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Abstract—This work addresses the radio resource allocation
problem for cooperative relay assisted OFDMA wireless network.
The relays adopt the decode-and-forward protocol and can
cooperatively assist the transmission from source to destination.
Recent works on the subject have mainly considered symmet-
ric source-to-relay and relay-to-destination resource allocations,
which limits the achievable gains through relaying. In this paper
we consider the problem of asymmetric radio resource allocation,
where the objective is to maximize the system throughput
of the source-to-destination link under various constraints. In
particular, we consider optimization of the set of cooperative
relays and link asymmetries together with subcarrier and power
allocations. We derive theoretical expressions for the solutions
and illustrate them through simulations. The results validate
clearly the additional performance gains through asymmetric
cooperative scheme compared to the other recently proposed
resource allocation schemes.

Index Terms—OFDMA, relay selection, subcarrier allocation,
asymmetric power allocation, and cooperative communications

I. INTRODUCTION

Orthogonal Frequency Division Multiple Access (OFDMA)
is an effective technique that exploits the benefits of Orthogo-
nal Frequency Division Multiplexing (OFDM) for combating
against channel noise and multipath effects and finally enables
high data rate transmissions over fading channels. In addition,
OFDMA is able to provide good bandwidth scalability as the
number of subcarriers can be flexibly configured. Therefore,
OFDMA is widely adopted in many standards of upcoming
wireless communication systems, such as IEEE 802.11ac [1],
LTE/LTE-A [2] and WiMAX [3].

Meanwhile, cooperative communication has emerged as one
of the main trends to reach even better system performance
in terms of throughput, energy efficiency or cell coverage.
Therefore, the incorporation of OFDMA and cooperative
relays is foreseen to result in a promising structure that
offers a possibility to reach many desirable objectives for
the future wireless networks. However, a combination of a
conventional one-to-many (single hop) OFDMA system and a
relay network calls for a careful design of the radio resource
allocation (RRA) principles. This means a careful design and
coordination of the power and subcarrier allocation, selection
of relay(s) across different hops and optimizing the resource
asymmetries between the hops.

The RRA algorithm plays an important role in the develop-
ments of both conventional and relay-aided OFDMA systems.
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The related works have been widely done in several different
areas [4]-[10]. A cross-layer optimization algorithm for re-
source allocation in conventional OFDMA network has been
presented in [4] without considering any relays and an iterative
algorithm has proposed to solve the subcarrier assignment
together with relay selection in [S]. Then, the power allocation
problem is supposed to be solved by another iterative method
based on waterfilling algorithm. Authors in [6] introduced a
closed-form solution for radio resource allocation for multi-
hop cooperative relay network. However, the per-tone power
constraint was assumed. The scheme used in [7] considered
fairness constraints when selecting relays. In [8], a threshold
method was proposed to solve two subproblems, subcarrier
allocation and power allocation. Although the performance
was shown to improve compared to some other algorithms,
the total power constraint was considered instead of per-node
power limitation. The work in [9] also proposed a subcarrier
and relay pairing algorithm to solve the existing RRA problem
but results in higher computational complexity. Moreover, all
the previous works have assumed the transmission durations
of base-to-relay and relay-to-source links to be equal, which
may result in reduced achievable gains. Recently, a study
on the asymmetric resource allocation was presented in [10].
However, that work considered single relay in the OFDMA
networks without exploring cooperative diversity.

In this paper we take into consideration the shortcomings
of the above mentioned approaches. In particular, we consider
asymmetric link allocations meaning that the source-to-relay
link (first hop) and relay-to-destination link (second hop) are
not necessary equal. We then investigate the RRA problem in
this setting and propose a method to solve the joint relay set
selection for cooperation in addition to asymmetry, subcarrier
and power allocations, and hence target to enhance the total
system throughput. The use case selected in this paper is
cell coverage extension, so we do not consider direct link
from source to destination to be utilized. We propose a relay
selection scheme, where the selected set of relays will obtain
the best overall link data rate through collaboration. The sets
of orthogonal frequency subcarriers are then assigned to the
selected relays at each hop. Power allocation is performed
to the source and relays under per-node constraints, which
is more realistic than the scheme e.g. in [8] where only the
whole system power sums are considered. We consider only
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downlink direction in this work, but it can be extended further
to the uplink case as well. To the best of our knowledge, such
joint optimization for asymmetric two hop OFDMA network
has not been reported so far.

The rest of the paper is organized as follows. Section II
describes the relay-assisted OFDMA cooperative wireless net-
work and formulates the problem. In Section III, the proposed
resource allocation schemes are presented. We demonstrate the
benefits of our proposed algorithm in section IV and finally
conclude the paper in Section V.

II. PROBLEM FORMULATION

This paper investigates the RRA problem for OFDMA
network with cooperative relays in the downlink. We consider
a two-hop time-division duplex downlink relay system. The
whole system consists of source (i.e., access point, AP),
destination node (i.e., mobile terminal, MT) and several relays.
The first hop is so called broadcast phase, where AP broadcasts
information to a cluster of decode-and-forward (DF) relays. At
second hop, relays cooperate to transmit data to the MT, so
that, e.g., spatial diversity gain can be achieved (relays are
assumed to be far enough to each other). The channel state
information (CSI) is assumed to be known at receiver and
then fed back to the transmitter perfectly. We assume a total
of Z relays in the networks, and the selected relay cluster /C
contains K potential half-duplex relays. The presented relay-
assisted cooperative OFDMA network is as shown in Fig. 1,
where K = 3.

RN

Figure 1. Wireless cooperative relay network scenario.
Suppose h' is the channel transfer function from transmitter
to receiver and we assume the channel to be static within
a time slot. For example, h;k means the channel transfer
function from AP s to relay node (RN) k over OFDM
subcarrier ¢ and hj, , means the channel transfer function from
RN k to destination d over OFDM subcarrier j. Thus we
have the channel gain of the first hop G7, = [/ ,|* an
the second hop Gk 4= |h] d|2 L is the path loss factor and
the noise variance for the first and second hops are o7 and
02, respectively. We denote the transmit power assigned to

subcarrier ¢ for transmitting data as P?. In this work, we do
not consider the direct link from AP to MT. This assumption
is practical in the case that RNs are used for cell extension or
cell edge optimization. One RN k occupies subcarrier 4 in the
first hop and j in the second hop. In this work, we assume
that the transmission durations for the first hop and second hop
are allowed to differ. We denote these durations as 77 and T5.
Therefore, in the first hop, the data rate of the broadcast phase
is determined by the minimum rate of each link between AP
and selected RNs. The achieved throughput of the first hop is
as follows:

M
. T i
RiK = gg}rcl{%log(l + Zws,kﬂkp KYs k)} (D

Ls, ka k

where 77, = is the channel SNR and T' = T + T5.
M is the subcamer set of the system that contains M subcar-
riers. Z is the subcarrier set which contains the subcarriers that
are allocated to the selected RNs at the first hop. pj, indicates
that whether RN £ is chosen for subcarrier allocation,

_J1
PE=19 o

We also define w as the indicator whether certain subcarrier
is assigned to RN £, for example,

i 1
ws,k = 0

For the second hop, it is assumed that the RNs are perfectly
synchronized. Therefore, the second hop can be viewed as a
virtual MISO link and the throughput can be expressed as [11]

, if k is chosen for relaying,
, otherwise.

, if 7 is assigned to k at first hop,
, otherwise.

M K

Rl‘gd* ?ZOQ 1*22‘% dpkpk d’Vk a)s 2
J=1k=1

Ly de d

where % 4= . J is the subcarrier set which contains
the subcarrlers that are allocated to the selected RNs. For
indicator wk 4» We also have

j 1 if j is assigned to k at second hop,
wy = .
k.d 0 otherwise,

Therefore, the total achieved end-to-end throughput of source
s to destination d through RN set IC is [12]

Roa = min {RE . RY . }- 3)

To proceed, we can formulate our RRA problem as

mazr Rsg, “4)

subject to
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T=T +Ts,
M K

Z sz,kljsz,k < P@,mama

i=1 k=1
M . .

Zwi,dpic],d < Pimaa,

i=1 (5)
K

>l =Lwl € {0,1},

k=1

K
Zw;d = l,w?d € {0,1},
k=1

where P 4, 1S the maximum transmit power of AP and
P mag 1s the maximum power of RN k. Therefore, our goal
is to find the optimal solutions for relay set, link asymmetry,
and subcarrier and power allocations which satisfy the problem
4).

It can be deduced that achieving maximum for (3) implies
RI, = R{ , [8]. Thus, (4) can be modified as

S7

arg max (Rf,lc + R}%,d)? (6)

subject to conditions in (5) and

RIx =R, (7)
III. RESOURCE ALLOCATION SCHEME

In this section, we introduce an adaptive RRA algorithms to
solve the existing problems described in the previous section.
Although the resource allocation problem is combinatorial in
nature with a non-convex structure, it has been shown in [14]
that the duality gap of the optimization problem becomes zero
under the condition of time-sharing regardless of its convexity.
For the general OFDM system, the condition of time-sharing
is always fulfilled as the number of subcarriers is large enough.
Therefore, the problem can be solved in the dual domain. The
Lagrangian [13] of (6) is

,C(P, T7 w, P, )‘7 IJ/) :<R§,IC + R%,d)
M K

_)\S(Z Zwikpgk' - Ps,maaf)

i=1 k=1 (8)
K Mo
=Y Mea(d_wl aPly = Pimas)
k=1 j=1

_M(RSZJC - R%,d)v

where P = {P!, P,i 4} is the set of power allocations, w =
{wl 4>l .} denotes the subcarrier allocations and p = {p}
is the refay assignment. The A, Apq and p are Lagrange
multipliers. Then it can be seen that A = {As, x4} > 0 and
p = {p} € (—1,1) [10]. The Lagrange dual function can be
written as

g(AvlJ’) :maX‘C(PvvavpaAvlJ/) (9)

We assume the number of subcarrier is sufficiently large, so
that the duality gap between primal problem and dual function
can be assumed negligible [14]. Consequently, we can solve
the problem (4) by minimizing the dual function,

min g(\, ). (10

A. Evaluating Dual Variable

Since the dual function is always convex [13], we can
choose e.g. sub-gradient or ellipsoid method [14] with guar-
anteed convergence to minimize g(\, ). We follow the sub-
gradient method in [14] to derive the subgradient g(\, ) with
the optimal power allocation p* that will be presented in the
following subsection.

Algorithm 1 Evaluating Dual Variable

1: Initialize X° and

N

: while (!Convergence) do

Obtain g(A%, u®) at the ath iteration;

4:  Update a subgradient for A°*! and pot!, by Ao+l =
A% +0%ANX and ptt = p® + vt Ay,

5: end while

(98]

Here AX = {AXs, AX1,q,...ANK ¢}, and moreover A\,
AMXg,q and Ap can be expressed as

M K .
A/\q == Ps,mam - Z Z( :,k)*
i=1 k=1
M
. an
A)\hd = Pk:}ma:r - Z(Pg,d)*
j=1

Ap = (RIe) — (R )"

Here v® is the stepsize and a is the number of iterations.
The sub-gradient algorithm (Algorithm 1) is guaranteed to
converge to the optimal A and p. The computational com-
plexity of Algorithm 1 is polynomial in the number of dual
variable K + 1 [14]. Since (9) can be viewed as a nonlinear
integer programming problem, its optimal solution requires
high computational cost. Therefore, we are aiming to solve
the optimization problem by solving three subproblems, which
are relay selection, subcarriers and power allocation. Firstly,
we introduce asymmetric power allocation scheme.

B. Asymmetric Power Allocation

By assuming the relay selection and subcarrier allocation
are done, the optimal time slot for each hop can be achieved
by using Karush-Kuhn-Tucker (KKT) conditions [13]. This
results in

1 _ *

T, = 2“ T, (12)
1+ u*

T = —5—T. (13)
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Recalling the Lagrange dual function of (9), the opti-
mal power allocation problem can be determined by solving
problem (8) over variables Plk and Pk .4~ Applying KKT
conditions we obtain the optimal power allocation for the first
hop:

7 \k __ (1 B ‘LL*)Z 1 +
(P ={—5""=
2% Yo ke

; (14)

where {z}* £ maz{0,2z}. Similarly, for the cooperation
phase (second hop), the optimal RN power allocation is

(Pl ={ 1é:it) *‘f;’
k,d Vi.d
Zfi:l,m;ﬁk Lin,aGrm,dPrm,d | + (15)
- Gi,de,d b
where G, 4 denotes the channel gain from relay m to MT and

P, 4 is the power allocation for relay m on other subcarriers.

C. Optimal Relay Selection (ORS)

We consider a multiple relay selection in this work, unlike
some traditional single relay selection algorithms in [9] and
[15]. The proposed algorithm is to select X' RNs to form a
cluster that can maximize the achieved throughput in (3). We
can rewrite (8) as

M
. (I i
L(P.T.w, p. X) =min { Zlog(1+ ;ws,kka w1}

M K
*log +) Y Wl kPl a03)
Pl

. (T i
—/l(gglfcl{TlOg(l"‘i_zlws,kPkP K7Vs, k)}

M K

——log (1+ Z Zws kPkPk s d)>

1=1 k=1
M K
e
- Z )\k,d(z wi-,dplz,d = Prmaz).-
k=1 j=1

s maw)

(16)

Assuming the subcarrier and power allocations done, then
applying KKT condition the RN is selected according to the
following rule:

k* = ( : { (1- M*)2 ( 1 si,k'yi,k )}
argmax min - -
& kek 2 1+ P;’k'y;_’k

*\2
(1+2u)(

a7
+

1y Ié d’Yi d ) ]
1+3r
Optimal value of P are given in (14) and (15). There-

fore, (17) can be viewed as multi-objective optimization prob-
lem, which aims at obtaining the trade-off of the first hop and

kd’)/kd

second hop. Termination criteria for the whole RRA scheme
is to find an optimal subcarrier set K* that satisfies:

[ . { (1—p*)? ( Pl )}
max min - -
kek* 2 1+ P;,k’y;,k

(18)
+

(1 +u*)2(

P;f,ﬂi,d ) ]
5 )

1+ ZkK P/id’}/k,d

Therefore, the relay selection strategy can be chosen ac-

cording to
1
PE=19 o

D. Optimal Subcarrier Allocation (OSA)

The goal of subcarrier allocation strategy is to assign
subcarriers to given RNs that can obtain the best through-
put performance. Following the same procedure as the relay
selection, we can obtain the subcarrier allocation criteria as
follows:

, if ke K¥,
, otherwise.

O
("5 ) o
2 1+ Psz,k’yé,k
Plz,dfyi',d ) ]
7 .
L+ Plavia
If we denote the optimal subcarrier sets for the first and second

hop as Z* and J%*, respectively, the indicator for optimal
subcarrier allocations can be expressed as

I* = arg max [ min
keKx

*\2
(1+p") ( 20)

J* = [
arg max 5

(1 LifieT,
“i=1 0 , otherwise,

(1 Lifjegr,
“iTY o0 , otherwise.

E. Joint Asymmetric Relay, Subcarrier and Power Allocation

We have described the algorithms for relay selection, sub-
carrier and power allocation in the previous subsections. Com-
bining the above three procedures together with asymmetric
time design, we can obtain optimal solution for (4). The flow
chart of the whole algorithm is shown in Fig. 2. We can
see that these three steps are conducted alternatively until the
convergence is reached.

IV. PERFORMANCE EVALUATION

In this section we illustrate the performance of the RRA
algorithm with couple of examples. We assume five RNs
located between AP and MT, and MT is 1.8km away from AP.
One example of RN distribution is shown in Fig. 3 when four
RNs are selected for transmission. The Stanford University
SUI-3 channel model is employed without considering multi-
path effect [16], in which the central frequency is 1.9GHz. A
three-tap channel is invoked and signal fading follows Rician
distribution. We choose the number of subcarriers N to be
32, so the duality gap can be ignored [9]. Flat quasi-static
fading channels are considered, hence the channel coefficients
are assumed to be constant during a complete frame, and can
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Figure 2.  Algorithm flow chart
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Figure 3. Relay node distribution and 4 RNs are selected

vary from a frame to another independently. The noise variance
of the two hops are set to be 1 for simplicity. The path loss
factor varies according to the different distances from RNs to
AP and MT and the exponent is fixed to 3.5. The maximum
transmit power of AP and RN are set to 40 dBm and 20 dBm,
respectively.

We demonstrate our results compared with the performance
of recently reported symmetric or asymmetric schemes:

1) Equal power allocation combined with proposed subcar-
rier allocation scheme and relay selection (EPA);

2) Waterfilling power allocation combined with proposed
subcarrier allocation scheme and relay selection (Waterfilling);

3) Proportional Allocation scheme in [8] with fairness
consideration (Fairness SA);

4) Asymmetric Resource Allocation scheme in [10] without
cooperative relay assisted (ARA);

Fig. 4 demonstrates the impact of maximum transmit power

—e— Proposed

15 ——ARA

—a—Waterfilling
—=—Falmess SA

Bandwidth Efficiency(bit/sfHz)

; ; ; ; ; ; ;
LT 32 33 34 35 36 37 3@ 33 40
Ma Transmit Power of AP (dBm)

nal i

Figure 4. Impact of maximum transmit power Ps ;nqq On system bandwidth
Efficiency

of AP on the system bandwidth efficiency. We denote D; 4 as
the distance between AP and MT, and D, as the distance
between AP and RNs. In Fig. 4, we have D; 4 = 1800 m and
Dy i, from 1500 m to 1600 m. The considered channel SNR at
the RN £ is varied from v, = —20dB to 7, = —30dB and
at MT d it is varied from v, g = —15dB t0 yx,q = —25dB.
It can be seen that the proposed scheme achieves the best
performance. The performance gain over other methods in
comparison is up to 20%. It can also be noticed that if
Waterfilling is used as the power allocation scheme (instead
of our proposed scheme), the throughput performance is
comparable with Fairness SA. Another performance gain can
be seen in power consumption. We can see that with a fixed
data rate requirement, our proposed scheme provides a clear
power saving gain. For instance, at the level of 1.2 bit/s/Hz
bandwidth efficiency our proposed scheme can reach a power
saving around 2 dB compared to the other schemes.

Figs. 5 and 6 show the impact of distance between the
AP and RNs on the system performance. The distances be-
tween AP and RNs are normalized to Dy 4 and varies from
0.1 to 0.9. In Fig. 5, we set the maximum AP power to
Ps maz = 35 dBm and the maximum power of each RN to
P maz = 20 dBm, whereas we assume maximum power of
each node to be 20 d Bm in Fig. 6. From Fig. 5, we can see that
the proposed algorithm obtains the highest system capacity
when the normalized distance is less than 0.9. When the
average normalized distance between AP and RNs is around
0.9, we can find that the proposed scheme has comparable
performance with the EPA algorithm. This results from the
fact that some RNs are already very close to the MT so the
achieved SNR is relatively high leaving less impact to power
allocation schemes. The same situation can be observed in Fig.
6 where less AP power is considered. It can be concluded that
the proposed algorithm can provide a noticeable performance
gain over other existing algorithms even with rather low limits
for AP maximum power.
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Figure 5. Impact of distance between AP and Relay on the system bandwidth
efficiency, maximum AP power is 35 dBm, maximum RN power is 20 dBm

—s— Proposed
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Figure 6. Impact of distance between AP and Relay on the system bandwidth
efficiency, maximum power of each node is 20 dBm

V. CONCLUSION

In this paper we investigated the problem of asymmetric re-
source allocation for cooperative multi-relay assisted OFDMA
networks. The joint optimization problem for radio resource
allocation was solved by addressing three subproblems includ-
ing optimal selection of collaborative relays, subcarriers and
power with the objective of maximizing the system throughput.
Theoretical expressions were derived for the optimal selec-
tions. It was shown that by designing asymmetric time slots
for different hops, it is possible to reach a noticeable gain in the
cell-edge throughput. This was also illustrated with simulation
examples.
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