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Abstract

This paper investigates interference mitigation for an uplink heterogeneous network (HetNet) with universal
frequency reuse. In this study, we propose a user-specific resource allocation as well as a power control scheme for the
uplink HetNet. With this scheme, the mobile users are grouped into two different groups according to their evaluated
signal-to-leakage-plus-noise ratio (SLNR) metric. By dividing users into two groups, the primal nonconvex resource
allocation problem can be casted to two subproblems. For the ‘good users’ with high SLNR value, the formulated
nonconvex optimization problem which focuses on maximizing the system capacity is transformed into a standard
geometric programming (GP) convex power optimization problem. For the other ‘interfering users’ with low SLNR
values, we develope a semiorthogonal resource block (RB) allocation strategy for interference control. Simulation
results show that most of the severe inter-cell interference can be removed by the semiorthogonal RB allocation
scheme and the optimal power allocation of interfering users contributes to a better overall system capacity.
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1 Introduction
The spectrum efficiency is significantly improved in long-
term evolution (LTE)/LTE Advanced by exploiting univer-
sal frequency reuse with multiple-input multiple-output
(MIMO) and orthogonal frequency division multiplexing
(OFDM). However, facing the explosive data demands,
pure macro coverage can hardly meet the increasing
requirements. A latest evolution of cellular networks,
namely heterogeneous networks (HetNet), has been well
acknowledged as an effective way of balancing the high-
data rate requirements with low complexity. A HetNet
consists of a large number of small cells, including micro-
cells, picocells, and femtocells underlaying regular macro-
cells [1,2]. As macrocells and small cells share the same
frequency resource, mobile users who dynamically asso-
ciate with macro-/small cell stations can benefit a lot from
small cell deployments.

As the aggressive frequency reuse is used, even in homo-
geneous LTE cellular systems, inter-cell interference has
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been a major factor that limits the entire network perfor-
mance. A number of ways have been proposed for inter-
cell interference coordination (ICIC) in different systems
[3]. In current homogeneous cellular systems, the third-
generation partnership project (3GPP) has proposed to
balance the network performance and inter-cell inter-
ference by exploiting proper frequency reuse patterns,
instead of the universal frequency reuse strategy. Two
popular frequency assignment patterns are known as frac-
tional frequency reuse (FFR) [4] and soft frequency reuse
(SER) [5].

HetNet has been a promising technique for future wire-
less cellular networks. Unfortunately, unplanned small
cell deployments lead to the unprecedented challenges in
terms of inter-cell interference control [6]. In a down-
link HetNet, for instance, a picocell station causes severe
interference to a macrocell user (MUE) in the proximity
of the picocell coverage. Similarly for an uplink HetNet,
the co-channel interference between macro- and small
cells also exists, and it becomes an essential concern
which limits the entire network performance. In order to
deal with the more severe and complicated interference
problems, enhanced inter-cell interference coordination
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(eICIC) techniques have been proposed by both indus-
trial and academic researchers. In [7], cell range expansion
(CRE) is developed for balancing the macro- and picocell
performance without any new spectrum available. How-
ever, the users associated with the picocell in the expanded
region suffer severe downlink interference from the macro
base station (BS). To mitigate this problem, a specific
subframe called almost blank subframe (ABS) is intro-
duced in [8,9] at the macrocell transmission durations.
The duration of ABS is left for picocell stations to sched-
ule its cell-edge users; hence, the picocell users (PUE) is
rarely affected by the macrocell interference. It is obvi-
ous that the benefits of PUEs are obtained at a cost of
MUE performance. Moreover, in order to maintain the
macrocell performance, carrier aggregation (CA)-based
interference control strategies are proposed by exploiting
a new spectrum resource [10].

Most of the above-mentioned techniques are specified
for downlink HetNets. In a traditional uplink system, frac-
tional power control (FPC) [11] is a typical scheme for
uplink channels. However, the FPC is usually applied in
homogeneous networks while it is shown not effective
enough in HetNets. In [12], a cell-specific power con-
trol strategy was proposed for a special kind of uplink
HetNet composing of a macrocell and a femtocell. It
adaptively chose specified reference power Py for femto
stations near or far from the macro station. Differently in
[13], opportunistic power control schemes were proposed
with both centralized sensing and distributed sensing
strategies in order to maintain the outage requirements.
The performance was evaluated under different settings
of user outage requirements. Both studies [12] and [13]
assumed a closed subscriber group which allows access
only to a limited number of authorized terminals. For an
open accessed uplink HetNet, a closed-loop power con-
trol scheme as well as cell range expansion was considered
in [14] with performance evaluation under different CRE
offsets and Py values for FPC.

With the above-mentioned works, however, few has
considered designing adaptive interference control for dif-
ferent users. This could be an essential problem especially
for HetNets. In a HetNet, users generally experience a
large variety of interference levels depending on their
associations, locations, and adjacent traffic loads for the
uplinks. Therefore, it is natural to consider user-specified
interference control strategies for an uplink HetNet. In
this paper, we study a user-specific resource allocation
as well as power control scheme based on user group-
ing to mitigate uplink interference in HetNets. With this
method, all users in each cell are divided into groups
according to a signal-to-leakage-plus-noise ratio (SLNR)
metric [15,16], that is, the users are labelled as cell-
center users and cell-edge users. The power control opti-
mization problem for cell-center users is transformed
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to a geometric program (GP) formulation. While for
the cell-edge users from different cells, they share a §-
semiorthogonal resource blocks (RBs) assignment with
fixed power control. A system level simulator is con-
structed to verify the proposed scheme. This user-specific
resource allocation as well as power control scheme is
shown effective in mitigating the inter-cell interference
and improving the entire network performance.

The remainder of this paper is organized as follows:
Section 2 briefly reviews the existing mechanism of FPC
for uplink power control. Section 3 describes the Het-
Net under consideration, and then Section 4 presents the
proposed power control and resource allocation strategy.
In Section 5, computer simulation results are provided.
Finally, conclusions are drawn in Section 6.

2 Review of FPC mechanism

In current uplink cellular systems, the FPC strategy has
been considered as a primitive guideline for uplink users
to adjust their transmit power. Generally, the FPC com-
pensates the long-term path loss as well as the shadowing
effect in order to guarantee an acceptable strength of
receive power at the BS. Mathematically, the FPC strategy
at user k is determined by the following formula [17]:

Pk = min{Pmax, Po + oPloss x + 10log;q N} (1)

where Ppax is the maximum transmit power allowed at
user k, Py is a target UE received power, « is the path loss
compensate factor, Pjgsx is the estimated downlink path
loss from the user & to its serving BS, and N is the number
of RBs assigned to the k-th uplink user in a cell /. Accord-
ing to [18], Py is an integral value selected from the set
{—126,...,24 dBm} and a typical value of « is within the
set of {0.4,0.5,0.6,0.7,0.9,1.0}.

The FPC has been proven effective in conventional
uplink homogeneous networks. In an uplink HetNet,
however, the FPC strategy is not always suitable due to
the randomly deployed small cells underlaying the macro
coverage. If an MUE at the cell edge adjusts its trans-
mit power according to the FPC rule, the users associated
with nearby small cells can be severely influenced due
to the increased co-channel interference. Moreover, since
the CRE is used in HetNet for a balanced user associa-
tion, the FPC does not work well for all users due to their
cell associations with different tiers of cells and respective
CRE bias values. Therefore, to enhance the throughput
performance of the uplink HetNet, in the following, we
will consider the uplink interference control by developing
a user-specific resource allocation as well as power control
strategy.

3 System model and problem formulation
We consider a HetNet of macrocell and picocell coexis-
tence as illustrated in Figure 1. There are a number of
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Macro BS

Figure 1 Description of co-channel interference in an uplink HetNet.

—> Signal channel
------ > Interference channel

Pico BS

picocells indexed by number {1, ..., L} overlay on the top
of a macrocell referred to as cell {0}. Without loss of gen-
erality, a number of users are randomly dropped within
the cell coverage, and the cell association is determined
according to the downlink reference signal received power
(RSRP) of each individual user. Note that the usage of
CRE with arbitrary bias values does not change the fol-
lowing proposed strategy in the HetNet. In the network,
all cells in the macro or pico tier share the same fre-
quency spectrum available for the system. Within each
single cell, we restrict an RB allocated to a single user
in order to avoid intra-cell interference. In the system,
there are overall N RBs available for data transmission.
The number of users associated with the macrocell and
the [-th picocell are Ko and K, respectively. Since RB
is the smallest resource assignment granularity as speci-
fied by LTE, in this work, we only consider the resource
and power control across different RBs while assuming
simple equal power allocation across subcarriers within
each RB.

Let hl be the signal channel from the macrocell (for
| = ) or the [-th picocell (for [ = 1,...,L) to the k-th

user. Denote gj as the interference channel from the user
i associated with the j-th cell to the /-th one. We can char-
acterize the received SINR at the macro BS for MUE k at
the n-th RB as

(xknpo h0

2)
K;
ZIL:I Zz ll al npt ngt

0 _
Yien = 5
+0

where pf,n is the uplink transmit power of user i at the n-
thRB in cell /, o/ ,
{0,1}, and o2 represents the variance of the additive white
Gaussian noise (AWGN) at the receiver side. Note that

o! = 1indicates that user i is associated with the /-th cell

Ln
on the n-th RB, otherwise Ol = 0 means that the #-th RB

is the cell association index with values

of cell / is assigned to other users. Similarly, the received
SINR at the n-th RB of the /-th picocell for the k-th PUE is
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In the HetNet, the problem of RB allocation and uplink
power control of all users is formulated as a weighted sum
rate maximization problem. From (2) and (3), the problem
of resource allocation and power control is formulated as
follows:

N K
max1mlze Z wy Z Z log (1 + ¥ n)
kn'pkn 1=0 n=0 k=1
subject to pkn <p ., Vi

Yk, I;

A
Zak,n =N,
n=1
K;

Za,lm =1, Vnl
k=1

vk, n,l;

(4)

a,l(,n € {0, 1},
pfm >0, Vnl

where w; is the weighting factor with respect to the
achievable rate corresponding to different cells and N; =
[N/K;l, VI € {0,1,...,L} is the maximum allowed num-
ber of RBs allocated to each user in the /-th cell. Note that
the first constraint of problem (4) assumes for simplicity
that the maximum power spectrum of a single user is uni-
formly constrained with P!, across the allocated RBs. We
let PL . = Pmax/N; so that the total power constraint of
Ppax is always satisfied.

Although with the above assumption, the problem (4) is
inherently a nonconvex problem with integer constraints.
Generally, it is not easy to handle the integer constraints
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with globally optimal solution using linear complexity.
Moreover, the sum rate maximization object depends on
a complex variable in terms of the SINR. The SINR as
shown in (2) and (3) is a coupled function with respect to
not only the power and RB allocation to the user itself but
the resources allocated to other users. In order to make
the problem tractable with reasonably good solutions, in
the following, we will simplify the problem by presenting
a user-specific power and RB allocation algorithm for the
HetNet.

4 User-specific resource allocation and power
control

It has been stated that the primal problem of (4) is dif-
ficult to solve with efficient approaches, especially in
large-scale HetNet with both macrocells and a number of
pico-/femtocells. To deal with the problem, the main job
is to handle the inter-cell interference and to find a bal-
ance between the complexity of interference control and
entire network performance. In this section, we resort to
solving (4) via decomposing the problem into two sub-
problems under different user experiences. Then, we can
address the uplink interference problem via designing a
user-specific power and resource allocation strategy.

As for the users suffering severe interference from adja-
cent cells, the power control itself with full frequency
reuse may not be suitable for well controlling the interfer-
ence. Meanwhile, if the user’s uplink transmission causes
severe interference to other user channels, the interfer-
ing user may also need to use an orthogonal frequency
band instead of sharing with others. Otherwise, if the user
is in the proximity of its serving cell station, it can share
the allocated frequency band with other users since the
mutual interference could be ignorable. The basic idea of
our proposed algorithm is outlined as follows:

e In the HetNet, each user is specified with both the
interference it suffers and its caused interference to
others. According to the evaluation, the users will be
classified as ‘good users” and ‘interfering users’.

e For the good users, a specified power allocation
scheme is presented via using geometric
programming (GP) [19] as well as a universal
frequency reuse strategy.

e For the interfering users, frequency reuse may not be
able to achieve better performance than regular
frequency partition approach, especially when there
are a large number of interfering users around. A
§-semiorthogonal RB assignment is thus presented
for these interfering users while letting them use an
aggressive maximum transmit power.

With the above strategy applied, all users are classified
into two groups referred to as good users and interfering
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users. This kind of user classification is different from the
user classification in homogeneous multicell networks in
that both its suffered interference and the interference
it caused to other users are taken into account. In the
following, the metric and procedure of the user group-
ing are firstly detailed, and then the details of the user-
specific resource allocation and power control strategy are
elaborated.

4.1 User classification under HetNet

In traditional homogeneous networks, the users are usu-
ally classified as either ‘cell-center user’ or ‘cell-edge user’
based on the received SINR for coordinated multicell
joint processing. In the heterogeneous network, however,
the SINR metric can be ineffective in user classifica-
tion. Due to the unplanned and arbitrary topology of the
pico-/femtocell deployment, each user should not only
consider its received SINR but also suppress the interfer-
ence caused to other users. Hence, we present to utilize
the SLNR measurement for user classification. Although
SLNR has been widely used for beamforming design in
multi-antenna [15] and multi-cell systems [16], to the best
of our knowledge, it has not been considered for resource
allocation under the HetNet scenario. Here, the SLNR at
the macro/pico BS for a single user k in cell / is defined by

Pk
L 1 bj ’
Y1 P& +0?

(5)

I
N =

Note that when we evaluate the SLNR metric n,l( for a user

k associated with cell /, the initially allocated power p,l( can
be chosen by the conventional uplink power control for-
mula or just simply P! . . Given a predetermined value &;

as the SLNR threshold for users in the /-th cell, users are
then classified into two different groups.

e For users with 17,1( > g;: All these users can be treated
as good users within the I-th cell. The good users
have good enough signal power while causing very
limited inter-cell interference, hence resulting in a
large SLNR value. Specifically for the good users, we
let all cells share the same RBs for them due to their
low inter-cell interference and relatively large signal
strength. Note that we set different SLNR thresholds
for different kinds of cells, i.e., macro- and picocells.
This configuration is reasonable and necessary for a
practical HetNet because the transmit power and
user topology of users are quite different for a
macrocell user and a pico-/femtocell user.

e Tor users with n,l( < g;: These users are treated
differently as interfering users. The low SLNR
evaluation implies that the users have either or both
of the two characterizations: (1) experiencing low
useful signal strength due to large distance between
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the user and its associated cell station; (2) causing
severe interference to adjacent cells.

4.2 User-specific heuristic RB allocation

Given the users have been classified as two groups, we
divide the entire frequency band into two orthogonal
parts dedicated for the user groups. More specifically, the
first part of the overall spectrum is reserved for the good
users, while the rest part of the spectrum is reserved for
the interfering users. Specified for the good users, the
dedicated frequency spectrum in terms of RBs is equally
assigned to the users within each cell. Meanwhile for the
interfering users, the users from different cells will be
paired as a §-element group which has no more than §
users sharing the same RB among all, and the RBs will
be allocated to the §-element user group in a sequential
way.

Since the RB allocation for good users is easy to imple-
ment, here in the following, we present a detailed descrip-
tion on how the RB allocation for ‘interfering users; that
is, to determine the ‘§-element group’ with proper RB
assignments. Different from orthogonal RB allocation for
all users, this strategy allows a small number of users, say
§ instead of all users, to share an RB for transmission.
We hence in this study referred to it as the ‘§-element
semiorthogonal RB allocation’ scheme in the following.
The detailed steps of the algorithm are described as
follows:

1. Initialize P! ,, = Pmax/Nj, where N is the average
number of RBs assigned to a single user, i.e., the
number of RBs reserved for interfering users divided
by the number of interfering users in the I-th cell.

2. For each cell ], we first select a subset of users which
have the least number of assigned RBs in the [-th cell,
and this user subset may have one or more users
according to the selection criterion. Subsequently, we
choose the user with the maximum SLNR value from
the user subset. The user is denoted by k. Initialize
the user group with M = {k!}; the corresponding
cells with users selected in M is initialized by £ = {}.

3. Calculate the current achievable rate as

[ /
Pmaxhkl
o2 '

4. If the cardinality | M| < § or equivalently |£| < §,
find the least interfered cell ¢ according to

Ry = log (1 +

¢ = arg min Z g
cel+
ueM
where £+ represents the complementary set of cells
in £, and g¢ denotes the interference channel from

user u to cell c. Else, stop.
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5. For each user u in cell ¢, calculate the updated
achievable rate with user u involved in the group. It
gives

Pl
R, = Z lOg (1 + maxhl ) )

ieMU{u} ZkeMU{u},k;éi anaxg]i + o2

6. If R, > Ry for any user u in cell ¢, update
M = M U {u}, the corresponding £, and the
achievable rate Ry = Ry,. Else, stop.

7. Go back to step 4.

4.3 User-specific power control under fixed RB allocation
As discussed in the previous subsection, the RB alloca-
tion is carried out according to the user classification.
With this method, universal frequency spectrum reuse
is deployed for all good users in different cells, while a
5-element semiorthogonal RB allocation strategy is pro-
posed for interfering users. Given the fixed RB allocation,
we look back at the primal resource allocation problem
in (4). Once the RB assignment labels ot,lm are fixed with
{0, 1}, the optimization problem reduces to a power con-
trol problem for the HetNet uplink channels. It follows

L N
.. 1
maximize Z wy Z log (1 + Vk,n)
Pin =0 n=0 6)
subject to pfm < Pinax, vk, [;

pi,n >0, Vknl
where the uplink received SINR for each user becomes

! )
Pk
Vin = . @)

j j,l
Zsz,j#l p/k,ng;< +o?

where the user index k corresponds to the assigned user in
cell / at the n-th RB. From the above formulation, it is read-
ily observed that the problem is still difficult to solve due
to its non-convexity. Actually, even the problem of power
control for a simple single-cell interference channel has
not been well investigated with efficient solution. In order
to make the problem tractable, we recall the above design
philosophy with user-specific power control strategies.
First, we consider the power control for good users
which generally have a much better achieved SINR than
average. Fortunately, with high SNR assumption, the
power control problem can be approximately casted to a
typical GP problem which admits a globally optimal solu-
tion by using efficient algorithms [20]. Without loss of
generality, let C; denote the number of good users in the
[-th cell. With several steps of manipulations as detailed in
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the Appendix, the problem is finally casted to a standard
form of GP. It gives

L G
mmlmlze 1_[ l_[ t_1
s Pl =0 1=0 n=0
2 1/w & - 1/w
. 1 !
subjectto  — (pky,,> +Z ( kn) k/ntnl =5
k }7&[
7 pk,n <1, Vnl

max

8)

Thus far, the above problem is a standard GP which
definitely is a convex optimization problem. Hence, it
is easy to achieve the optimal power control solution
via efficient computations like interior point method
[21]. Note that some popular optimization tools includ-
ing cvx [22] and sedumi [23] can be directly utilized
for solving the convex optimization problems GP very
efficiently.

After the power control for good users has been solved,
we subsequently discuss the power control strategy for
interfering users. Recall that most of the severe inter-
cell interference has been removed by semiorthogonal
RB allocation among interfering users. It is intuitively
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true to let the interfering users transmit with their max-
imum power. Since the semiorthogonal RB assignment
guarantees marginal interference to adjacent cells, the
high transmit power will obviously contribute to a bet-
ter received signal power, resulting in a higher achievable
throughput. To sum up, a flow chart of the proposed
algorithm is illustrated in Figure 2.

5 Simulation results

In this section, we constructed a system level simulator
for evaluating the performance of our proposed resource
allocation as well as power control strategy for the uplink
HetNet. Detailed system parameters of our simulator is
summarized in Table 1. Moreover, for comparison, we
tested four different strategies as follows:

e Scheme (1): With this scheme, all cells share the
entire frequency band and each user transmits with
its maximum allowed power Pp,y. It is referred to as
‘Pmax’.

e Scheme (2): This is a benchmark scheme for our
study, namely the traditional uplink power control
referred to as ‘FPC.

e Scheme (3): In order to focus on the advantage of our
proposed resource allocation scheme. We tested the
third scheme as our proposed RB allocation strategy

UE

Path loss estimation
From UE to its serving BS

From UE to its interfering BS

Path loss estimation

SLNR Calculating
[Section 3.1]

BS

6-element semi-
.| orthogonal RB

interfering
users

User-specific RB v || allocation
Allocation good users [Section 3.2]
Uniform distributed v
» RB allocation
[Section 3.2] Using maximum
Transmit power
[Section 3.3]
\ 4
GP-based | ! T[T
Power control
[Section 3.3]
UE .
Good users Interfering users

Figure 2 Flow chart of the proposed algorithm.
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Table 1 Simulation parameters
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Cell type

Macrocell

Picocell

Cellular layout

Macrocell radius (ISD)
Bandwidth

Carrier frequency
Path loss

Shadowing deviation
Fast fading

Noise figure

Antenna gain
Antenna type

UE configuration

eNB Tx power

UE Tx power Prax
Traffic model

Cell association
Bias value

Simulation loops

Fractional

Power control
UE-specific joint
RB allocation and
power control

(proposed scheme)

1 macrocell site
without sectorization

500 m

50 RBs (10 MHz2)

2.0GHz

128.1 4 37.610g 10(d) dB
8dB

Rayleigh fading

5dB

14 dBi

Omnidirectional

30 UEs per cell

Uniformly dropped

46 dBm

23.dBm

Full buffer

Bias-based cell range expansion
0dB

20 drops
500 loops per drop

Py = —80 dBm
a=038
RBs reserved for good users (70%)

RBs reserved for interfering users (30%)

User classification: SLNR threshold selected

according to the percentage 70%/30%

4 picocells per cell

50RBs (10 MHz)

2.0 GHz

140.7 4+ 36.7 log 10(d) dB
10dB

Rayleigh fading

13dB

5 dBi

Omnidirectional

10/20 UEs per cell
Uniformly dropped

30 dBm

23dBm

Full buffer

Bias-based cell range expansion
4dB

20 drops
500 loops per drop

Py = —60 dBm
a=06

while using the traditional FPC for the uplink power
control of all users. This scheme is referred to as
‘Proposed-FPC’.

e Scheme (4): This scheme is our proposed interference
control strategy in this work. User-specific resource
allocation strategy is presented with GP-based power
control. The scheme is referred to as ‘Proposed-GP’.

Before presenting the simulation results, we first give a
brief elaboration on system level simulation. For simplic-
ity, we focused on the performance of a macrocell with
four pico stations randomly located within the macro cov-
erage. Generally, in order to evaluate the average user
performance, the simulation results are collected from 20
drops and averaging over 500 loops within each drop. For
each drop test, a number of users (10 users or 20 users as
specified) are uniformly located within the cell coverage.
Under this circumstance of a single drop, the user perfor-
mance is evaluated using four different resource allocation

and power control schemes for comparison. The user per-
formance is obtained via Monte-Carlo simulation for 500
channel realizations, commonly say 500 loops. In par-
ticular for each loop, we generate channel coefficients
according to the Rayleigh fading distribution for each and
every link between UE terminals and macro/pico sta-
tions. Note that the user performance is averaged over 500
channel realizations to remove the fluctuation due to fast
fading. Finally, the user CDF is evaluated for all PUEs and
MUEs for 20 drops. In this way, the performance by differ-
ent schemes can be fairly compared under different user
locations.

In Table 2, the performance comparisons between four
different schemes are summarized in terms of both cell
average performance and the cell edge performance.
Notice that the cell average performance is evaluated as
the average throughput of all users in both macro- and
picocells of the observed macro coverage. The cell edge
performance is widely utilized to characterize the quality
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Table 2 Performance comparison with 10 PUEs

Scheme
(1) (2) (3) (4)
Cell capacity 13.8 6.8 11.6 10.3
Macrocell (Mbps)
Cell coverage  0.0122 00067 0.0076  0.0094

Cell capacity 747 79.6 80.3 854

Picocell (Mbps)
Cell coverage 1.88 261 222 207
Cell capacity 3124 3296 3328 3523
All cells (Mbps)
Gain 0% 5.2% 65%  12.8%

of the cell coverage, and it is given by the average value of
the 5 percentile user throughput. From Table 2, we find
that our proposed scheme with different power control
strategies outperforms the existing schemes including the
Pmax and FPC. The FPC proposed by 3GPP is more effec-
tive than the naive scheme (1) with all Pp,ax by about 5%
gain. Our proposed scheme (4) achieves over 12% gain in
terms of the cell average performance than the existing
scheme. It is also interesting to observe from Table 2 that
the macrocell capacity decreases slightly from scheme (3)
to scheme (4), whereas the pico capacity increases notice-
ably. This is because of the centralized power control
nature in scheme (4) compared with the distributed power
control strategy in scheme (3). Given both schemes (3)
and (4) that share the same RB allocation, the centralized
GP-based power control in scheme (4) aims at an overall
cell capacity maximization. As the PUEs generally expe-
rience a lower path loss effect, scheme (4) finds it more
effective to allocate power to PUEs than to the MUEs
in the macrocell. This leads to a higher picocell capacity
increase at an expense of slight degradation in macrocell
capacity. For scheme (3), the fractional power control is
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utilized in a distributed way. It may not be able to outper-
form the performance of scheme (4) in terms of the overall
network performance, although scheme (3) can also bal-
ance the power and interference between the macrocell
and picocell. Scheme (3) to a large extend improves the
overall network performance compared with the existing
schemes (1) and (2) while not achieving the optimal bal-
ance of the macro and pico performance tradeoffs. With
respect to scheme (4), it obtains a slight macrocell per-
formance gain while it lost the chance of achieving a
considerable gain in terms of picocell, hence resulting in a
lower overall system performance. Moreover, the cumula-
tive distribution functions (CDF) of the user throughput
by different schemes are compared in Figure 3. For clar-
ification and comparison, the user throughputs of macro
users and pico users are separately depicted in the figure.
From this figure, the advantages of our proposed schemes
are also evidenced especially for the pico users.

The scenario with 20 picousers is also tested in our
simulator with different resource allocation and power
control schemes. Table 3 summarizes the performance
comparison of the four schemes. Similar observations can
be found as in Table 2. Moreover, by comparing the results
in Tables 2 and 3, it shows a more significant perfor-
mance gain by our proposed scheme in Table 3 as there
are more users in the picocell. This is reasonable that
our proposed scheme aims at interference mitigation in
the uplink HetNet. For the system with more users, the
interference control becomes more necessary and com-
plicated in the system. In this case, the proposed user-
specific scheme is able to perform much better than the
conventional schemes. Moreover, when we focus on the
uplink transmission in a single picocell, with more users
communicating to the station, there is a bigger chance

CDF

.|~ MUE with Scheme(2)-FPC

—=—PUE with Scheme(2)

= MUE with Scheme(3)-Proposed-FPC
= PUE with Scheme(3)

== MUE with Scheme(4)-Proposed-GP
== PUE with Scheme(4)

MUE with Scheme(1)-Pmax
PUE with Scheme(1)

Figure 3 CDF of the user throughput with 10 users per picocell.
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Table 3 Performance comparison with 20 PUEs

Scheme
(1) (2) (3) (4)
Cell capacity 109 5.7 13.2 14.6
Macrocell (Mbps)
Cell coverage  0.0087 0.0039 0.0068 0.0073
) Cell capacity 80.2 87.3 90.1 96.6
Picocell (Mbps)
Cell coverage 1.55 2.14 1.14 0.78
Cell capacity 3317 3549 3736 4010
All cells (Mbps)
Gain 0% 70%  126%  20.9%

for the RB to pick up a user with good channel con-
dition, hence improving the system performance. This
phenomenon is well-known as ‘multiuser diversity gain’
which has already been discovered in [24] for perfor-
mance enhancement. From Table 3, a performance gain
over 20% in average throughput can be achieved com-
pared to the naive Pmax scheme and at least 10% gain
over the 3GPP FPC scheme. In Figure 4, the CDF of the
user throughput evaluated under this scenario with 20
PUEs is also provided. The performance gain by our pro-
posed scheme is shown promising especially for the pico
users.

In the above results, we fixed good-to-interfering user
ratio as 70%/30%. Here, for comparison, the perfor-
mance of different ratio values is also presented. Figure 5
illustrates the empirical CDF of user SLNRs which equiv-
alently illustrates the empirical SLNR thresholds for dif-
ferent choices of the good-to-interfering user ratio. From
the performance comparison in Table 4, it shows as
expected that the performances by schemes (1) and (2)
do not change due to their nature of treating all users
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homogeneously. For the proposed schemes (3) and (4), it
shows that low/high choices of the SLNR threshold lead
to different MUE and PUE performances. The table tested
different good-to-interfering user ratios from a higher
value of 90%/10% to a low value of 50%/50%. It can be
found that there is a tradeoff between the MUE/PUE per-
formance over the choices of the SLNR threshold. The
MUE performance improves as the ratio value increases
because more users who may suffer severe interferences
are properly treated. While for the PUEs, an increasing
value of the ratio implies orthogonal resource allocation
for more users which results in a lower PUE perfor-
mance. From the viewpoint of the entire network perfor-
mance maximization, the choice of 70%/30% appears to
be a proper choice. Moreover, from this result, we find
the performance is robust to the ratio value. A different
choice at 80%/20% generates almost the same perfor-
mance in terms of the entire network performance as
70%/30%.

6 Conclusions

In this paper, an uplink interference mitigation with
user-specific power control and RB allocation scheme
is presented for uplink heterogeneous networks. The
entire user pool is classified as two groups, and each
group of users is specified with optimized RB allocation
as well as power control strategy for interference con-
trol. Simulation results verify that the proposed scheme
can achieve a better performance in terms of both the
entire network throughput and the cell edge perfor-
mance. Our proposed scheme is effective in noticeably
improving the picocell performance especially when there
are a large number of users suffering severe mutual
interference.

_________________________________

,,,,,,,,,,,,,,,,,,,,,

MUE with Scheme(1)-Pmax
PUE with Scheme(1)

................

—v—MUE with Scheme(2)-FPC
—¥—PUE with Scheme(2)
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——PUE with Scheme(3)

| === MUE with Scheme(4)-Proposed-GP

== PUE with Scheme(4)
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Figure 4 CDF of the user throughput with 20 users per picocell.
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Figure 5 SLNR of MUEs and PUEs.

SLNR [dB]

Appendix

Concerning the original problem (6) for good users, we let
C; denote the number of good users in the /-th cell and
then apply the approximation log (1 4+ x) ~ logx for these
users with large x. It casts the power control optimization
problem (6) to

L
. 1 \™M
maximize log]_[ 1_[ (Vk,n>
Pin =0 n=0 )
subject to pi,n < anax, vk, I

pi,n >0, Vkmnl

Given that the RB allocation is fixed with given pairs
(k, n), the above problem can be rewritten with further
simplified notations as

Table 4 Performance with different good-to-interfering
user ratios for 10 PUEs

Scheme
(1) (2) (3) (4)

MUE average (Mbps) 0471 0.023 0.142 0.137
909%/10%

PUE average (Mbps) 7465 7956 8332 8804

MUE average (Mbps) 0471 0.023 0.262 0214
80%/20%

PUE average (Mbps) 7.465 7.956 8.134 8.640

MUE average (Mbps) 0471 0.023 0387 0.346
70%/30%

PUE average (Mbps) 7.465 7.956 8.016 8.501

MUE average (Mbps) 0471 0.023 0.643 0.616
60%/40%

PUE average (Mbps) 7.465 7.956 7.570 7.932

MUE average (Mbps) 0471 0.023 0.801 0.787
509%/50%

PUE average (Mbps) 7465 7956 7.338 7445

L G
s wy
maximize 1_[ 1_[ Vol
Pien =0 n=0 (10)
subject to p,lm < mex, Vn, l;

p,l(,n >0, Vnml

where y,,; represents the y,f , in (9) as k is automatically
determined with fixed RB allocation at a given n-th RB in
the [-th cell. To further reformulate the above problem, we
invoke a new variable
wi

I 7l

Pin

ol

Xkt Pg 8y O

By substituting the above new variable in (10), the prob-
lem is equivalent to

w,
bnl = Vn,]l =

L C
maxirrllize 1_[ H Lyl
tnl> Pin 1=0 n=0
Il
p, h
subject to tyll,/le < o f . (11)
Y Py + O
! / .
pk,n = Pmax’ Vn, l’

p,l(’n >0, Vnl

At this step, by applying some basic manipulations, the
above problem can be finally casted to a standard form of
GP which is readily (8) as desired.
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