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Abstract: In cellular networks, users communicate with each other through their respective base stations (BSs).
Conventionally, users are assumed to be in different cells. BSs serve as decode-and-forward (DF) relay nodes to users.
In addition to this type of conventional user, we recognize that there are scenarios users who want to communicate
with each other are located in the same cell. This gives rise to the scenario of intra-cell communication. In this
case, a BS can behave as a two-way relay to achieve information exchange instead of using conventional DF relay.
We consider a multi-cell orthogonal frequency division multiple access (OFDMA) network that comprises these two
types of users. We are interested in resource allocation between them. Specifically, we jointly optimize subcarrier
assignment, subcarrier pairing, and power allocation to maximize the weighted sum rate. We consider the resource
allocation problem at BSs when the end users’ power is fixed. We solve the problem approximately through Lagrange
dual decomposition. Simulation results show that the proposed schemes outperform other existing schemes.
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1 Introduction

In less than a decade, the status of smart
phones has moved from laboratory breadboard to
the world’s pervasive consumer electronics products.
With a smart phone in hand, a consumer can en-
joy many services, such as games and videos. How-
ever, a high-speed cellular network becomes a bot-
tleneck in enjoying these services. Orthogonal fre-
quency division multiplexing (OFDM) is a leading
technology for high-speed cellular network dividing
the frequency-selective wireless channel into a large
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number of parallel, flat, and narrow-band subcar-
riers to carry information. Each subcarrier can
be assigned to different users and employ different
modulation and coding schemes to counter a fading
channel. Hence, OFDM has been adopted by vari-
ous standards as key technology, such as long-term
evolution-advanced (LTE-A) and the 802.11 series
(Sun and Honig, 2008; Jang et al., 2010; Parkvall
et al., 2011).

On the other hand, relay-assisted cooperative
communication has attracted tremendous interest,
because it can improve the overall system perfor-
mance in wireless networks, such as coverage ex-
tension, power saving, and throughput enhancement
(Laneman and Wornell, 2003; Sendonaris et al., 2003;



826 Du et al. / Front Inform Technol Electron Eng 2016 17(8):825-833

El Gamal and Zahedi, 2005; Yang et al., 2009; Oy-
man, 2010). Incorporating relay architecture into
an OFDM system is a powerful technique for broad-
band wireless communication. An LTE-A cooper-
ative cellular network was investigated, where mul-
tiple decode-and-forward (DF) relay stations (RSs)
were deployed to enhance the cell-edge throughput
and extend the coverage area. It formulates a sum-
rate maximization problem with the total power con-
straint and a subcarrier assignment (SA) problem.
However, subcarrier pairing (SP) was not consid-
ered (Zhang et al., 2014). A two-hop cooperative
OFDM multi-relay network was investigated, and a
joint power allocation (PA) and SP scheme was pro-
posed, which maximizes the transmission rate sub-
ject to the total network power constraint (Li et al.,
2013). Multiple users and multiple RSs are deployed
in a cell to assist uplink and downlink transmission
in the LTE system. The joint optimization problem
of SP based on relay PA, relay selection, and SA to
maximize the sum rate was studied (Zhang et al.,
2012). A network with a source node, a DF relay
node, and multiple destination nodes was investi-
gated, which maximizes the sum rate of this network
under the total power by means of individual power
constraint and SA (Hajiaghayi et al., 2012). The
subcarrier pair was used in opportunistic OFDM de-
cision feedback relay to minimize the power (Wang
et al., 2013). Energy optimization in a multi-input
multi-output (MIMO) orthogonal frequency division
multiple access (OFDMA) system was also investi-
gated (Xu et al., 2013). A near-optimal resource
allocation (RA) algorithm was proposed for uplink-
ing OFDMA systems (Yang et al., 2014). A PA
algorithm considering imperfect channel state infor-
mation was proposed for cooperative communication
systems (Devarajan et al., 2013; Mallick et al., 2013).
RA policies were optimized to maximize the system
throughput for OFDMA amplify-and-forward (AF)
and DF relay networks, and the models adopt the
AF or DF relay strategy rather than the two-way
(TW) relay strategy (Ng and Schober, 2010; 2011).
Besides, they just consider SA, which does not take
SP into account. However, the fact that many exist-
ing works focus on individual uplink or downlink RA
in cellular networks or multiple RSs deployed in the
cellular networks will increase the complexity and
extra investment. We make the base station (BS)
serve not only as a DF relay but also as a TW relay

to assist cellular network communication, and the
uplink and downlink transmission strategy is jointly
designed to improve system performance.

2 System model

We consider a wireless OFDMA network con-
sisting of G cells. Let S denote the index set of the
cells, i.e., S = {1, 2, . . . , G}. A simple example that
we consider is illustrated in Fig. 1. In this figure, we
divide users into two groups in each cell, including
conventional users and intra-cell users. A conven-
tional user refers to a user who wants to exchange
information with a user in another cell. For exam-
ple, in Fig. 1, user 1 in cell 1 wants to exchange
information with its peer user 3 in cell 2. Let Ψk and
Kk denote the set of conventional users in cell k and
its cardinality. An intra-cell user refers to a user who
wants to exchange information with another user in
the same cell. For example, in Fig. 1, users 2 and 3
are considered a pair of intra-cell users in cell 1. We
define Γk as the set of intra-cell user pairs in cell k,
and Mk as its cardinality. For example, in Fig. 1,
Γ1 = {(2, 3)} for cell 1 and Γ2 = {(1, 2)} for cell 2.
We consider that the available bandwidth in each cell
is divided into N equally spaced subcarriers. We fo-
cus on RA including SA and SP together with PA in
the TW relay system under a common assumption
of perfect knowledge of channel state information
(Shim et al., 2010). The result can be taken as a
performance criterion for practical implementation.

User 1

User 2

BS1

User 3
BS2

User 1
User 2

User 3

Fig. 1 System model

We illustrate the communication protocol of the
system as follows: the transmission for exchang-
ing information between either a pair of conven-
tional users or a pair of intra-cell users is divided
into two time slots. In time slot 1, conventional
user 1 in cell 1 and user 3 in cell 2 transmit their
signals to BS1 and BS2 in uplink subcarriers i and
i′, respectively. Then, in time slot 2, BS1 and BS2
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transmit the exchanged information to their served
conventional user in downlink subcarriers j and j′,
respectively. In this protocol, we assume that the
transmission between BS1 and BS2 is usually linked
with a high-speed fiber network and that the infor-
mation exchange time between them is negligible. At
the same time, in cells 1 and 2, intra-cell communi-
cation pairs want to exchange information with each
other. In this case, the BSs can also behave as re-
lay nodes to assist information exchange among the
intra-cell communication pairs. However, to achieve
higher spectral efficiency, a TW relay is used to assist
such a communication. For example, in time slot 1,
users 2 and 3 in cell 1 transmit their information to
BS1 using the same subcarrier through the uplink.
Next, in time slot 2, BS1 decodes and transmits the
received signal and forwards it using possibly another
downlink subcarrier. Suppose that in cell k, subcar-
riers i and j are assigned to user α for its uplink and
downlink transmission, respectively. hk,α,i is used to
denote the uplink channel response gain, and gk,α,i is
used to denote the downlink channel response gain.
Here, user α can be either a conventional cellular
user or a user of an intra-cell communication pair.
We also denote pk,α,i as the transmit power of user
α at subcarrier i for uplink transmission, and qk,α,i
and qk,α,β,j as the transmit power of a BS at sub-
carrier j for the conventional user and the intra-cell
pair, respectively.

Furthermore, we denote q̄k as the total power
constraint at BSk. The allocations of subcarriers i

and j to the user for its uplink and downlink are
called SA and SP, respectively. Let us introduce an
indicator function ρi,jk,α for conventional user α and
ρijk,(α,β) for intra-cell communication pair (α, β) in
cell k. For cell k, if the uplink subcarrier is paired
with downlink subcarrier j and this paired subcar-
rier is allocated to user α or a pair of users (α, β),
then ρi,jk,α = 1 or ρi,jk,(α,β) = 1; otherwise, ρi,jk,α = 0 or
ρi,jk,(α,β) = 0. Furthermore, SP is a one-to-one map-
ping between uplink and downlink subcarriers. Since
each subcarrier pair can be assigned to one user or
one pair only, the indicator function needs to satisfy
the following constraints:

N∑

i=1

⎛

⎝
∑

α∈Ψk

ρijk,α +
∑

(α,β)∈Γk

ρijk,(α,β)

⎞

⎠ = 1

∀j, ∀k ∈ {1, 2, . . . , G},
(1)

N∑

j=1

⎛

⎝
∑

α∈Ψk

ρijk,α +
∑

(α,β)∈Γk

ρijk,(α,β)

⎞

⎠ = 1

∀i, ∀k ∈ {1, 2, . . . , G}.
(2)

Our objective is to maximize the weighted sum
rate of the whole cellular network of G cells through
PA, SA, and SP. To achieve this, we can divide this
problem into two parts.

For conventional users in the whole network, the
weighted sum rate can be expressed as

G∑

k=1

∑

α∈Ψk

G∑

l=k+1

∑

β∈Ψl

wk,l,α,βI(k, l, α, β)Rk,l,α,β , (3)

where wk,l,α,β is the relative weight assigned to user
α in cell k and user β in cell l for the information
exchange rate. I(k, l, α, β) represents the indicator
function. I(k, l, α, β) = 1 when user α in cell k and
user β in cell l are conventional users who want to
exchange information with each other in different
cells; otherwise, I(k, l, α, β) = 0.

Rk,l,α,β (bit per channel use) means the ex-
changed information rate for user α in cell k and
user β in cell l, which can be expressed as

Rk,l,α,β =
rklα→β + rlkβ→α

2
. (4)

The denominator 2 accounts for the fact that two
time slots are needed for the whole information ex-
change process, and

rklα→β = min

{
N∑

i=1

ρijk,α · C
(
pk,α,i|hk,α,i|2

N0

)
,

N∑

j′=1

ρi
′j′
l,β · C

(
ql,β,j′ |gl,β,j′ |2

N0

)⎫⎬

⎭ ,

(5)

rlkβ→α = min

⎧
⎨

⎩

N∑

i′=1

ρi
′j′
l,β · C

(
pl,β,i′ |hl,β,i′ |2

N0

)
,

N∑

j=1

ρijk,α ·C
(
qk,α,j |gk,α,j |2

N0

)}
,

(6)

where C(x) = log(1 + x), and N0 refers to the vari-
ance of complex-valued white Gaussian noise.

For intra-cell communication pairs in the whole
network, the weighted sum rate can be expressed as

G∑

k=1

∑

(α,β)∈Γk

wk,k,α,βRk,k,α,β , (7)
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where wk,k,α,β is the relative weight for intra-cell
communication pair (α, β), and Rk,k,α,β (bit per
channel use) means the information exchange rate
for intra-cell users α and β in cell k:

Rk,k,α,β =
∑

i,j

ρijk,(α,β)R
ij
k,k,α,β , (8)

Rij
k,k,α,β =

1

2
C

(
pk,α,i|hk,α,i|2qk,α,β,j |gk,β,j|2
(qk,α,β,j |gk,β,j|2 + uij

k,(α,β))N0

)

+
1

2
C

(
pk,β,i|hk,β,i|2qk,α,β,j |gk,α,j |2
(qk,α,β,j |gk,α,j |2 + uij

k,(α,β))N0

)
,

(9)
uij
k,(α,β) = 1 + pk,α,i|hk,α,i|2 + pk,β,i|hk,β,i|2. (10)

Then our problem can be formulated as

max
G∑

k=1

⎛

⎝
∑

α∈Ψk

G∑

l=k+1

∑

β∈Ψl

wk,l,α,βI(k, l, α, β)Rk,l,α,β

+
∑

(α,β)∈Γk

wk,k,α,βRk,k,α,β

⎞

⎠

(11)
s.t. Eqs. (1) and (2), ρ ∈ {0, 1}, (12)

N∑

j=1

⎛

⎝
∑

α∈Ψk

qk,α,j +
∑

(α,β)∈Γk

qk,α,β,j

⎞

⎠ ≤ qk

∀i and ∀k ∈ {1, 2, . . . , G},
(13)

N∑

i=1

pk,α,i ≤ pk,α, 0 ≤ pk,α,i ≤ pi,

∀α, ∀i, and ∀k ∈ {1, 2, . . . , G},
(14)

where ρ = {ρijk,α, ρijk,(α,β)} is the set of SP and as-
signment. This is a non-convex problem due to the
fact that SA and the pairing indicator are restricted
to be 0 or 1. In fact, the problem is a mixed-integer
program. In addition, it needs a central controller
to acquire the channel response gain for all the users
in the whole network, which is impractical and in-
tractable. So, the transformation and simplification
of this problem are stated in the next section.

3 Problem transformation and simpli-
fication

To make this problem tractable, we consider the
following approximation of the original problem such

that it can be decomposed into G parallel problems.
According to the inequality min{a, b} ≤ (a + b)/2,
Eqs. (5) and (6) can be expressed as follows:

rklα→β ≤ 1

2

(
N∑

i=1

ρijk,α · C
(
pk,α,i|hk,α,i|2

N0

)

+

N∑

j′=1

ρi
′j′
l,β · C

(
ql,β,j′ |gl,β,j′ |2

N0

)⎞

⎠ ,

(15)

rlkβ→α ≤ 1

2

⎛

⎝
N∑

i′=1

ρi
′j′
l,β · C

(
pl,β,i′ |hl,β,i′ |2

N0

)

+

N∑

j=1

ρijk,α · C
(
qk,α,j |gk,α,j |2

N0

)⎞

⎠ .

(16)

With the above inequalities, we can obtain

Rk,l,α,β =
∑

ij

ρijk,αR
ij
k,α +

∑

i′ j′
ρi

′j′
l,β Ri′j′

l,β , (17)

where we define

Rij
k,α=

1

4

(
C

(
pk,α,i|hk,α,i|2

N0

)
+C

(
ql,β,j′ |gl,β,j′ |2

N0

))
,

(18)

Ri′j′
l,β =

1

4

(
C

(
pl,β,i′ |hl,β,i′ |2

N0

)
+C

(
ql,β,j′ |gl,β,j′ |2

N0

))
.

(19)
Note that in Eq. (17), we find that the information
exchanged between user α in cell k and user β in
cell l can be bounded by the sum rate of uplink and
downlink for user α in cell k and user β in cell l,
respectively. Based on this observation, we reformu-
late the sum rate of conventional users in the whole
network as

G∑

k=1

∑

α∈Ψk

wk,αRk,α, (20)

Rk,α =
∑

ij

ρijk,αR
ij
k,α, (21)

wk,α = wk,l,α,β = wl,β . (22)

Then the original problem becomes

max

G∑

k=1

(
∑

α∈Ψk

wk,αRk,α+
∑

(α,β)∈Γk

wk,k,α,βRk,k,α,β

⎞

⎠

(23)
s.t. Eqs. (1) and (2), ρ ∈ {0, 1}, (24)
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N∑

j=1

⎛

⎝
∑

α∈Ψk

qk,α,j +
∑

(α,β)∈Γk

qk,α,β,j

⎞

⎠ ≤ qk

∀i and ∀k ∈ {1, 2, . . . , G},
(25)

N∑

i=1

pk,α,i ≤ pk,α, 0 ≤ pk,α,i ≤ pi,

∀α, ∀i, and ∀k ∈ {1, 2, . . . , G}.
(26)

Note that for Eqs. (23)–(26) the rate for a conven-
tional user is related only to the channel response of
its corresponding BS. This greatly simplifies its com-
plexity. The above problem can be decomposed into
G parallel problems, and we will consider only one
of them. For brevity, we omit the cell index k and
summation of k in later sections. However, after the
above transformation, the above is still a non-convex
problem, requiring mixed-integer programming and
non-convex rate formulation of intra-cell users. Then
we will reformulate this as a convex problem. The
RA problem at a BS with fixed power at users is as
follows:

Since the above optimization problem is a non-
convex and mixed-integer programming problem, it
has intractable complexity in general. In this sec-
tion, we consider fixed power at users of the above
problem, which is transformed into a convex prob-
lem. Then, we solve this RA problem and obtain the
optimal solution in polynomial time. To transform
this problem, we first replace the downlink power for
conventional users with

sα,j = qα,j · ρijα , (27)

and the downlink power for intra-cell users with

sα,β,j = qα,β,j · ρij(α,β). (28)

Note that such a change of notations does not change
the original problem, due to the fact that

ρ log(1 + p) = ρ log

(
1 +

p

ρ

)
, ρ ∈ {0, 1}. (29)

The fact that the equality holds when ρ = 0 is a
result of the L’Hopital rule. Then, for conventional
users

Rij
α =

1

4

(
C

(
pα,i|hα,i|2

N0

)
+ C

(
sα,j|gl,β,j′ |2

ρijαN0

))
,

(30)

and for intra-cell pair users

Rij
α,β =

1

2

⎛

⎜⎜⎜⎜⎝
C

⎛

⎜⎜⎜⎜⎝

pα,i|hα,i|2 sα,β,j
ρij(α,β)

|gβ,j|2
(
sα,β,j

ρij(α,β)
|gβ,j|2 + uij

(α,β)

)
N0

⎞

⎟⎟⎟⎟⎠

+ C

⎛

⎜⎜⎜⎜⎝

pβ,i|hβ,i|2 sα,β,j
ρij(α,β)

|gα,j|2

(
sα,β,j

ρij(α,β)
|gα,j |2 + uij

(α,β)

)
N0

⎞

⎟⎟⎟⎟⎠

⎞

⎟⎟⎟⎟⎠
.

(31)
To make this problem tractable, we relax the binary
variable ρ, i.e., ρ ∈ [0, 1]. Then the problem becomes

max

⎛

⎝
∑

α∈Ψk

wα

∑

i,j

ρijαR
ij
α

+
∑

(α,β)∈Γk

wα,β

∑

i,j

ρij(α,β)R
ij
α,β

⎞

⎠

(32)

s.t. Eqs. (1) and (2), ρ ∈ [0, 1], (33)

N∑

j=1

⎛

⎝
∑

α∈Ψ

sα,j +
∑

(α,β)∈Γ

sα,β,j

⎞

⎠ ≤ q, (34)

s ≥ 0. (35)

We introduce a set of new variables s =

{sα,j, sα,β,j}. Then this is jointly concave for (ρ, s)

after the above redefinition, because Eqs. (9), (18),
and (19) are concave functions of qα,j and qα,β,j.
The objective function of this problem is the per-
spective function of Eqs. (9), (18), and (19) and all
constraints are affine. According to the Slater condi-
tion (Boyd and Vandenberghe, 2004), this becomes
a convex problem. Note that the convex reformu-
lation is necessary because it guarantees a duality
gap close to zero. Using continuous relaxation on
the integer programming problem is not a new tech-
nique. However, by doing this, it typically leads only
to heuristics or approximation, which is usually a
bound for the original problem and cannot give an
insight into SA and SP. In particular, Eqs. (32)–(35)
do not necessarily give a binary ρijα and ρijα,β required
for Eqs. (11) and (23). In this section, we will solve
Eq. (32) with optimal PA and binary indicator re-
sults for SA and SP.
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We consider the Lagrangian function of
Eqs. (32)–(35) as

L(s, ρ, λ) =
N∑

j=1

(Lα,j(sα,j , ρ, λ) + Lα,β,j(sα,β,j, ρ, λ))

+ λq̄,

(36)
where

Lα,j(sα,j , ρ, λ) =
∑

α∈Ψ

wα

N∑

i=1

ρijαR
ij
α −λ

∑

α∈Ψ

N∑

i=1

sk,α,j

(37)
and

Lα,β,j(sα,β,j, ρ) =
∑

(α,β)∈Γ

wα,β

N∑

i=1

ρij(α,β)R
ij
(α,β)

−
∑

(α,β)∈Γ

N∑

i=1

sα,β,j.

(38)
The dual function is therefore

g(λ) = max
s,ρ

L(s, ρ, λ). (39)

The above maximization of the Lagrangian
function can be implemented step by step. First,
with a fixed ρ, we can find the optimal power by
the Karush-Kuhn-Tucker (KKT) conditions. It is
suggested that it can be decomposed into N × N ×
(K+M/2) independent sub-problems, where N rep-
resents the number of subcarriers, K represents the
cardinality of the conventional user set, and M rep-
resents cardinality of the intra-cell user pair set.

1. For fixed ρijα = 1

We have

max
sα,j

[
wα

4
ρijα

(
C

(
|hα,i|2pα,i

N0

)
+ C

(
|gα,j|2sα,j

N0

))

− λsα,j

]
.

(40)
According to the KKT conditions, the solution can
be expressed as

sα,j =

(
1

4

wα |gα,j |
λN0 ln 2

− 1

)+

N0|gα,j |−1ρijα . (41)

2. For fixed ρij(α,β) = 1

With a similar process, sα,β,j is the larger
and non-negative root of the quadratic equation

d(Rij
(α,β))/d(sα,β,j) = 0. After PA, we consider SA

and pairing. We define Aij
α (λ) and Aij

(α,β)(λ) as

Aij
α (λ) =

1

ρijα
Lα,j(ρ

ij
α , sα,j , λ), (42)

Aij
(α,β)(λ) =

1

ρij(α,β)
Lα,β,j(ρ

ij
(α,β), sα,β,j, λ). (43)

Note that Aij
α and Aij

(α,β) are independent of ρijα or
ρij(α,β). Because of the multiplication form of Eq. (41)
and solution of sα,β,j, Eq. (39) can be determined by
the following optimization problem:

max
∑

ij

(
∑

α∈Ψ

ρijαA
ij
α (λ) +

∑

(α,β)∈Γ

ρij(α,β)A
ij
(α,β)(λ)

⎞

⎠

(44)
s.t. Eq. (33). (45)

The matrix ρ � [ρijα , ρ
ij
(α,β)]N×N×(K+M/2)

, accord-

ing to Boyd and Vandenberghe (2004), can be de-
composed into one matrix X = [xij ]N×N and N2

vectors yij = [yijα , yij(α,β)]1×(K+M/2)
, [ρijα , ρ

ij
(α,β)] =

[xijyijα , xijyij(α,β)], and they satisfy the following con-
ditions:

N∑

i=1

xij = 1, ∀j, (46)

N∑

j=1

xij = 1, ∀i, (47)

∑

α∈Ψ

yijα +
∑

(α,β)∈Γ

yij(α,β) = 1. (48)

Maximizing ρ in this problem is equivalent to
maximizing it overX and y. The equivalent problem
is

max
∑

ij

xij

(
∑

α∈Ψ

yijα Aij
α (λ)+

∑

(α,β)∈Γ

yij(α,β)A
ij
(α,β)(λ)

⎞

⎠

(49)

s.t.

N∑

i=1

xij = 1, ∀j ,
N∑

j=1

xij = 1, ∀i, 0 ≤ xij ≤ 1,

(50)∑

α∈Ψ

yijα +
∑

(α,β)∈Γ

yij(α,β) = 1, yijα , yij(α,β) ∈ [0, 1].

(51)
This problem can be divided into two steps. The

inner-sum term is maximized over yijα and yij(α,β) for
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each subcarrier pair (i, j), i.e.,

max

(
∑

α∈Ψ

yijα Aij
α (λ) +

∑

(α,β)∈Γ

yij(α,β)A
ij
(α,β)(λ)

⎞

⎠

(52)
s.t.

∑

α∈Ψ

yijα +
∑

(α,β)∈Γ

yij(α,β) = 1, yijα , yij(α,β) ∈ [0, 1].

(53)
The solution is readily obtained as
{

yijα∗ = 1, α∗ = argmaxQ,

yij(α∗,β∗) = 1, (α∗, β∗) = argmaxQ,
(54)

where

Q =
∑

α∈Ψ

yijα Aij
α (λ) +

∑

(α,β)∈Γ

yij(α,β)A
ij
(α,β)(λ).

Then, the problem becomes

max
∑

ij

xij
(
yijα∗A

ij
α∗(λ) +yij(α∗,β∗)A

ij
(α∗,β∗)(λ)

)

(55)
s.t. Eq. (50). (56)

It is well known that Eq. (55) is a two-dimensional
integer-programming problem. The Hungarian algo-
rithm can solve this problem efficiently. The optimal
solution xij

∗ is binary. Finally, we can obtain the op-
timal solution, which satisfies the original constraints
Eqs. (1) and (2):

ρijα∗(λ) = xij
∗ (λ)yijα∗(λ), (57)

ρij(α∗,β∗)(λ) = xij
∗ (λ)yij(α∗,β∗)(λ). (58)

The last step is to solve the Lagrange dual problem
g(λ):

min g(λ) (59)

s.t. λ ≥ 0. (60)

The standard sub-gradient and ellipsoid method
can be used to search for the optimal λ∗. The process
of searching for the optimal binary ρ and PA p is as
follows:

1. Initiate λ0.
2. For given λn, where n represents the itera-

tion number, we obtain the PA s(λn), ρijα (λn), and
ρij(α,β)(λ

n).
3. Based on the sub-gradient or ellipsoid

method, update λn+1 = [λn −Δ(λn)en]+, where Δ

represents the step size of iteration and e represents
the sub-gradient.

4. Repeat 2 and 3 until it satisfies the stopping
criterion.

The complexity of Eq. (52) is O(K+M/2). The
complexity of the Hungarian algorithm is O(N3).
The complexity of Eq. (44) is O(K +M/2+N3) for
each iteration, which is polynomial. The total com-
plexity for all cells is O(

∑G
k=1 (Mk/2 +Kk +N3))

for each iteration, which is also polynomial.

4 Numerical results

In this section, we will present some simulation
results. Because of decomposition, we consider only
a single cell with normalized radius. The relative
delay is 0, 30, 70, 80, 110, 190, and 410 ns. The
relative power is 0, 1, 2, 3, 8, 17.2, and 20.8 dB. We
consider two situations:

1. one conventional user and one intra-cell com-
munication pair with 8 subcarriers;

2. two conventional users and two intra-cell
communication pairs with 16 subcarriers.

For comparison, we present results on two sub-
optimal schemes and one conventional transmission
scheme:

1. Equal PA: power is uniformly allocated to
each subcarrier.

2. No SP: SA and PA are jointly optimized.
However, no SP is performed, which means that the
same subcarrier index is allocated to a conventional
user or intra-cell communication pair for uplink and
downlink.

3. Conventional transmission scheme: For intra-
cell communication pair (α, β), a BS decodes the
information of user α, and then transmits it to user β
forward. In the next two slots, it decodes information
from user β and transmits it to α forward.

We consider the case where the user power is
fixed at 10 dB on each subcarrier in Fig. 2. In Fig. 3,
we consider that conventional users and intra-cell
users have unequal weights. The upper bound of
the primal problem is presented in Figs. 2 and 3. It
can be observed that the proposed optimal algorithm
using the dual-method approaches the upper bound
closely.

From Fig. 2, we find that our proposed scheme
outperforms other schemes especially in the high
dB region. At 25 dB, our proposed scheme im-
proves the sum rate by 30% and 25% over conven-
tional transmission schemes for 8 and 16 subcarriers,
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respectively. It is also observed that the sum rate in-
creases when the number of subcarriers increases. In
Fig. 2, we also note that the equal PA scheme suffers
from a limited performance loss, as compared with
our proposed scheme. Based on this observation, we
conclude that the equal power transmission scheme
may be preferable in a practical system due to its low
complexity. Furthermore, we find that the scheme
without SP suffers from huge performance loss when
the number of subcarriers increases in the high dB re-
gion. When the number of subcarriers increases, SP
can fully explore the spectrum diversity to improve
the performance. Specifically, we set intra-cell com-
munication pairs with weight wα,β = 1.25, and the
conventional user with weight wα = 1. From Fig. 3,
we find that the weighted sum rate is improved when
the power constraint is in the high dB region. How-
ever, the sum rate does not have much difference in
the lower dB region. This is because more resource
is allocated to conventional users when the power
constraint is in the low dB region. More resource is
allocated to intra-cell communication pairs when the
power constraint is in the high dB region.
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5 Conclusions

Inspired by multi-way relay and intra-cell com-
munication, we proposed that the BS can be consid-
ered as a TW DF relay to assist cellular communica-
tion. Joint uplink and downlink resource optimiza-
tion for the OFDMA system was investigated. These
problems led to a non-convex optimization problem
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with high complexity. Since they were intractable,
we transformed these problems into less complicated
ones, and proposed an efficient algorithm. Finally,
numerical results showed that BS serving as a TW
relay improves intra-cell communication, especially
when the power constraint is in the high dB region.
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