SU £ is

3

1
ragn = 5 log(l + Psknhi ). “4)
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B. Problem Formulation

We try to maximize the sum rate of all SUs under the
transmission power budget of the AP and the relays, while
guaranteeing that the interference introduced to each PU does
not exceed its tolerable threshold. We introduce a binary
variable tj , to indicate whether the relay my is active for
the SU k over the subchannel n. If py ,, # 0, then 5, = 1;
otherwise, ¢, = 0. The RA task is given as follows,

K N
max Z Z tkmpk,nTLkm + (1 - tk,n)pkm’rZ,k,n
Pk,nsPs,k,n>» k—1n=1
Pr.k,nstk,n
K N
st. C1 Zzpknpskn§P57
k}-{l nﬁ
C2 ZzpknpranPRa
k}-{l nﬁ
C3 Z Z pk,nInJ Ps,k,n SI[thal:]-w"aLa
k}:{l n;l
C4 ZZpknfknlprkn7Ilth,l=1,...,L,
k=1n=1
C5  prn € {0,1},Vn, VE,
K
c6 Z Pkn = 1,Vn,
k=1
cv Ps.k.n > Oapr,k,n > O,Vn,Vk,
C8  tyn=10,1},¥n,Vk,

)
where Pg and Ppr are the transmission power budgets of the
AP and the relays. I lth is the interference threshold of the PU
. C3 and C4 are the interference constraints in the first and
second time slot. py, , can be either 1 or 0, informing whether
the subchannel n is occupied by the SU & or not. C5 and C6
indicate that each subchannel can not be shared by multiple
SUs.

Obviously, (5) defines a mixed integer programming prob-
lem, which involves both integer variables py ,,’s and tx s,
and real variables p, . ,’s and p,j,’s. It is generally hard
to solve (5) because the integer constraints generate an ex-
ponential complexity. We develop a two-stage procedure to
address it, which carries out subchannel assignment and power
allocation separately.

III. SUBCHANNEL ALLOCATION

The achievable rate on the subchannel n used by the SU k
can be unified into

Tkn = {

Proposition 1: To maximize the sum rate of all SUs, a
subchannel that satisfies hg > h k. can achieve higher
throughput without the assistant of relays
Proof: 1f " > hi™, we have

Prkn 7é 0

T1,kn
U ) 6
Prkn = 0 ( )

T2,k,n

k,n’

min{log(1 + ps knhip 5),108(1 + ps ke nhy s + prrahih)}

=10g(1 + ps pnhin) <log(l+ psrnhih).
@)
On the other hand, direct transmission can eliminate the
interference to the PUs in the second time slot. Hence, we

can conclude that 75 5, > 71k, When hPD > hi%, which
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indicates that direct transmission mode is more efficient in this
case.

Note that 71y », = r2 k» When p, i, = 0 and hf’g < hf’f;
According to the Proposition 1, we can rewrite (6) into

Tkn = {

In 8), Tk,n = T1,k,n, h n < hSR implies that some subchan-
nels may be selected for dlI’CCt ‘transmission without relaying
when the transmission power for the relays is not sufficient
because of power limits and interference thresholds.

For subchannel allocation procedure, we need to evaluate
the achievable rates of OFDM subchannels. In an OFDM-
based CR network, a subchannel with higher SNR may gener-
ate more interference to the PUs, which means the interference
thresholds of the PUs also set an upper bound of the maximum
transmission power of a subchannel. Hence, it is necessary to
jointly consider the SNR of a subchannel and the interference
to the PUs thrown by it. Hence the achievable rate of each
subchannel can be given as follows,

WD < B N
SD SR
hkm 2 hk,n

T2,kn

10g(1 +min{plE5 AR5

SD SR
M mazx max j, RD n < hkm
Tk = Pskn kn+prkn k,n ) s
1
ilog(l +p;nllclnhk n) hk N3 > h
(9)

where r is the maximum achievable rate over the subchan-

nel n used by the SU £, Dy'ky, and ptY are the maximum

possible power on the subchannel n used by the SU £k at the
source and the relay, respectively,

max

Pskon = min{PSv mlg(jlth/]?fllg)}v
10
g, = min{ P, min(fe /R0y
Since each subchannel can only be allocated to one SU, we
can execute the subchannel allocation procedure according to
the achievable rate defined by (9). Preferably, each subchannel
is always allocated to the SU who has the highest maximum
achievable rate over it. The procedure terminates until all
subchannels are consumed. Mathematically, we can determine
the values of py ,,’s as follows,

Pk,n = {

Moreover, part of the binary variables ¢, ,,’s are determined
according to the Proposition 1. The remaining ¢, ,,’s will be
determined during the following power allocation, which also
depends on the maximum possible transmission power.

— M
1 k= arg;naxrk’n

1)

0 otherwise

IV. EFFICIENT ALGORITHM FOR POWER ALLOCATION

In this section, we propose an effective and efficient power
allocation algorithm for a given subchannel assignment. The
binary variables py,’s are fixed to be 0’s or I’s when
subchannel allocation completed, and each subchannel is
allocated to an SU. As we discussed in Section III, we
can resort and classify all subchannels into two categories
according to the Proposition 1. Denote N7 = {1,2,..., Ny}
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as the set of subchannels which satisfy 5P < h5E, and

= {Ny + 1,...,N} as the subchannels which satisfy
hSP > RSE_ the power distribution problem can be written
as follows,
max ), Tint ), Tan
Ps,n;Pr,n neNy neNs
N
st.Cl Y psn < Ps,
nj\zl
C2 Z Pron S PR7
n=1
N (12)
C3 Z_:lfffpsm <Ithi=1,... L,
N
C4 Z_:lfffpr,n <Ithi=1,... L,
C5  psn = 0,n,
06 pr,71207n€Nla

where we omit the subscript k£ for all terms because each
subchannel is associated with an SU.

The max-min formulation in the objective function can be
addressed by introducing extra auxiliary variables z,’s, n €
{1,..., N}, and transforming the power allocation problem
into its equivalent form,

1N
52 og 1+zn

max
Ps,n>Pr,n,Zn

s.t. zn < psnhfin € My
Zn < ps, nhSD—l—prnhR ,n €M (13)
Zn < Psnhiy” m € No
Zn > O,Vn

C1 ~ C6 in (12).

Indeed, the feasible set of (13) covers that of (12), and the
two problems always share the same optimal solution. Notice
that (13) is jointly convex with respect to the optimization
variables, since the objective function is strictly concave and
all inequality constraints are convex.

A. Barrier Method

Barrier method is a standard convex optimization algorithm,
which converts an optimization problem with constraints into
a sequence of minimization ones by introducing a logarithmic
barrier function with a parameter ¢. The solution to each
minimization problem is called a central point in the central
path related to the optimal solution of the original problem. As
t increases, the central point will approximate to the optimal
solution of the original problem more and more accurately.
Generally, the barrier method consists of two stages: centering
step and Newton step. The former is an outer iteration to
compute the central point starting from the previously one;
the latter is an inner iteration executed at each centering step,
where Newton method is preferably employed because of its
quadratic convergence property.
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First, we convert all inequality constraints into a logarithmic
barrier function ¢(x),
ox) = — 3 10g(ps,nhy? + prahfiP — 2n)

7’L€N1

-2 log(ps.,nth — zn)
neNy

- E log(ps,nh;S;D - Zn)
’I’LGNQ

L
—log fs —log fr — > 10g fos (14)
=1

L N
— > log fru— > logpsn
=1

n=1
N
- Z Ingr,n - Z 1ngn
neNy n=1

where we collect all the variables into a vector x, with

X = {ps,lap’nlazlw' «yZNy1yPs,N1+15ZN1+1, - - '7ZN}~

For brevity, denote

N
fs - PS - Zps,na
n=1

N
.fr - PR - Zpr,na

n=1

N
fs,l = Ilth - Zps,7111§711331 = 1a .. -7L7
n=1

Ny
fr,l = Ilth - pr’,njfzf,l = 1,...,L.
n=1

Thus, the optimal solution to (13) can be approximated by
solving the following minimization problem,

N
min i (x) = —% Y log(l+z,) +ox), (15

n=1
where ¢ is a parameter to control the accuracy of solutions,
that is, as ¢ increases, the solution to (15) will be more and
more close to the optimal solution.
The outline of barrier method is as follows.

Given the strictly feasible point x, ¢ := t(© > 0, w>1,
tolerance ¢, > 0
Repeat
a) Centering step to compute x*(¢) by solving (15)
b) Update x = x*(t)
¢) Quit if BKN+ K1+ L+1)/t> ¢
d) Increase ¢t with t = ut

During the inner loop of the barrier method, Newton method
is always preferred to compute the central point. With a given
parameter ¢, the Newton step Ax is given by

V2 (x) Ax = =V (x), (16)

where V21;(x) and Vi), (x) is the Hessian and gradient of
¢ (x), respectively.
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The detail of the method is then as follows.

Given feasible point x, tolerance €, > 0
Repeat
a) Compute Ax and \? := — 7 94 (x) Ax
b) Quit if )\2/2 < eé€n
¢) Backtracking line search on 9 (x), s =1,
a e (0,1/2),8 € (0,1)
while 1)1 (x + sAx) > 1y (x) — as\?
s:=fs
endwhile
d) Update x = x + sAx

B. Speedup of Newton Step

Suppose that we compute the Newton step via direct matrix
inversion of (16), it will generate a complexity of O(N?3),
which is evidently too high to apply in practice. Instead, we
develop an efficient algorithm to calculate the Newton step
quickly by exploiting its special structure.

The gradient of ) (x) is

—3—8¢t(x) 1.y Ly _ 1 _4sp, _ 1SR
Ps,n B fs +l:1 fs,l Ds.n hn Wn, hn ’Un,\V/n
OPe(x) 1 L I;?f 1 ,rmD
Pr,n a .fr +l:1 f?“,l Prn h” Wn, M € Nl
Bzaﬂ;(x) = —t1 — 2 W+ vn, V0
’ (I7)
where
! e N
, n
W — psmhﬁD +pr,nh§D — Zn 1
" 1
 pSD _ . n € Ny
psmhfbD — Zn (18)
1
Up = ps.nh;?R — Zn’ ne Nl
0, n e NQ.
the Hessian of ¢ (x) follows
D,
D,
V244 (x) =
Dy
19
AN i viave,
f2 £~ 2,
VEVIT VIV
+ + )
RS
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with
1
" 1
D= 2.
, . ;
22 (14 2zp)?
(hpP)?  hpPhiP —hpP
+u | nnge (et —phe
_hSD _hRD 1
(572 0 —hg
—H)?l 0 0 0 ,n €Ny,
—h3E 0 1
and
1
_ | pi.
D, = L
22 (14 2,)?
hSD 2 _hSD
+U)7ZZ |: (_713% 1” ,n ENQ.

Accordingly, the Hessian of 1);(x) can be decomposed into
a block-arrow matrix D and 2L + 2 one-rank matrices as
follows,

2L+2
Vi) =D+ ) qia! 20)
=1
where D = diag(Dy. - D) and
vfs/fs =1,
Visi/fsy 1=1,...,Lii=1+1
q; = / _ 21
vf?“/fr Z:L—I—Z’
vfhl/fr,l lZl,...,L7i:L+l+2

Since D is positive definite and all qiq;f > 0, the Hessian of
1¢(x) is obviously invertible.

Consider the special structure shown in (20), based on the
matrix inversion lemma [33], we derive a fast algorithm to
speed up the computation of Newton step. Denote gy =
—V(x) and M = 2L + 2, the detail of an M-step iterative
algorithm is illustrated in Table I.

The procedure of the iterative algorithm can be explicated as
follows: first, we solve M +1 matrix system DVZQ =qi_1,t =
1,...,M + 1 for initialization; then we exploit the matrix
inversion lemma to work out the one-rank update of V?, that
is, (D + quql,)v} = qi—1,i = 1,..., M, by the known
variables v;’s; such a process is executed step by step until
we solve the matrix system (16), which requires M steps for
updating.

Particularly, since D is a quasi-diagonal matrix with all
D;’s are all positive definite, the M + 1 matrix systems in the
initialization step can be efficiently solved by

Dt
V.Oz qi_l,izl,...,M—Fl,
Dy
which costs O(N) for each system.
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TABLE I
FAST CALCULATING OF NEWTON STEP

Initialization Dv) =¢;—1,i=1,..., M +1
Step 1 Solve equations (172 +0qM qﬂ)ui1 = q;—1 with
1_,,0 AmYi 0 o
v =v; — WVMJAJ,* 1,....,.M
MYM+1
M—1
Step 2 Solve equations (D + 3 qjqu)Vi1 = q;_1 with
G=M
T 1
A —1Yi .
2 _ 1 1
v =v; — T 1IJM,1—1,..A,M—1
T+an vy
M+1—m
Step m Solve equations (D + > qjqu)Vim = g;—1 with
J=M
T m—1
m _ ,,m—1 qu'm«lei m—1
L v; - T m—1 VM —m+2°
1+ Ay —mr1YM—ma2
i=1,....,M—m+1
1
Step M Solve equations (D + > qjq]T)u{M = qo with
J=M
T . M-—1
1 74
vM = V{wﬂ __9uY —— Uéuﬂ’ Ax =vM
L+qivy

C. Complexity Analysis

The complexity of the barrier method is mainly caused
by the calculation of the Newton step, we can analyze the
computation cost of our proposed algorithm as follows. First,
the M + 1 matrix systems can be solved with a complexity
of O(MN) in total, as discussed in Section IV-B. Then an
M-step one-rank update is carried out as in Table I. Thus,
we can conclude that the complexity to work out the optimal
solution can be measured by O(M?2N). Compared to the
standard matrix inversion which generates a complexity of
O(N3), the computation cost of our proposed algorithm is
remarkably reduced since it usually holds that M < N in
practical systems.

V. SIMULATION RESULTS

Experiments are conducted to evaluate the performance of
our proposed RA scheme. Consider a multiuser OFDM-based
CR relaying network, where all PUs are located around a BS
within a circle with radius of 1km. All SUs and relays are
located at two concentric ring-shaped discs around the AP in
the CR system. The outer boundary has a radius of 600m
and the inner boundary has a radius of 400m. There are 4
relays in the CR system, which are equally employed at the
inner circle boundary. All SUs are uniformly distributed in the
outer ring, each of which is covered by a relay. The PSD of
the PU signals is a elliptically filtered white noise process. The
channel suffers from frequency selective fading. The path loss
exponent is 4, the variance of shadowing effect is 10dB and
the amplitude of multipath fading is Rayleigh. The bandwidth
of each PU is randomly generated by uniform distribution and
the maximum value is 2BN/3L. The variance of the AWGN
is 10713,

First, we compare our proposed scheme with the following
three schemes,

(1) All SD link w/o relaying (ANR): In this case, the CR
AP communicates with all SUs directly without the assistant
of the relays.
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(2) All relaying with SD link (ARD): The data transmission
from the CR AP to each SUs must be forwarded by one relay,
while the direct link between the CR AP and each SU is also
employed.

(3) All relaying without SD link (ARND): There is no direct
transmission link from the CR AP to each SU, and the relays
are in charge of the communication from the CR AP to each
SU.

All the three schemes employ the subchannel allocation
algorithm developed in Section III and the power distribution
algorithm proposed in Section IV. We also compare our
proposal with equal power allocation scheme (EPC), which
allocates power equally to each subchannel.

Fig.2 and Fig.3 show the sum rate of all SUs versus the
transmission power budget of the AP and the relays, respec-
tively. There are 32 OFDM subchannels. And the SUs and the
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PUs are 8 and 2, respectively. The interference threshold of
each PU is 10~ 13WW. The power budgets Pr and Pg are 1W
for Fig.2-3. We find that the growth of the sum rate becomes
slower with the increase of Pg or Pg, since more subchannels
will be interference limited as the power budget increases.
Moreover, the ARD and ARND schemes can achieve about
94% and 92% of our proposed scheme, while the ANR scheme
only achieves less than 40% of ours on the average as seen
in Fig.2. From Fig.3, we observe that the sum rate keeps
unchanging as Pp increases for the ANR scheme because the
relays do not participate data transmission, while our proposed
scheme reaches about 250% of the ANR on the average. As
Pr, increases, the ARD and ARND perform more and more
closely to our proposal, and the difference between the ARD
(ARND) and our proposal is about 10% (18%). These results
suggest that our proposed scheme is effective to improve the
capacity of the CR system.

Fig.4 depicts the sum rate of all SUs versus interference
thresholds for different number of PUs. There are 8 SUs
and 32 OFDM subchannels. The power budgets are set to
Ps = 1W and Pr = 1W. We investigate three cases:
L =2,L =4and L =6. It is shown that the sum capacity
increases when the interference threshold gets larger until the
subchannels become power limited. On the other hand, more
PUs result in a relatively lower capacity because there are
more interference limited subchannels with a given power
budget. It can be seen from Fig.4 that our proposal is clearly
superior to the EPC and the ANR in terms of sum rate.

Fig.5 and Fig.6 show the curves of the sum rate of all SUs
for different number of subchannels versus power limits Pg
and Ppg, respectively. There are 2 PUs and 64 OFDM sub-
channels. The interference threshold for each PU is 10713
For a given power budget, the sum rate of the CR system
grows with the increase of subchannels, which implies that
channel diversity benefits the system capacity significantly.
Additionally, the EPC scheme achieves approximately 50% of
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our proposal on average. As shown in Fig.5, the ANR scheme
always obtains less than 50% rate of our proposed method,
while the ARND achieves about 80% as in Fig.6.

We also investigate the multiuser diversity effect in Fig.7,
where the number of subchannels is fixed to 64 and all PUs
have the same interference threshold 10131 . Two cases are
considered: P = 10W, Pr = 1W and Ps = 1W, Pr =
0.1W. The number of SUs varies from 4 to 16. As seen from
Fig.7, when the SUs becomes more, the sum rate of the SUs
increases for all schemes. It can be explained as follows: When
there are more SUs, multiuser diversity makes a subchannel
more possible to be assigned to an SU with high channel gain
over it. Fig.7 shows our proposed scheme can always achieve
more than 150% of the EPC, both of which outperform the
ANR scheme.

The convergence performance of our proposed algorithm
is shown in Fig.8. For power allocation, the computational
load is mainly generated by the number of Newton iterations.
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Fig.8 shows the cumulative distribution function (CDF) of
Newton iterations of the barrier method with a duality gap
of less than 1073. It can be observed that it requires more
Newton iterations for the case of more subchannels. However,
the number of Newton iterations varies in a narrow range with
a given IV, which validates the effectiveness and efficiency of
our proposed power allocation algorithm.

Notice that the algorithm proposed in [29] adopts standard
interior point method (Standard) to also work out the optimal
power allocation. However, its time cost is high. Fig.9 shows
the average time cost as a function of subchannels over 1000
instances. The elapsed time is counted by in-built fic-toc
function in Matlab. From Fig.9 we can see the time cost
of our proposed algorithm is much less than the standard
technique employed in [29]. From the results shown in Fig.2-9,
we can conservatively conclude that our proposed RA scheme
is effective and efficient for applications in practical systems.
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VI. CONCLUSION

In this paper, we studied the adaptive resource allocation
problem in a multiuser OFDM-based CR system with coop-
erative relays. Since the formulated optimization problem is
hard to solve because it involves integer variables, we firstly
developed an efficient subchannel allocation to remove the
frustrating integer constraints. Then we proposed a fast barrier
method to work out the optimal power distribution at the
source and relay node simultaneously by updating Newton step
efficiently, which can reduce the computational complexity
to a reasonable degree. Numerical simulations show that our
proposed resource allocation scheme can achieve a signifi-
cant capacity gain compared to others, indicating that relay
technique is necessary to employ in CR systems. Moreover,
our proposed algorithm converges quickly and stably. The
result shown in this work is an upper bound because of the
assumption of perfect channel state information. In future
work, imperfect channel state information case should be
investigated. In addition, more complex relay selection and
subchannel pairing should be also studied to further improve
the transmission efficiency.
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