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ABSTRACT Ultra-dense deployment of small cell networks is widely regarded as a key role to meet the
increasing demand for huge capacity of wireless communication systems. Meanwhile, network densifi-
cation will result in severe inter-cell interference and thus impair system performance. Traditional radio
resource management schemes pay attention to interference mitigation through resource allocation in time,
frequency, space, and power domains, or a mix of them. In this paper, polarization, an important and
underutilized property of electromagnetic waves, is exploited as a novel means to enhance system capacity.
We propose a multicell joint polarization, power and subcarrier allocation (MC-JPPSA) scheme to maximize
system capacity through joint optimization of transmitting polarization states, power, and subcarriers with
an iterative approach. Though the iterative solution is suboptimal, simulation results demonstrate that
MC-JPPSA scheme can strike a balance between performance and complexity compared with the optimal
exhaustive search. Furthermore, the proposed scheme outperforms traditional joint power and subcarrier
allocation schemes by means of exploiting polarization in ultra-dense small cell networks.

INDEX TERMS Ultra-dense small cell networks, system capacity, radio resource management, polarization.

I. INTRODUCTION
The proliferation of smart devices and rapid development
of wireless services have led to exponential growth of
mobile traffic volume and triggered an explosively increasing
demand for high-date-rate services in mobile communication
networks. According to the prediction of Cisco, global mobile
data traffic will increase 8-fold for the period 2015-2020 [1].
Due to limited spectrum resources, traditional cell division
techniques are no longer applicable facing the ever-growing
traffic demand [2]. In order to boost system capacity and
ensure user experience, the ultra-dense deployment of small
cells is regarded as a key role in future fifth generation (5G)
networks. Benefited from the close transmitter-receiver prox-
imity, small cells can enhance spatial reuse, achieve high
signal-to-interference-plus-noise ratio (SINR) and improve
spectral efficiency with low transmitting power [3].

Although such ultra-dense deployment of small cells holds
great potential for high spectral efficiency, challenges coming

with spatial and frequency reuse result in severe interfer-
ence problem. With orthogonal frequency-division multiple
access (OFDMA) technology, the intra-cell interference is
eliminated among user equipments (UEs) in the same cell
since a subcarrier is assigned to at most one UE at a time [4].
However, small cells are deployed based on a user-deploying
fashion, that is, users rather than service providers install
small cells by themselves without network planning. The cov-
erage of a small cell may be overlapped by that of neighboring
cells, which gives rise to severe inter-cell interference among
small cells and significant performance degradation.

A. RELATED LITERATURE
Interference mitigation is essential for system performance
enhancement in dense small cell networks by radio resource
management (RRM). Traditional RRM schemes in dense
small cell networks pay attention to resource allocation in
time, frequency, space and power domains, or a mix of them.
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In time domain, dynamic almost blank sub-frame (ABS)
technologies are utilized to mitigate interference by allocat-
ing ABS, protected sub-frame, or non-protected sub-frame
to each small cell base station (SBS) dynamically [5]. RRM
in time domain faces the challenge that the number of
ABS assignments increases and available resources of each
SBS decrease in dense deployment scenario. The RRM in
frequency domain exploits the assignment of orthogonal fre-
quency channels among small cells to avoid inter-cell inter-
ference. When small cells become denser, recent studies pay
attention to the balance between orthogonal assignment and
frequency reuse to strive for high spectral efficiency [6] at
the price of increased interference. In space domain, RRM
is done by taking advantage of MIMO and massive MIMO
systems [7] in dense small cell networks and limited by
high hardware requirement and algorithm complexity. Power
control is a substantially studied method to enhance sys-
tem performance by allocating transmitting power of small
cells characterized by low-power consumption [8]; however,
challenges come with limited power resource under stringent
transmit-power constraint in dense deployment scenario.

Polarization, an inherent property of electromagnetic
waves defined as the orientation of electric field vector,
is an under-utilized resource in wireless communication.
Over the past few decades, polarization has been intensively
researched in optical fiber, radar and satellite communi-
cations [9]. In wireless communication systems, orthogo-
nally dual-polarized antennas (ODPAs) have been widely
employed owning to the great benefit of cost and space
effectiveness [10], which promotes the development of polar-
ization research in wireless communication. By leveraging
polarization, additional degrees of freedom (DoFs) can be
exploited as promising means to further enhance system
capacity along with traditional time, frequency, space and
power resources.

To date, motivated by the potential of polarization infor-
mation processing, a series of polarization-based solutions
to address interference problem have been put forward.
The authors in [11]–[13] utilize additional DoFs introduced
by polarization, and investigate polarization-based spectrum
sharing to maximize link capacity and avoid harmful inter-
ference between two communication links in cognitive radio
networks. The property of polarization orthogonality is uti-
lized in [14] and [15] to enable orthogonal transmission
of two networks and suppress interference between them.
Cao et al. pay attention to polarization-based overlay spec-
trum sharing based on interference suppression via polar-
ization zero-forcing and polarization filtering [16]–[18].
Although interference suppression technologies in polariza-
tion domain are suitable for multi-interference circumstance,
they have strict requirements on the number of receiving
antennas and thus fail to work in downlink communication
scenario with severe interference.

In [19], we propose a polarization-based underlay spec-
trum sharing scheme in cognitive heterogeneous cellular net-
work, which realizes the coexistence between small cell and

macrocell by optimizing polarization states of small cell.
Through exploiting spectrum opportunities in polarization
and power domains simultaneously, the work of [19] is
extended in [20] by jointly optimizing polarization states and
transmitting power of small cell. Our studies in [19] and [20]
reveal the benefit of exploiting polarization to avoid cross-tier
interference and improve capacity in heterogeneous cellular
networks.

However, in ultra-dense small cell networks with severe
co-tier interference, the utilization of polarization resource
has not been addressed in the existing literature. Jointly
exploiting polarization and other resource domains is a
promising research direction with high potential to miti-
gate co-tier multi-interference and further enhance system
capacity.

B. PURPOSE OF THIS PAPER
In this work, we leverage polarization for ultra-dense small
cell networks, and propose a multicell joint polarization,
power and subcarrier allocation (MC-JPPSA) scheme to real-
ize the coexistence among small cells. MC-JPPSA scheme
jointly optimizes transmitting polarization state, power and
subcarrier allocation with a centralized approach, which
exploits spectrum opportunities in polarization domain for
system capacity maximization. Since the resource alloca-
tion problem is a mixed integer non-convex problem with
high computational complexity, we employ a three-step
iterative method to derive the sub-optimal yet efficient
solutions. Firstly, transmitting polarization states of SBSs
are derived and generated via virtual polarization adapta-
tion (VPA) method when power and subcarrier allocation
is fixed. Secondly, given fixed polarization state and sub-
carrier allocation, the polarization-based power allocation is
proposed to avoid the influence of polarization mismatch
which degrades the performance of traditional iterative water
filling solutions. Thirdly, to combat polarization mode dis-
persion (PMD) effect in wideband environments, subcarrier
assignment is introduced so that polarization state and power
is allocated for every subcarrier. Discussions of the proposed
scheme are presented including computational complex-
ity study, implementation issue and convergence analysis.
Simulation results demonstrate the performance advantage
of MC-JPPSA scheme in comparison with traditional joint
power and subcarrier allocation scheme as well as existing
joint polarization and power allocation scheme, which ver-
ifies the great potential of leveraging polarization in ultra-
dense small cell networks to enhance system capacity.

C. PAPER ORGANIZATION AND NOTATIONS
The rest of this paper is organized as follows. Section II
provides the systemmodel of ultra-dense small cell networks,
and the formulation of system capacity maximization prob-
lem. Section III presents the proposed MC-JPPSA scheme
including transmit optimization and theoretical discussions.
In Section IV, simulation results are provided and analyzed.
Finally, this paper is concluded in Section V.
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Notations: (·)′ denotes complex conjugation. (·)T and (·)H

represent transpose and conjugate transpose, respectively.
|x| is the absolute value of x. [x]+ = denotes x if x > 0 or 0
otherwise. ‖·‖ represents the Euclidean norm. vmin (X)
denotes the eigenvector corresponding to theminimum eigen-
value of matrix X .

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. SYSTEM MODEL
In this paper, we consider a downlink ultra-dense small cell
scenario where a number of small cells are densely deployed
in small ranges with universal frequency reuse. OFDMA is
adopted in each small cell to avoid intra-cell interference.

FIGURE 1. Coexistence scenario of ultra-dense small cell networks.

Fig. 1 illustrates the dense deployment scenario considered
in this paper. The cross-tier interference from the down-
link communication between macro base station (MBS) and
macro user equipments (MUEs) is regarded as additive white
Gaussian noise (AWGN) for simplicity to focus on co-tier
interference mitigation. A set L = {1, 2, . . . ,L} of small
cells is densely deployed and connected via backhaul to a
central node which is responsible for information exchange
with SBSs and making decisions of resource allocation. The
density of SBSs is comparable to that of small cell user equip-
ments (SUEs). The lth SBS employs equal-spaced subcarriers
set N = {1, 2, . . . ,N } and serves Ml SUEs. The anten-
nas equipped on SBSs are ODPAs, and those of SUEs are
unspecified, that is, either uni-polarized antennas or ODPAs
are feasible. The lth SBS conducts downlink communication
at subcarrier n with transmitting polarization state P l,n,T and
power Gl,n under transmit-power constraint. P l,n,T is gen-
erated based on VPA method [21], and the receiving polar-
ization state P l,n,R is determined by antenna configurations
of receiving antennas. The downlink communication in the
lth small cell suffers inter-cell interference from other small
cells sharing the same spectrum.

The transmitting polarization state P l,n,T characterizes the
orientation of the transmitted signal in the form of radiated
electromagnetic wave. It contains polarization information

and can be completely described by Jones vector as follows

P l,n,T =
(

cos γl,n,T
sin γl,n,T ejφl,n,T

)
(1)

where γl,n,T ∈ [0, π/2] and φl,n,T ∈ [0, 2π ] are
amplitude ratio and relative phase descriptors, respec-
tively.

(
γl,n,T , φl,n,T

)
, namely amplitude-phase descriptor,

describes the amplitude ratio and phase difference between
horizontally and vertically polarized electric-field compo-
nents of the transmitted signal. Except for Jones vector, polar-
ization information can also be represented by normalized
instantaneous Stokes sub-vector defined as

Sl,n,T =

 g1,l,n,T
g2,l,n,T
g3,l,n,T

 =
 cos 2γl,n,T
sin 2γl,n,T cosφl,n,T
sin 2γl,n,T sinφl,n,T

 (2)

P l,n,T is deflected during transmission due to depolariza-
tion effect of fading channels. In this paper, the channels are
modeled as 2 × 2 dual-polarized frequency-selective fading
channels incorporating depolarization effect according to the
method in [22]. Channel matrix Hml ,l,n represents the down-
link channel from the lth SBS to theml th SUE at subcarrier n,
and is denoted as

Hml ,l,n

=


S∑
s=1

hHHs,ml ,l,ne
j2π fnτHs,ml ,l,n

Q∑
q=1

hVHq,ml ,l,ne
j2π fnτVq,ml ,l,n

S∑
s=1

hHVs,ml ,l,ne
j2π fnτVs,ml ,l,n

Q∑
q=1

hVVq,ml ,l,ne
j2π fnτVq,ml ,l,n


(3)

where fn is the frequency of subcarrier n, S and Q are the
numbers of multipaths associated with the H -polarized and

V -polarized signal components, respectively. hxyi,ml ,l,n denotes
the complex channel gain between the x-polarized component
of transmitted signal and y-polarized output signal compo-
nent after transmission at the ith propagation path. τ zi,ml ,l,n
represents the propagation delay for the z-polarized signal
component for the ith propagation path.

The polarization state of output signal after transmission
can be represented as

P l,n,O = Hml ,l,nP l,n,T (4)

In (4), the output polarization state is a function of subcarrier
frequency, and can be plotted on the Poincare sphere as shown
in Fig. 2. Assuming that P l,n,T = P t , ∀n ∈ N , transmitting
polarization state P t is represented as the green point on the
Poincare sphere. After transmission, the output polarization
state varies with subcarrier frequency, whose dispersion is
presented as a spiral pattern. The dispersion of polarization
state as a function of subcarrier frequency is referred to as
polarization mode dispersion (PMD).

In view of the frequency-dependent characteristics of
polarization, subcarrier-based polarization state optimization
along with power and subcarrier allocation is preferable in
this paper comparedwith band-based fashion in [19] and [20].
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FIGURE 2. Output polarization states on the poincare sphere.

Time overhead and complexity can be easily reduced based
on clustering at the cost of performance, which is beyond the
scope of this paper.

B. PROBLEM FORMULATION
Assuming that SUE ml is served by SBS l, its received signal
at subcarrier n can be written as

rml ,n =
(
P l,n,R

)HHml ,l,nP l,n,T sl,n︸ ︷︷ ︸
target signal

+

L∑
i 6=l

(
P l,n,R

)HHml ,i,nP i,n,T si,n︸ ︷︷ ︸
inter-cell interference

+ nml ,n︸︷︷︸
noise

(5)

whereHml ,l,n andHml ,i,n are assumed to be independent, flat
at each subcarrier, and static during the resource allocation
process. sl,n is the transmitted signal from SBS l at subcarrier
n with transmitting power Gl,n. Gl,n is assumed to satisfy
N∑
n=1

Gl,n ≤ Gl,max ,∀l ∈ LwhereGl,max is the transmit-power

constraint. nml ,n denotes AWGN of SUE ml at n with power
σml ,n

2.
The downlink capacity of SUE ml at n is calculated math-

ematically by the Shannon’s formula

Cml ,n= log2

1+ Gl,n
∣∣∣(P l,n,R)HHml ,l,nP l,n,T

∣∣∣2
σ 2
ml ,n+

L∑
i 6=l

Gi,n
∣∣∣(P l,n,R)HHml ,i,nP i,n,T

∣∣∣2

(6)

This paper aims to devise an optimal joint polarization,
power and subcarrier allocation scheme, which maximize
the system capacity of ultra-dense small cell networks.
Let binary variable aml ,n denote the subcarrier allocation,
where aml ,n = 1 indicates that subcarrier n is allo-
cated to SUE ml and aml ,n = 0 otherwise. We define

PT =
(
P1,T ,P2,T , · · · ,PL,T

)
as the vector indicating the

transmitting polarization states where P l,T = (P l,1,T ,
P l,2,T , · · · ,P l,N ,T )T . We also use G = (G1,G2, · · · ,GL)
where Gl =

(
Gl,1,Gl,2, · · · ,Gl,N

)T , and a = (am1 ,

am2 , · · · , amL ) where aml =
(
aml ,1, aml ,2, · · · , aml ,N

)T as
the vectors of indication variables for power and subcarrier
allocation, respectively. With the variables mentioned above,
the RRM problem can be formulated as

(P1) max
PT ,G,a

L∑
l=1

Ml∑
ml=1

N∑
n=1

aml ,nCml ,n

subject to

C1:
∥∥P l,n,T∥∥2 = 1, ∀l ∈ L, n ∈ N

C2:
N∑
n=1

Gl,n ≤ Gl,max , ∀l ∈ L

C3: Gl,n ≥ 0, ∀l ∈ L, n ∈ N

C4:
Ml∑
ml=1

aml ,n ≤ 1, ∀l ∈ L, n ∈ N

C5: aml ,n ∈ {0, 1}, ∀l ∈ L, n ∈ N (7)

In the above formula, the objective function is to maximize
system capacity of ultra-dense small cell networks by utiliz-
ing the maximum possible resources in polarization, power
and frequency domains. C1 ensures that derived transmit-
ting polarization states satisfy the modulus characteristics
of Jones vector. Transmitting power is limited by transmit-
power constraint given in C2, which is required to be positive
by C3. C4 and C5 indicate that the subcarrier allocation in
each small cell is constrained by OFDMA assumption.

There exist three kinds of decision variables in optimiza-
tion problem P1, i.e., continuous variables including trans-
mitting polarization states PT and transmitting power G,
and discrete binary variable including subcarrier allocation
variable a. Therefore, P1 is a mixed integer non-convex
problem, whose global optimum in closed form is difficult to
derive. By dividing the RRM into three sub-problems, namely
polarization state allocation, power allocation and subcarrier
assignment, we propose a three-step iterative scheme named
MC-JPPSA. It alternatively optimizes and assigns transmit-
ting polarization states, power and subcarriers at every step.
Though sub-optimal, the proposed scheme can obtain near-
optimal performance with polynomial time complexity.

III. MULTICELL JOINT POLARIZATION, POWER AND
SUBCARRIER ALLOCATION SCHEME
In this section, we will demonstrate the proposed MC-JPPSA
scheme, which jointly utilizes polarization, power and fre-
quency resources to fulfil the objective of system capacity
maximization in ultra-dense small cell networks.

A. POLARIZATION STATE ALLOCATION
As distinguished from traditional RRM problem, spec-
trum opportunities in polarization domain are exploited in
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S. Chen et al.: Exploiting Polarization for System Capacity Maximization in Ultra-Dense Small Cell Networks

MC-JPPSA scheme by means of optimizing transmit-
ting polarization states of SBSs to maximize system
capacity.

For given power vector G and subcarrier assignment vec-
tor a, the polarization state allocation problem is transformed
into

(P2)max
L∑
l=1

N∑
n=1

log2

+

1+
Gl,n

∣∣∣(P l,n,R)HHml [l,n],l,nP l,n,T
∣∣∣2

σ 2
ml [l,n],n

+

L∑
i 6=l

Gi,n
∣∣∣(P l,n,R)HHml [l,n],i,nP i,n,T

∣∣∣2


s.t.
∥∥P l,n,T∥∥2 = 1, ∀l ∈ L, n ∈ N (8)

where ml [l,n] = argmaxmlaml ,n.

Assume that
Gl,n

∣∣∣(Pl,n,R)HHml
[l,n],l,nPl,n,T

∣∣∣2
σ 2
ml

[l,n],n
+

L∑
i 6=l

Gi,n
∣∣∣(Pl,n,R)HHml

[l,n],i,nPi,n,T
∣∣∣2 � 1

holds which is benefited from the small coverage and
thus high SINR of ultra-dense small cell networks.
The objective function is approximated, and then P2 is
simplified to

(P3)

max
L∑
l=1

N∑
n=1

log2(
Gl,n

(
P l,n,T

)HAl,nP l,n,T
σ 2
ml [l,n],n

+

L∑
i6=l

Gi,n
(
P i,n,T

)HBl,nP i,n,T )
s.t.

∥∥P l,n,T∥∥2 = 1, ∀l ∈ L, n ∈ N (9)

whereAl,n =
(
Hml [l,n],l,n

)HP l,n,R(P l,n,R)HHml [l,n],l,n

Bl,n =
(
Hml [l,n],i,n

)HP l,n,R(P l,n,R)HHml [l,n],i,n

(10)

By relaxing the quadratical constraint of P3, a dual prob-
lem can be defined as follows

min
λ
f (λ)

s.t. λ ≥ 0 (11)

where λ =
{
λl,n

}
, λl,n denotes the Lagrange multiplier, and

f (λ) = max
PT

L (λ,PT ) (12)

The Lagrange function L (λ,PT ) is defined as

L (λ,PT )

=

L∑
l=1

N∑
n=1

{
log2 (

Gl,n
(
P l,n,T

)HAl,nP l,n,T
σ 2
ml [l,n],n

+

L∑
i 6=l

Gi,n
(
P i,n,T

)HBl,nP i,n,T )
− λl,n(

∥∥P l,n,T∥∥2 − 1)} (13)

The first-order derivative condition is derived by taking the
derivative of L (λ,PT ) with respect to P l,n,T as

∂L (λ,PT )
∂P l,n,T

=
2
ln 2

Al,nP l,n,T(
P l,n,T

)HAl,nP l,n,T − 2λl,nIP l,n,T

−
2
ln 2

L∑
i 6=l

Gl,n

σ 2
mi[i,n],n

+

L∑
j 6=i
Gj,n

(
P j,n,T

)HBj,nP j,n,T Bl,n
×P l,n,T

(14)

where I represents identify matrix.
Assume that

K l,n =

L∑
i 6=l

Gl,n

σ 2
mi[i,n],n

+

L∑
j 6=i
Gj,n

(
P j,n,T

)HBj,nP j,n,T Bl,n
T l,n = K l,n + ln 2λl,nI (15)

The closed-form expressions for primal and dual variables(
P l,n,T ∗, λl,n∗

)
are obtained as follows

P l,n,T ∗ = vmin

(
Al,n−1T l,n

)
(16)

λl,n
∗
=

1
ln 2

(
1−

(
P l,n,T

)HK l,nP l,n,T
)

(17)

From (16), the transmitting polarization states of SBSs
with subcarrier-based fashion are optimized, through which
the spectrum opportunities in polarization domain are
exploited for RRM in ultra-dense small cell networks.
The polarization state allocation is conducted by executing
Algorithm 1 which illustrates the detailed procedure of deriv-
ing transmitting polarization states in the kth iteration.

Algorithm 1 Polarization State Allocation
Input a[k − 1], G[k − 1], PT [k − 1].
Output PT [k].
Repeat
• Calculate Al,n and Bl,n according to (10).
• Substitute Bl,n into (15) to obtain K l,n and T l,n.
• Update P l,n,T [k] and λl,n[k] based on (16) and (17),
respectively.

Until ‖PT [k]− PT [k − 1]‖ < εP where 0 < εP � 1.

B. POLARIZATION-BASED POWER ALLOCATION
In this subsection, the polarization-based power allocation is
proposed to further enhance system capacity. The distinction
between traditional power allocation and the polarization-
based power allocation is that the latter takes polarization
into consideration so that polarization and power resources
are jointly utilized.
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Assuming that polarization state allocation and subcarrier
assignment are fixed, transmitting power can be optimized
through solving the following power allocation problem

(P4) max
L∑
l=1

N∑
n=1

log2

×

1+
Gl,n

∣∣∣(P l,n,R)HHml [l,n],l,nP l,n,T
∣∣∣2

σ 2
ml [l,n],n

+

L∑
i 6=l

Gi,n
∣∣∣(P l,n,R)HHml [l,n],i,nP i,n,T

∣∣∣2


s.t.
N∑
n=1

Gl,n ≤ Gl,max , ∀l ∈ L

Gl,n ≥ 0, ∀l ∈ L, n ∈ N (18)

Based on the Lagrange multiplier method, we can define
the Lagrange function as follows

L (β,G)

=

L∑
l=1

{

N∑
n=1

log2(
Gl,n

(
P l,n,T

)HAl,nP l,n,T
σ 2
ml [l,n],n

+

L∑
i 6=l

Gi,n
(
P i,n,T

)HBl,nP i,n,T )

+βl(Gl,max −
N∑
n=1

Gl,n)} (19)

where β = {βl} is the vector of Lagrange multipliers.
Taking the first-order derivative of L (β,G)with respect to

Gl,n, we get

∂L (β,G)
∂Gl,n

=
1
/
ln 2

Gl,n + 1
/
pl,n
− βl − rl,n (20)

where pl,n and rl,n denote the SINR and interference-related
term of SBS l at subcarrier n, and are respectively defined as

pl,n =

∣∣∣(P l,n,R)HHml [l,n],l,nP l,n,T
∣∣∣2

σ 2
ml [l,n],n

+

L∑
i 6=l

Gi,n
∣∣∣(P l,n,R)HHml [l,n],i,nP i,n,T

∣∣∣2 (21)

rl,n =
L∑
i 6=l

Gi,n
∣∣∣(P i,n,R)HHmi[i,n],i,nP i,n,T

∣∣∣2
ln 2

(
1+ Gi,npi,n

)
×

∣∣∣(P i,n,R)HHmi[i,n],l,nP l,n,T
∣∣∣2

(σ 2
mi[i,n],n

+

L∑
j 6=i
Gj,n

∣∣∣(P i,n,R)HHmj[j,n],j,nP j,n,T
∣∣∣2)2
(22)

The optimal transmitting power of SBS l at subcarrier n is
given by

G∗l,n =
(

1
(βl + rl,n) ln 2

− 1/pl,n

)+
(23)

Note that the solution in (23) is a polarization-based water-
filling power allocation policy which can be obtained by

Algorithm 2 Polarization-Based Water-Filling Power
Allocation
Input a[k − 1], G[k − 1], PT [k].
Output G[k].
Repeat
• Update

{
pl,n

}
and

{
rl,n
}
with (21) and (22), respectively.

• Obtain βl via the bisection method.
• Calculate G[k] based on (23).

Until ‖G[k]− G[k − 1]‖ < εG where 0 < εG � 1.

executing Algorithm 2. Compared with traditional power
allocation schemes such as multicell improved iterative water
filling (MC-IIWF) scheme in [23], the optimal power level
of the polarization-based power allocation is related to not
only the channel condition and noise power but also polariza-
tion states. The proposed polarization-based power allocation
contributes to the utilization of polarization information and
avoidance of performance degradation due to polarization
mismatch [20].

C. SUBCARRIER ALLOCATION
In this subsection, we will demonstrate how to perform sub-
carrier allocation for given transmitting polarization state and
power allocation. The subcarrier allocation problem can be
formulated as

(P5) max
a

L∑
l=1

Ml∑
ml=1

N∑
n=1

aml ,nCml ,n

s.t.
Ml∑
ml=1

aml ,n ≤ 1, ∀l ∈ L, n ∈ N

aml ,n ∈ {0, 1}, ∀l ∈ L, n ∈ N (24)

The optimization problem (24) is an integer linear pro-
gram, whose optimal solution is normally obtained by
exhaustive search. Considering that the constraints are inde-
pendent on different small cells, (24) can be decomposed into
L subproblems. Without loss of generality, the subproblem of
the lth SBS can be formulated as

(P6) max
aml ,n∈{0,1}

Ml∑
ml=1

N∑
n=1

aml ,nCml ,n

s.t.
Ml∑
ml=1

aml ,n ≤ 1, ∀n ∈ N (25)

By applying a greedy approach, each subcarrier is allo-
cated to the SUE offering the maximum capacity at the sub-
carrier. That is, the optimal subcarrier assignment policy is
obtained as

aml ,n
∗
=

{
1, if ml = argmaxCml ,n
0, otherwise

(26)

The proposed MC-JPPSA scheme maximizes the system
capacity by jointly optimizing transmitting polarization state,
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Algorithm 3 Iterative Polarization, Power and Subcarrier
Allocation
Initialize k ⇐ 0, G[0], PT [0].
Compute a[0] and C[0] based on (26) and the objective
function of (7), respectively.
Repeat 1)

1) Set k ⇐ k + 1.
2) For fixed a[k − 1] and G[k − 1], calculate the optimal

polarization state allocation PT [k] with Algorithm 1.
3) For fixed a[k−1] and PT [k], obtain the optimal power

allocation G[k] by executing Algorithm 2.
4) Update subcarrier allocation a[k] by solving (26) with

PT [k] and G[k].
5) Compute C[k] according to the objective function of

(7).
Until |C[k]−C[k−1]|C[k] < ε where 0 < ε � 1 or k = K .

power and subcarrier allocation with a three-step iterative
approach. The detailed operations of MC-JPPSA scheme is
described in Algorithm 3. After the iteration begins from
(PT [0],G[0], a[0]), in the subsequent every iteration k , we
find the optimal polarization state allocation vector PT [k] for
given G[k − 1] and a[k − 1] from the last iteration. Then
we find the optimal power allocation vector G[k] with fixed
a[k − 1] and PT [k]. With PT [k] and G[k], the optimal sub-
carrier allocation vector a[k] is updated. The iteration process
ends until no further capacity improvement is achieved or the
number of iterations exceeds the predefined K .

D. DISCUSSIONS
In this subsection, computational complexity, implementa-
tion issue and convergence property of the proposed scheme
are discussed in detail.

1) COMPUTATIONAL COMPLEXITY
The computational complexity of MC-JPPSA scheme is dis-
cussed and compared with that of exhaustive search.

There exist three steps for the proposed scheme to
solve the RRM problem: 1) polarization state allocation;
2) polarization-based power allocation; and 3) subcarrier
allocation. Suppose that the number of iterations for finding
PT ∗ is T1 in the polarization state allocation process; the com-
plexity of the first step is O (T1LN ). Given that the number
of iterations needed in polarization-based power allocation
is T2, the second step based on water-filling policy has a
known complexity of O

[
T2LN log2 (N )

]
[24]. By applying

a greedy approach, subcarrier assignment has a complexity

ofO
(
N

L∑
l=1

Ml

)
. Let T3 be the number of iterations required

for scheme stopping; thus, the total complexity ofMC-JPPSA

scheme is O
{
T3

[
T1LN + T2LN log2 (N )+ N

L∑
l=1

Ml

]}
.

Since T1, T2 and T3 are polynomial functions of N which is
usually large in realistic wireless communication systems, the

proposed MC-JPPSA scheme can be executed in polynomial
time.

On the other hand, the optimal exhaustive search is imple-
mented by optimal power and subcarrier allocation searching,
and two-dimensional optimal transmitting polarization state
searching including amplitude ratio and relative phase search-
ing. The complexity of exhaustive search is in exponen-

tial time O
[(
NGNγTNφT

)LN( L∏
l=1

Ml

)N]
, where NG, NγT

and NφT are the numbers of transmitting power, amplitude
ratio and relative phase descriptors searched at every subcar-
rier of every SBS, respectively. With the increase of search-
ing precision and N , the complexity of exhaustive search
improves sharply and is much higher than that of the proposed
scheme.

2) IMPLEMENTATION
The proposed MC-JPPSA scheme is implemented in a cen-
tralized manner by employing a central node which is more
powerful for system capacity optimization than the easy-
implemented distributed manner.

The main concern in implementation is generating trans-
mitting polarization states with subcarrier-based fashion.
Since ODPAs determine polarization states physically based
on antenna configuration, it is not practical to arbitrarily
generate transmitting polarization states by ODPAs owing
to the complex hardware structure. To generate the optimal
transmitting polarization states of SBSs at every subcarrier,
virtual polarization adaptation (VPA) method [21] is adopted
which employs digital signal processing in the processor to
generate polarization states digitally.

FIGURE 3. Transmitter structure for MC-JPPSA scheme.

Fig. 3 shows the transmitter structure of the lth SBS for
MC-JPPSA scheme. Assume that after subcarrier allocation,
the signal sl,n at subcarrier n is transmitted with polarization

state P l,n,T ∗ =
(
PHl,n,T

∗
,PVl,n,T

∗
)T

. Based on VPA method,
P l,n,T ∗ is generated by a digital signal processing branch at
SBS, that is, a power processing unit (PPU) comprised of
power division unit (PDU) and phase shift unit (PSU). The
following power allocation module executes the polarization-
based power allocation. ODPAs equipped on SBS are respon-
sible for transmitting polarized signals to the SUEs.

3) CONVERGENCE
Convergence is an important property of iterative schemes.
For the proposed MC-JPPSA scheme, subcarrier allocation
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is accomplished by solving integer linear program directly
without iterations and thus can be ignored in convergence
analysis. As illustrated in [23], the convergence property of
traditional modified iterative water-filling scheme is diffi-
cult to prove theoretically in full generality. Furthermore,
since the transmitting polarization states are recalculated
by Algorithm 1 in every iteration, the polarization-based
power allocation is time-varying over iterations. Therefore,
it is very challenging to prove the convergence property of
the proposed scheme under a time-varying mapping func-
tion [25]. Nevertheless, convergence of the proposed scheme
has always been observed in our simulations.

IV. NUMERICAL SIMULATIONS
In this section, simulation results are provided to evalu-
ate the performance of MC-JPPSA scheme. We take three
schemes as reference: the optimal exhaustive search, multi-
cell improved iterative water filling (MC-IIWF) scheme [23]
as an example of traditional joint power and subcarrier allo-
cation schemes, and joint polarization and power alloca-
tion (JPPA) scheme [20] implemented at each SBS separately
so as to ensure comparability.

FIGURE 4. Network topology in the simulation.

A. SIMULATION CONFIGURATION
We consider a ultra-dense network topology in the simulation
as shown in Fig. 4. As a typical case of dense environments,
the SBSs are randomly distributed in a rectangular region
with the size of 100 m × 100 m. In each small cell, the SBS
is allocated in the center of a circle area with the diameter
of 20 m. In addition, all the SUEs randomly distributed in
their own small cells.

SBSs and SUEs are equipped with ODPAs, and the multi-
path parameters of dual-polarized frequency-selective fading
channels are set according to IMT-Advanced channel model
in ITU-R M.2135 [26]. Main simulation parameters are pro-
vided in Table I based on 3GPP evaluation methodology [27].

B. SIMULATION RESULTS
In this subsection, the performance of MC-JPPSA
scheme is evaluated through computational complexity and

TABLE 1. Simulation parameters.

FIGURE 5. Average running time evaluation versus (a) the number of
subcarriers, (b) the number of small cells.

convergence analysis, and then comparisons with existing
MC-IIWF and JPPA schemes.

1) ANALYSIS OF THE PROPOSED SCHEME
a: COMPUTATIONAL COMPLEXITY
In Fig. 5(a) and 5(b), the average running time of MC-JPPSA
scheme versus the numbers of subcarriers and small cells
are depicted, respectively. Assume that the number of SUEs
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in every small cell is equal without loss of generality. The
simulations are run on a personal computer with hardware
and software conditions: Windows 7 Professional Edition,
Pentium(R) 2.9 GHz Processor, 4 GB RAM.

Fig. 5(a) evaluates the average running time of MC-JPPSA
scheme through comparison with the optimal exhaustive
search. Since exhaustive search suffers high computation
cost, we fix L = Ml = 4 and choose a small number of
subcarriers to run the simulation. With the increasing number
of subcarriers, the average running time of exhaustive search
grows exponentially, which is obviously higher than that of
MC-JPPSA scheme. Fig. 5(b) shows the average running time
of MC-JPPSA scheme with N = 32 under different num-
bers of small cells. The average running time of MC-JPPSA
scheme increases with L andMl . Even under L = 10,Ml = 8
and N = 32, MC-JPPSA takes about 0.45 s for resource
allocation. It is much more efficient than exhaustive search
under L = 10,Ml = 4 and N = 4 which takes 18 s according
to Fig. 5(a).

FIGURE 6. System capacity versus the number of iterations for MC-JPPSA
scheme.

b: CONVERGENCE
In Fig. 6, we present the convergence process of MC-JPPSA
scheme by plotting the system capacity versus the number of
iterations when Ml = 4 and N = 64. For any reported value
of L, only 4∼6 iterations are needed to achieve most of the
system capacity. Though increased L slows down the conver-
gence speed slightly, the proposed scheme still presents short
convergence time. Therefore, MC-JPPSA scheme can opti-
mize system capacity in a timely fashion, which makes the
proposed scheme suitable for highly delay-sensitive wireless
communication environment.

2) COMPARISONS WITH KNOWN SCHEMES
a: TRANSMIT-POWER CONSTRAINT
Fig. 7 evaluates the system capacity against transmit-power
constraint Gl,max with L = 4, Ml = 4 and N = 64.
For simplicity, Gl,max is assumed to be identical for all

FIGURE 7. System capacity versus transmit-power constraint.

FIGURE 8. System capacity versus the number of small cells.

the small cells. It is obvious that with the increase of
Gl,max , higher system capacity can be achieved by utiliz-
ing more power resources. The performance of exhaus-
tive search serves as the upper bound at the expense of
high computational complexity as illustrated in Fig. 5(a).
Benefited from the utilization of polarization resources in
ultra-dense small cell networks, the proposed MC-JPPSA
scheme outperforms traditional MC-IIWF scheme, and
approaches exhaustive search with much lower complexity.
The system capacity of MC-IIWF scheme decreases due
to the impairment from polarization mismatch. Polarization
mismatch is caused by channel depolarization effect and
different antenna configurations between transmitting and
receiving antennas, and measured by polarization mismatch
angle θ . Compared with ideal case (θ = 0), worst case
(θ = π/2) with severe polarization mismatch yields large
performance degradation of MC-IIWF scheme, which
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FIGURE 9. Influence of the number of SUEs on (a) system capacity and
(b) user capacity.

indicates the necessity of taking polarization into consid-
eration. JPPA scheme provides the lower bound of system
capacity, since it is implemented in each small cell separately
without coordination and thus suffers from severe inter-cell
interference.

b: NUMBER OF SMALL CELLS
System capacity with respect to the number of small cells is
evaluated in Fig. 8 under Ml = 4 and N = 64. Exhaustive
search and JPPA provide the upper and lower bound of
system capacity performance, respectively. By optimizing
transmitting polarization states, the proposed MC-JPPSA
scheme achieves higher performance than MC-IIWF.
As shown in Fig. 8, the system capacities of all schemes
increase when small cell networks become denser by increas-
ing the number of small cells L. This is because that increas-
ing the number of small cells within a certain region can

shorten the distance between SUEs and SBSs, increase the
power of received target signal for SUEs, and improve the
SINR of downlink communication. As the number of small
cells increases further, the increase of achieved system capac-
ity tends to be gentle and gradually reaches saturation.

c: NUMBER OF SUEs
The influence of the number of SUEsMl on system capacity
and user capacity is illustrated in Fig. 9(a) and 9(b) under
L = 4 and N = 64, respectively. Fig. 9(a) shows that when
Ml increases from 2 to 10, the system capacities are improved
for all the schemes due to multiuser diversity effect. In a fad-
ing environment, increasing the number of SUEs can increase
the chance of accessing the channels with higher channel
quality for SUEs and thus achieves higher system capacity.
Also, the proposed MC-JPPSA scheme can improve the sys-
tem capacity over MC-IIWF scheme by 15% ∼ 20%, which
verifies the benefit of exploiting polarization for resource
allocation in ultra-dense small cell networks. From Fig. 9(b),
we can observe that the downlink capacity of each user named
user capacity decreases with the increasing number of SUEs.
That is, the performance of a single SUE degrades as the
number of SUEs increases, which implies that the system
capacity gain benefited from multiuser diversity effect does
not increase linearly with the number of SUEs in ultra-dense
deployment scenario.

V. CONCLUSIONS
In this paper, we exploit polarization as a novel means for sys-
tem capacity enhancement in ultra-dense small cell networks,
and propose a multicell joint polarization, power and sub-
carrier allocation scheme by joint utilization of polarization,
power and frequency resources. The radio resource manage-
ment problem is formulated as a mixed integer non-convex
optimization problem. And sub-optimal solutions are derived
by employing an iterative approach where transmitting polar-
ization states, power and subcarriers are optimized iteratively.
Simulation results verify that the proposed scheme can offer
system capacity performance close to the optimal exhaustive
search with much lower computational complexity, and out-
performs the traditional joint power and subcarrier allocation
scheme. We have shown that leveraging polarization has a
great application prospect to realize high system capacity in
ultra-dense small cell networks which is the main trend of
future wireless communication systems.

In the next step, polarization resource utilization based on
a distributed manner will be studied in ultra-dense small cell
networks. Though the proposed scheme based on a central-
ized manner achieves great performance gains, a distributed
scheme may be more preferred in some practical cases where
employing a central node is impractical.
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