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Abstract —We propose a combinatorial auction-based
subcarrier assignment algorithm for single-relay Amplify-and-
Forward (AF) Orthogonal-Frequency-Division-Multiple-Access
(OFDMA) relaying systems. The proposed algorithm is based
on a one-shot multiple-item auction, where each user submits
bundles of subcarriers and their corresponding bids. Bundles are
generated based on the Shapley and the pair-wise Synergy-
Shapley values computed for the user’s data rate. After
receiving all bids, the Winner-Determination-Problem (WDP) is
solved using the structured search algorithm to allocate the
subcarriers, then the power is allocated optimally at the source
and relay nodes to maximize the sum rate. The effect of the
number of submitted bundles/bids on the throughput and
fairness indices is investigated. The proposed combinatorial
auction outperforms in the throughput and fairness indices an
auction algorithm without bundling strategies even though for
the case where users are allowed to bid for few bundles in
addition to the singleton bid. Numerical results are used to show
the advantages of the proposed algorithm.

Index Terms—AF, OFDMA, resource allocation, one-shot
auction, Shapley value, bundle auction

I.  INTRODUCTION

Cooperative and relaying wireless communication
systems can significantly improve the throughput and
reliability of wireless communications. Amplify-and-
Forward (AF) is the simplest relaying scheme [1].
Orthogonal — Frequency — Division — Multiple — Access
(OFDMA) allows multiple users to transmit
simultaneously on different subcarriers during the same
symbol period. Resource allocation is an essential
consideration to enhance the overall system performance
while satisfying certain constraints at the same time.
Different algorithms are used to allocate resources in
wireless communication systems to achieve different
objectives based on optimization and game theory
formulations.

Recently, auction theory has been considered for
resource allocation in wireless communication systems to
handle the problem of resource competition among
selfish users as in [2]-[7]. In [2], auction algorithms for
wireless communication systems were comprehensively
surveyed. In [3], the authors proposed a channel
allocation algorithm based on the second-price-auction to
allow users to compete for a wireless fading channel. In
[4], an auction algorithm for sub-channel allocation was
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proposed using the difference of throughput among sub-
channels to allow users to compete through bidding. In
[5], the authors proposed auction-based scheduling
algorithm for OFDMA systems to achieve proportional
fair resource allocation. In [6], an auction algorithm was
proposed for subcarrier allocation aiming to balance
efficiency and fairness with service differentiation in
OFDMA relay networks. In [7], different bidding
strategies for AF-OFDMA relay networks with optimal
power allocation at the source and relay nodes were
proposed aiming to achieve different objectives.

The bundling (combinatorial) auction is the auction
that allows users to place bids on combinations of items;
the value of the bundle is not the sum of the values of its
individual items. Bundling auction compared to other
auction mechanisms often increases the efficiency of the
auction, while keeping risks for the bidders low [8]. In
[9], an energy efficient combinatorial auction algorithm
was proposed to allocate the resources between device-
to-device equipments and cellular users. Generally, each
user in OFDMA systems can be allocated several
subcarriers. In this sense, combinatorial auction can be
used to allocate the subcarriers in OFDMA systems.
However, for the best of the authors knowledge, resource
allocation for OFDMA systems based on combinatorial
auction is not considered in literature.

The main contribution of this paper is to develop a
combinatorial auction for subcarrier allocation in AF-
OFDMA relaying systems. The bundles are generated
based on the synergy model. A bundle value comprises
two parts, the values of individual subcarriers and the
pair-wise synergy among pairs of subcarriers as in [10].
The values of individual subcarries are evaluated using
the Shapley value (i.e., cooperative game solution
concept) as in [7]. Based on the Shapley value, we
propose the concept of pair-wise Synergy-Shapley value
and use it to evaluate the worth of each pair of subcarriers.
Using the user’s data rate with optimal power allocation
at the source and relay nodes, the Shapley and pair-wise
Synergy-Shapley  values are  computed.  The
computational complexity of calculating the Shapley
value and pair-wise Synergy-Shapley value is avoided by
using a sampling method to approximate both values
within a reasonable accuracy. Bundles are generated in a
hierarchical fashion based on the average value of the
bundle; start by two-element bundles then move to three-
element bundles and so on. The bundle size is increased
until the average bundle value starts to decrease. Then the
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subcarriers are allocated by solving the Winner-
Determination-Problem (WDP).

The remaining of this paper is organized as follows. In
Section I, the system model is presented. The resource
allocation algorithm is presented in Section I1lI.
Numerical results are presented and discussed in Section
IV. Finally, conclusions are drawn in Section V.

Il. AF-OFDMA SYSTEM MODEL
A single relay two-hop AF-OFDMA system is
considered. The available bandwidth W is divided into

N subcarriers in which the channel coefficients of each
subcarrier is assumed to be frequency flat. Let
J={1,2,---,N} be the set of subcarriers, and

I:{]_’Z’...’

(source)

I } be the set of active users. Sender
1 =1,2,--+,1 are

communicating with the destination node D . The first-

hop channel coefficients of the 1 th user between the
source and destination and the source and relay nodes at

the j th subcarrier are denoted as h{)(j) andh&(j),

respectively. The second-hop channel coefficient between
the relay and destination at the | th subcarrier is denoted

by hep(j) . The data rate R{2(j) of the j th

subcarrier in AF relaying systems is computed as [1]:

()

where I" is a constant representing the capacity gap,
{2 (j) is the signal-to-noise-ratio (SNR) for direct

nodes S, for

Iog(l

) @

transmission of the 1 th user using the j th subcarrier

and T'() (j) is the end-to-end SNR of the i th user for

subcarrier j using AF relaying. The SNR T'{J (j) is

computed as: T3 (1) = B (1)74(J)

Fss(i)(j) is the 1 th user transmit power on the | th

_ Ihéb)(J)l
o’

where

subcarrier, & (j) = and o is the variance

of the additive-white-Gaussian-noises (AWGN). The
end-to-end SNR of AF relaying ') (j) is computed as
[11]:

r0 (j) = 7 (1)7:0 (NP ()P (1)

Y7 \D(G) 7/ : NP [ (2)
L+yQ (DR () + 70 (PP ()
e hD ()P ) h i)
where 75(R)(J )= | SRO_'( 2])' ) 7RD(J) = —l RZ_(ZJ”

and F;R(i)(j) is the relay transmitted power for the i th

user atthe ] th subcarrier.
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I11. RESOURCE ALLOCATION ALGORITHM

The resource allocation problem of AF-OFDMA
communication systems aiming to achieve different
objectives (e.g. maximize sum rate, maximize fairness,
etc.) comprises two parts: the power allocation at the
source and relay nodes and the subcarrier assignment
profile. Splitting the resource allocation problem into two
resource allocation problems (i.e., power allocation
problem and subcarrier assignment problem) is
interesting for the following reasons: first, it can be used
to reduce the computational complexity and may lead to
distributed algorithms, since the joint resource allocation
problem is a mixed integer non-linear programming
problem, which is computationally complex to solve.
However, the obtained solution may be sub-optimal.
Second, it can be used to obtain a solution that
compromises between two objectives, e.g., compromising
between the throughput and fairness; the subcarriers can
be allocated to achieve fairness and the relay and source
power can be allocated to maximize the throughput.
Third, it opens the door to use different frameworks (i.e.
game theory, market mechanism, etc.) to formulate the
resource allocation problem and obtain solutions with
some desirable properties, e.g., competitive based, truth
revealing, etc. In this sense, we propose a combinatorial
auction mechanism for the subcarrier assignment
problem and convex optimization techniques are used to
solve the power allocation problem. In the followings, the
power allocation problem is formulated and solved for a
given subcarrier assignment profile and then the
combinatorial auction framework is presented for the
subcarrier assignment problem. Finally, the WDP is
formulated and solved.

A. Power Allocation

Let Y be the subcarrier assignment profile, i.e.,
[Y]; =Y j(i) €{0,1} with Yj(i) =1 indicates that
subcarrier ] s
ZieIY j(i) =1,Vj € J indicates that subcarrier J
assigned to only one user.

The power allocation problem is aiming to maximize
the sum rate formulated as:

assigned to user |  and

: O Y+ (i
mgx_zzyj()mg(l SD(J)+(i)AF(J)), (3a)
ieZjeg FYJ
st. Y Y PI()<P™, (3b)
ieljeg
Y PO()<P™ VieT, (3¢)
jegd
P (j)>0,PM(j)=>0, (3d)

where P, is the vector of the sources and the relay power
profiles, which contains P (j) =P (j )
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O iy=p) (i (i) i i
PU(1)=R"(J)Y ;" Viel ad VjeJ .
Constraint (3b) means that the total power allocated to
forward the data from all users assisted by the relay is
limited to the maximum relay power P, whereas
constraint (3c) indicates that the source power allocated

for user i is limited to the maximum power P,™. For

high SNR, F(') (J) can be approximated by its upper
bound as in [11]:

752 (170 (NP (DR () 4)

(l) ~
=20 (HRO () + 7 (DO ()

which will be used from now on to derive the
forthcoming results. With this approximation, the data

rate R (j) becomes a jointly concave function with

respect to P{’(j) and P{(j) as can be proved by
the second order derivative test. Hence, the optimal

power profile P can be obtained using convex
optimization techniques. An analytical solution can be
obtained by differentiating the Lagrangian function with

respect to P (j) and P{)(j) and then equating by
zero as [7]:

LN oy +AD)-T)
A _ it PO(j)>0, O
PO(j)= 7o (i) +B}" f '
WIi2N T L
( A 75'3(1)) R =0
ys(:?)(J)yRD(j)CZ(i

where(x) = max{0,x} A‘” —

(7(|)(J)+7RD(J)C (I))
s (1700 (1)C "

7/3R (J)+7RD(j)Cj(I)

The relay power profile is obtained as:

PO (j) = RV (j)DY" 6)

and BJ.‘”:

where Dj(i) is computed as:

0) 1+ he(1 & (i) 7|}/RD(J-)_1 +
7“(”( +\/+( IO

ys(lR)EJ;)

(i) —
Dj =

7ro (1)(@+

The Lagrange multiplier 4. is selected to satisfy the

1
. )/ Y\ — D max
total source power constraint Zjeji P (j) =P

for the set of subcarriers 7, allocated to user I with

J; #, and the Lagrange multiplier A is selected to
satisfy the total relay power constraint (3b).
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B. Combinatorial Auction for Subcarrier Assignment
The combinatorial auction framework is proposed to

decide on the subcarrier assignment profile Y because
of its efficiency compared to a single bid auction. Each
user submits bids for bundles of subcarriers, besides it
submits singleton bids for all subcarriers. The bundle
value reflects the worth of the bundle to the user. Since it
is impossible to compute all possible bundle values. The
simple synergy model is adopted to generate the bundles
as in [10]. In this sense, the subcarriers are combined into
bundles based on the individual subcarrier’s value and
the pair-wise synergy values. The normalized Shapley
value is used as the individual subcarrier’s value as in [7].
For the pair-wise synergy value we extend the concept of
Shapley value and introduce the Synergy-Shapley value
as detailed next.

In the followings; we will defined the Shapley and
Synergy-Shapley values, then we will present a sampling
approach to approximate their values and then we will
present the proposed bundling algorithm based on both
the Shapley and Synergy-Shapley values. Finally, we will
show how the bundles (subcarriers) are assigned to the
users by solving the WDP.

The AF-OFDMA cooperative game is defined as [7]:

Definition: An AF-OFDMA cooperative game with

transferable utility is defined as the pair (7 ,V; ), where

V; is a real valued mapping defined over all possible

subsets of 7 .

characteristic function or the value function of the i th
user and it is computed based on the achievable data rate
of AF-OFDMA as explained next.

The characteristic function v, (J;) of the i th user

The mapping V,; is called the

using the set of subcarriers 7, , where J; is one of the

2N possible subsets of 7 is defined as [7]:

W e+ 0P ) (7)
v,(J) = N z log(1+ C )

jed;

where T.)(j) and T\ (j) are obtained by using

optimal power profiles at the source and relay nodes as in
(5) and (6), respectively. Computing the relay optimal
power profile for | € J, , requires the optimal Lagrange
multiplier A |

assignment of all other users. To reduced the
computational complexity and the overhead between the

users and destination node of computing A, , we will

which is dependent on the subcarrier

assume that the destination node broadcasts A; and

hep (J) for all users to generate the bundles.

The Shapley value from cooperative games is used to
evaluate the worth of the subcarrier in AF-OFDMA
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systems, as in [7]. The Shapley value allows the user to
quantify accurately the contribution of each subcarrier
towards the data rate.

Let @O = (@, dP,...,®Y’) be the Shapley value
vector of the | th user. The Shapley value of subcarrier
J foruser I isgiven as [12]:

(I) =

ZV (C; (7)) A{iH -Vvi(C ()

7Z'EQ

®)

where Q is the set of all possible N! permutations on
J assuming all orderings are equally likely, 7 is a

permutation in Q, C, (7) is the set of all subcarriers
appearing before subcarrier j in the permutation 7 ,
and v; C;(7)\A{j}-v;(C,;(n).vC; cT\{j}
is the marginal contribution of subcarrier | to the
coalition of subcarriers C; (7) U{j} . The Synergy-

Shapley value denoted as o) j x is defined as:

(l)

ZV (C; (D) A KD -V(C, (7)) 9

neQ
where ijk () is the set of all subcarriers appearing
before the pair of subcarriers {j,k } in the permutation
Vi€ () Al kv, € (7)),
vC;, =J\j,k} is the marginal contribution of

T, and
the pair of subcarriers {j,k} to the coalition of
subcarriers C;  (7)\U{j,k} . The Synergy-Shapley
the |

value vector of th user is
q)(l) - ((D(i) (D(l) q)(l) . q)(i) )
Syn 1,27 1N’ 1 N-1N /"

It is clear that expressions (8) and (9) require to work
with N! permutations on J to compute the marginal
contributions of the subcarriers which is computationally

complex especially for large N . Hence, the direct
approach for computing the Shapley and Synergy-
Shapley values are not tractable. Therefore, the Shapley
and the Synergy-Shapley values are computed
approximately in this work using a sampling-based
approach that works in polynomial time, as in [12]. The
estimation of the Shapley and Synergy-Shapley values
are presented in Algorithms 1 & 2, respectively. The
estimation of the Shapley value/ pair-wise Synergy-
Shapley value, scales linearly with the number of

subcarriers N and the number of samples M .

Algorithm 1: Estimation of the Shapley value

M. 793G). 7R 34).

Yo (J) Vi €T . Az . B™

Require:
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1: for j Ejdo (i)(ji) <0, end for
22for Mm=1:M do

3: Generate a sample 77 € Q) with probability i
N!

4: for j Ejdo
5: Find the set Cj (7Z'm )
6: Find V; (Cj (ﬁm)u{j }) and V, (CJ- (7Z'm ))

using (7).
7. Calculate

M (1) =v; € (z,) AN v, € (7))
8: Calculate Ci)(ji) = Ci)(ji) + Mc(i)(j) .

9: end for
10: end for

NO!

i Vied
M

(i)

12: return D

11 <i)(ji) =

Algorithm 2: Estimation of the Synergy-Shapley value.
required: M, 785 (). 782 (1) 7o (§) .
Vied. B™. A

1: for j Ej, k Ej, j #K do CI’\)(J'{< <0, end for

22for mMm=1:M do

3: Generate a sample 77, € Q with probability i
N!

4 for j € J do

5: forkejjikdo

6: Findtheset C ik (7Z'm)

7:  Calculate V; C ik (7Z'm Yu{]j.k}) and

Vi (Cj i (7))
Calculate

MO (k) =V €y (7,) (i kD Vi € (7))

9: Calculate Q)(') = q)(ji,)k +MP(j,k).

10: end for
11: endfor
12: end for

@)
14: return (I)syn

To generate the bundles and their corresponding bids,
the simple synergy model is used, as in [10]. According
to this model, the bundle value includes two parts; the
value of the individual items in the bundle and the
synergy values among the items in the bundle. We
assume that users bid with their true valuations. The

bidding strategy of the I th user for a single subcarrier
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(i.e., singleton bid) defined as

b® =, b,-- b T , where b® =b{)(j) is

obtained by the normalized Shapley value as:
(i)

O fiye_ 0 i . -

bs' (J) Z PR V] € J . The normalized pair
jeg ]

wise  Synergy-Shapley value is defined as:

()
bs‘;g(j,k)= Vj,k eT.

j .k
<~ i0
Zj ,kechj k
For a doubleton bid, the bundle value is the sum of the

two subcarriers values (normalized Shapley values) plus
the normalized pair-wise Synergy-Shapley value between

the two subcarriers. The value of the i th user for bundle
B® with size | BY) |> 2 is computed as [10]:

|B(i ‘ \B(I)
b = (I) Y i,k) (10)
B ; (J) (l B(,) | 1) ;g Syn(J )

The average unit contribution (AC) of bundle BY for

user i denotedas AC ) is computed as:
b
18|

The bundle creation algorithm starts from each
individual subcarrier and searches for subcarriers to add
to the current bundle to increase the AC, if such
subcarrier can be found, then the subcarrier which
increases the AC the most is added. The process proceeds
until the AC cannot be increased further. All generated
bundles until the algorithm stops are considered as
desirable bundles. Once the bundles are generated, the
user may submit some or all of the generated bundles
depending on whether or not the destination puts a limit
on the maximum number of bundle bids allowed per the
user or the number of times the subcarrier appears in all
the bundles.

Algorithm 3 describes the process of generating the

bundles of subcarriers for user | using the estimated
normalized Shapley and Synergy-Shapley values. In this
algorithm:

ACY = (11)

1. BY(j) representsthe i user bundle of size n;
i

and contains subcarrier j .
2. b{")(j) isthe bid of bundle B (j).
] J

3. B represents the set of the generated bundles for
user I .

4. b represents the set of bids corresponding to the
set of bundles B,

S. Bn(l>1 denotes the I th user set of bundles of size
N greater than 1, i.e.,
Bl =BV B (1), B (i) B (N)}-
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Algorithm 3: Bundles generating algorithm

Require: b’ (j), bs()',g(J K). VieJ. . vkeT.
Lset B =2, b =@ and n, =1,vj =1,--,N .
2: Create a single subcarrier bundle Brf')(j ) ={j }

i

VjedJ.

3: Assign it the bidding strategy brfi_) (j ) = bs(liq) (j ) )
]

VieJd.

I

: Update B(i) :{B(i),Brfi_)(j )},and
J

b ={o b (i)}
. for Vj Ejdo
st B=BU(j).

. Calculate ACéL)){k} VK ¢ B and
Bu{k}e BY using (10)and (11).
Cl(flv{k}
>AC[S,I then

[$2]

o

- Find K = arg maxi A
If ACl(;U{k}
=n, +1

s B)(j) = Bk} and
b("(J)‘I B(')(J)IACMK}
mmﬁ>qﬂiﬂﬂnhm

b =gb" b ()}

9:
10: nj

11:

[N

12:

13: Go to 6.
14: end if
15: end for

16: return B(i) and b(i)

After all users submit their bids b™ Vi € Z and the

corresponding bundles B, Vi € Z , the destination

node assigns the subcarriers to the users aiming to
maximize its own benefit by solving the WDP formulated

as [8]:
max > > xObV], (12a)
(I) ;Vnen; Niel jer nen,
st Y xMV(j)<Lvjeg, @)
ieInen;
er”e{O,l},Vneni,Vi e, (12c)
where N, is the set of bundles submitted by user I ,

[0)], is the N th bundle submitted by user i and
[b“],

variable representing whether bid [b)] is selected or

is its corresponding bid. Xr(]i) is a binary
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not, and 1®(j) is an indicator function such that
19(j)=1 if subcarrier ]
[B9], and 189(j)=0, otherwise. Constraints (12b)

means that the subcarrier can be assigned to only one
bundle.

Even though problem (12) is an NP-hard problem,
many effective search algorithms were proposed to find
the optimal allocation based on cleaver structuring of the
search space, preprocessing, heuristic ordering methods
and pruning techniques as in [13]. Stochastic local search
algorithm and population-based swarm  particle
optimization can also be used to solve the WDP as in [14],
[15], respectively. In this paper, the structured search
algorithm is applied to solve the WDP as in [13].

Finally, the source and relay power profiles are
determined using (5) and (6) for the subcarrier
assignment profile obtained from the structured search
algorithm.

Two performance measures are used to compare the
performance of the proposed algorithm: Jain’s fairness

index F, computed as:

is included in bundle

Qi (7))

F - iel
|
| Z12%(T)
ieZ
where a value of fairness index closer to 1 means a
relative better fairness, and the throughput index TI

computed as:

(13)

2 (7)

— ieT

DI IEA

ieZ

(14)

where 7. is the allocation that maximizes the sum rate

I
ziezVAi (J;) . In order to find ZieZVAi (J,), the joint
resource allocation problem is solved using the dual
approach based on the assumption of zero-duality gap,
since OFDMA systems satisfy the time sharing property
for large number of subcarriers as shown in [16]. The
proposed combinatorial auction for resource allocation in
AF-OFDMA is of a distributed nature; the bundles are
generated at the users side and the WDP is solved at the
base-station side. The computational complexity of the
proposed combinatorial auction for AF-OFDMA is
summarized in Table I. Limiting the number of submitted
bids reduces the computational complexity of the WDP
as shown in [13].

TABLE |: THE COMPUTATIONAL COMPLEXITY OF THE PROPOSED
COMBINATORIAL AUCTION

Step Complexity Order Comments

Shapley value C)(NM ) Sampling approach
Synergy Shapley value (’)(NM ) Sampling approach
Bundle generation O(N 2) Generalized synergy model
WDP O(N 3) Structured search algorithm
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IV. SIMULATION RESULTS AND DISCUSSION

We model the subcarrier channel coefficients between

any two nodes with a separating distance d as
. 1 .

h(j) ~CN(,——), where C\ is the complex
(1) ( LLr d)")

normal distribution, N = 4 is the propagation loss factor,

and L =4 is the number of channel taps as in [17]. The
scenario under consideration is shown in Fig. 1 consists

of | users (S,,S,, -+, S, ), one relay and a common

destination D . The sources are uniformly distributed in
the shaded area.

Slm

Fig. 1. Sources, relay and destination nodes positions.

The subcarrier noise power o2 is set as 4x10 " Watt.
P.™ =1 watt,

The source maximum transmit power is P,

and the
P, =10 Watt unless otherwise specified. The number

relay maximum transmit power is

of subcarriers N =32 , the subcarrier bandwidth
W /N =4 KHz and the capacity gap I' =1. The
sample size M issetto 50 asin [7].

Fig. 2. The throughput index TI as a function of the number of users.

Fig. 2 shows the throughput index T, of the proposed
bundle auction as a function of the number of users. The
maximum data rate Zid\fi is obtained as in [16]. The

throughput index T, of the proposed bundle auction is

shown for different number of bids. The maximum
number of permitted bids is used to label the curves.

Clearly, the throughput index T, of the bundle auction
outperforms the throughput index T, of a single bid
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auction (singleton bid) as expected. It is noticed that the
optimal number of submitted bundles is dependent on the
number of users, e.g., for the scenario of 4 users, the

highest T, is obtained when | B") |<40, whereas for

n>1

the scenario of 16 users, the highest T, is obtained with
| B [<10.

0 |B:“:‘|:4n

-m =8 <30

4 [ ] 10
Numbsr of Ussrs

Fig. 3. The fairness index |:I as a function of the number of users.

Fig. 3 shows the fairness index F, as a function of the

number of users for the proposed bundle auction as a
function of the number of users for different number of
bids. The fairness index of the maximum sum rate is also

shown for comparison purposes. The fairness index FI

of the proposed auction algorithm outperforms the
fairness index of a single bid auction. This is due to the
fact that each subacrrier is allocated to the user who
submits the highest bid in a single bid auction, whereas in
the bundle auction and the solution of the WDP is more
efficient than the solution of a single bid auction. It is
noticed that limiting the number of submitted bundles,

increases the fairness index F, , however, the optimal
number of submitted bundles is dependent on the number
of users, e.g., for the scenario of 4 users, the highest FI

is obtained when | B®) |<5, whereas for the scenario of

16 users, the highest F, is obtained with | B%) |<10.

. |Bﬂ’“|ss.m=| I
- B | <5, m=2
-f= |Bﬂ’“| =10, m=5
Single bid
—@— MaxSum

-, w8 <20, m=5]
~~~~~~~ ,

|ij"'| =10, m=3 [{

Fig. 4. The throughput index TI as a function of the number of users.

Figs. 4 & 5 show the throughput T, and fairness F,

indices of the proposed bundle auction as a function of
the number of users, respectively, where the destination

©2017 Journal of Communications

puts a limit on the number of times M the subcarrier
appears in all bundles submitted by the user.

¢ B =5 m=1
-9~ Bl |=10,m=5
—de— Singls bid
MaxSum
-@-B |=5ma3

Bl =10, m=3

B |=20 m=5
et

] 12 14 18

10
Number of Users

Fig. 5. The fairness index Fl as a function of the number of users.

Clearly, limiting the time of appearance of the
subcarrier affects the throughput and fairness indices: i.e.,
increasing N may improve the performance of the
fairness and throughput indices as shown in Figs. 4 & 5.

For m =1, it is noticed that the throughput index T,
may decrease beyond the throughput index TI of the

single bid, but the fairness index F, is greater than the
fairness index of the single bid auction.

V. CONCLUSION

In this paper, a competitive approach is proposed for
resource allocation in up-link AF-OFDMA relaying
systems. The subcarriers are assigned based on the
combinatorial auction framework. The bidding strategy
of the auction is based on the estimation of the Shapley
and the Synergy-Shapley values.

Each user generates bundles of subcarriers based on
the simple synergy model and submits the corresponding
bids to the destination. The structured search algorithm is
used to solve the WDP and assign the subcarriers to the
users. The throughput and fairness indices are used to
evaluate the performance of the proposed algorithm.
Numerical simulation results show that the proposed
algorithms achieve high-performance measures compared
to the one-shot single bid auction.

ACKNOWLEDGMENT

This research work has been supported by UAE
University-UPAR grant number 31N 202.

REFERENCES

[1] J. Laneman, D. Tse, and G. Wornell, “Cooperative
diversity in wireless networks: Efficient protocols and
outage behavior,” IEEE Trans. Inf. Theory, vol. 50, no. 12,
pp. 3062-3080, December 2004.

[2] Y. Zhang, C. Lee, D. Niyato, and P. Wang, “Auction
approaches for resource allocation in wireless systems: A
survey,” Communications Surveys Tutorials, vol. 99, pp. 1-
22, 2012.



Journal of Communications Vol. 12, No. 11, November 2017

[3] J. Sun, E. Modiano, and L. Zheng, “Wireless channel
allocation using an auction algorithm,” IEEE J. Sel. Areas
Commun., vol. 24, no. 5, pp. 1085-1096, 2006.
S. W. Han and Y. Han, “A competitive fair subchannel
allocation for OFDMA system using an auction algorithm.
in Proc. 66th IEEE Vehicular Technology Conference,
2007, pp. 1787-1791.
Z. Kong, Y. K. Kwok, and J. Wang, “Auction-based
scheduling in non-cooperative multiuser OFDM systems,”
in Proc. 69th IEEE Vehicular Technology Conference,
2009, pp. 1-4.
H. Deng, Y. Wang, and J. Lu, “Auction based resource
allocation for balancing efficiency and fairness in OFDMA
relay networks with service differentiation,” in Proc. 72nd
IEEE Vehicular Technology Conference Fall, 2010, pp. 1-
5.
H. Al-Tous and I. Barhumi, “Resource allocation for
multiple-user AF-OFDMA systems using the auction
framework,” IEEE Trans. Wireless Commun., vol. 14, no.
5, pp. 2377-2393, May 2015.
A. Andersson, M. Tenhunen, and F. Ygge, “Integer
programming for  combinatorial auction  winner
determination,” in Proc. 4th International Conference on
MultiAgent Systems, pp. 39-46, Boston, MA, USA, July
2000.
W. Wei, Q. Wang, L. Yang, and X. Hu, “Auction based
energy-efficient resource allocation and power control for
device-to-device underlay communication,” in Proc. IEEE
84th Vehicular Technology Conference, September 2016,
pp. 1-6.
[10] N. An, W. Elmaghraby, and P. Keskinocak, “Bidding
strategies and their impact on revenues in combinatorial

(4]

(5]

(6]

[7]

(8]

(9]

auctions,” Journal of Revenue & Pricing Management, vol.

I, no. 3, pp. 337-357, 2005.

[11] M. Hasna and M. Alouini, “End-to-end performance of
transmission systems with relays over Rayleigh-fading
channels,” IEEE Trans. Wireless Commun., vol. 2, no. 6,
pp. 1126-1131, November 2003.

[12] J. Castro, D. Gmez, and J. Tejada, “Polynomial calculation
of the Shapley value based on sampling,” Computers and
Operations Research, vol. 36, no. 5, pp. 1726-1730, 2009.

[13] T. Sandholm, “Algorithm for optimal  winner
determination in combinatorial auctions,” Artificial
Intelligence, vol. 135, pp. 1-54, February 2002.

[14] H. Hoos and C. Boutilier, “Solving combinatorial auctions
using stochastic local search,” in Proc. 7th National

©2017 Journal of Communications

603

Conference on Artificial Intelligence, Austin, Texas, USA,
August 2000, pp. 22-29.

[15] S. Farzi, “Discrete quantum-behaved particle swarm
optimization for the multi-unit combinatorial auction
winner determination problem,” Journal of Applied
Sciences, vol. 10, pp. 291-297, 2010.

[16] W. Dang, M. Tao, H. Mu, and J. Huang, “Subcarrier-pair
based resource allocation for cooperative multi-relay
OFDM systems,” IEEE Trans. Wireless Commun., vol. 9,
no. 5, pp. 1640-1649, May 2010.

[17] 1. Hammerstrom and A. Wittneben, “On the optimal power
allocation for nonregenerative OFDM relay links,” in Proc.
IEEE International Conference on Communications,
Istanbul, Turkey, vol. 10, pp. 4463-4468, June 2006.

Hanan Al-Tous received the B.Sc.
degree in Electrical Engineering in 1998
and the M.Sc. in Communication
Engineering in 2000 from the University
of Jordan, Amman, Jordan, and the Ph.D.
degree in electrical engineering from
United Arab Emirates University, United
Arab Emirates, 2014. She worked as a
. Lecturer with the Electrical Engineering
Department, Al-Ahliyya Amman University, Amman, Jordan
from 2000-2010. She is currently a Postdoctoral Research
Fellow at the United Arab Emirates University. Her research
interests include cooperative communications, resource
allocation in wireless communications and game theory .

Imad Barhumi received the B.Sc.
degree in electrical engineering from
Birzeit University, Birzeit, Palestine, in
1996, the M.Sc. degree in
telecommunications from the University
of Jordan, Amman, Jordan, in 1999, and
the Ph.D. degree in electrical
engineering from the Katholieke
Universiteit Leuven (KUL), Leuven,
Belgium, in 2005. From 1999 to 2000, he was with the
Department of Electrical Engineering, Birzeit University, as a
Lecturer. After his Ph.D. graduation, he was a Postdoctoral
Research Fellow for one year with the Department of Electrical
Engineering, KUL. He is currently an Associate Professor with
the Department of Electrical Engineering, United Arab Emirates
University, United Arab Emirates. His research interests include
signal processing for mobile and wireless communications,
cooperative  communications,  resource allocation and
management in wireless communications and networking, game
theory and compressive sensing.






