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Abstract—In this paper we propose a distributed algorithm In this paper, we provide a distributed algorithm that jlyint

f0r| J'Oi_mlybf)pti?lcizsfgﬁ)z almost b'aEk Suﬁframé (/I°~B_S) 230' Ce”d optimizes the ABS and CSB patterns in HetNets. We formulate
selection bias patterns in Long Term Evolution-Advanced na nroplem as an exact potential game, where the cells in the
(LTE-A) heterogeneous networks (Hethets). We formulate the netvSork are the players allond the Ags ar;d/or CSB patterns are
optimization problem as an exact potential game, where a - play . . .p

Nash equilibrium point is guaranteed to be achieved within the strategies. A decentralized elCIC algorithm is theeefo
finite number of plays. Through simulations, we are able to derived, based on the given potential game. We show that such
demonstrate the fast convergence of the algorithm, anincrease  an approach can be used to maximize various objectives, such
average user rate, and a tremendous improvement on the service 55 the sum of users’ throughput and the sum of logarithmic

fairness of the users. e , . . .
Index Terms—LTE/LTE-A, enhanced inter-cell interference utilities of users’ throughput. Through simulation stugjigve

coordination (eICIC), almost blank subframe (ABS), cell selec- Show that the algorithm can quickly converge, and a 50%
tion bias (CSB), heterogeneous networks (HetNets), distribute improvement on average user throughput can be achieved by

optimization, potential game. optimizing the ABS and CSB patterns. Meanwhile, the service
fairness among users can also be greatly improved.
. INTRODUCTION The rest of the paper is organized as follows: Section I

Heterogeneous cellular networks become an attractive sotmesents the system model of Long Term Evolution-Advanced
tion to the exponentially growing data traffic of today’s nleb (LTE-A) HetNets and the joint ABS and CSB optimization
networks. In frequency reuse-1 settings, however, thengtroproblem. Section Il derives the exact potential game fdamu
interference from the macrocells can severely degrade ti@n. Section IV discusses the required information to qenf
reception quality of the users attached to the picocellsid&s, the optimization. Section V shows the simulation resultd an
users who are located near and can attach to a small &diction VI gives the conclusion.
may be attached to a macrocell because the reference signal
received power (RSRP) from the macrocell can be much larger
than that from the picocell, which may lead to underutiiaat ~ Consider a LTE-A HetNet where macrocells and picocells
of the picocell. To tackle the aforementioned challengdsein  COeXist. LetM be the set of all macrocells arfd be the set
erogeneous networks (HetNets) and fully utilize the powfer 8f all picocells. In the sequel a station may either be reférr
picocells, 3rd Generation Partnership Project (3GPP)gmep t0 as a macrocell or a picocell. Lét; be the set of users
enhanced inter-cell interference coordination (elCIChere associated with station, wherei € M U P. The |[M||P|-
almost blank subframe (ABS) and cell selection bias (CSHY-1 vectory specifies the CSB values of all macrocells and
patterns can be employed to tune the network and optimigéocells, wherey;, the CSB value of statior, belongs to
the radio resource utilization [1]. a pre-defined sef. Let P, , be the RSRP of usex from

Several algorithms of optimizing the ABS and/or csgtationi, wherei € M UP and the received power depends
settings have been proposed. Tetlal. propose an algorithm ON the transmission power of the station, the distance l@twe
that optimizes ABS and CSB separately in [2], where the ABSe station and the UE, and the shadowing loss. Wseiill
patterns are simplified as fractional numbers. A centrdliz&€ attached to the following station
algorithm that jointly_ optimizes ABS_and C_SB patterns is g(u,y) 2 arg InaX(PFi{x,u ). 1)
proposed by Delt al.in [3], where the interfering macrocells i
of a picocell offer ABSs on the same subframes. Pahg Assume there ar& subframes in the time domain ard
al. discuss a distributed algorithm to determine the numbegsource blocks (RBs) in the frequency domain. Each sulafram
of ABSs in [4], yet they do not consider CSB optimizationand RB pair forms a physical resource block (PRB), where a
Simseket al. propose a learning algorithm that dynamicallsubframe has a duration of 1ms and a RB has a bandwidth of
optimize CSB in frequency domain in [5] and extend the ideBB0 kHz. LetB := T'- F' be the total number of PRBs available
to optimize CSB in both time and frequency domain in [6]. at each station. All macrocells transmit at a fixed powerlleve

Il. SYSTEM MODEL



on PRBs which correspond to non-ABSs, and all picocellslll. DISTRIBUTED SOLUTION USING POTENTIAL GAME

transmit at a fixed power level on all PRBs. All subframes

used by all stations are assumed to be synchronized.
The achieved rate of user at PRBb is denoted as,

whereb € [1, B]. Due to the small-scale fading and potent

different ABS patterns of the interfering macrocells, arusm

get different throughput on different PRBs. Let, be the7- A. Exact Potential Game Formulation

by-1 binary vector specifying the ABS pattern of macrocell |5 an exact potential game, there exists a potential functio

m, wherea,,, ; = 0 means thei-th subframe of macrocell gch that the change in the potential function due to thegian

m is an ABS andoay, ; = 1 means thej-th subframe of of 5 player's strategy equals to the change of the utility of

macrocellm is a non-ABS, respectively. The Signal-to-Noisetnat player. A Nash equilibrium can be reached within a finite

plus-Interference Ratio (SINR) of a userassociated with an nymber of plays if a player is randomly chosen to update

In this section, we aim at developing a distributed solution
to the problem described in Section Il by formulating an ¢xac
}a”)potential game.

macrocellm on PRBb is given as: its strategy so that the player’s utility is maximized in leac
Ry - PR O (b step [8]. In [9], an exact potential game is formulated to
SINRY, = — % = : ; optimize parameters in LTE, where the users in the system
"R P+ No e the pla ’ .

are the players. In the following, we show that the same idea

whereh!™, is the fading gain on PRB from macrocellm to can be used in the current context where a potential game is
’ M\{m} formulated by using the stations as the players. After @ik i

useru, 7(b) returns the index of subframe of PRBF ', _
is the interference from macrocells.v\ {m} at PRBb, P7, , not practical tq let the users to control the cellular neMor
i Let the stations be the players, so that U P defines

is the interference from picocells iR at PRBb, and N is the }
Additive-White-Gaussian Noise (AWGN). Note thﬁﬁ,\{g”} the set of players. In the sequel we use station and player
depends on the ABS patterns of the macrocellsvin\ {m) nterchangeably. Each playerchooses a strategy; from a

and the large and small scale fading gains of the channgfd Of strategiesS;. The underlying assumption is that ABS

from the macrocells inM \ {m} to useru. Also, note that is allowed in macrocells but not in picocells, and all statio
PP . depends on the large and small scale fading gains G@n set the_lr CSB values accordanQOITet vectors specify
" the strategies of all players, wheséi) gives the strategy of

the channels from the picocells A to useru. The SINR of =0e ; i
a useru associated with picocell € P at PRBb is given as: stationi. Define the strategies selected by all players except

. . playeri as
SINR? , = M Pro R
u,b pM PPV S_i = (81, s Sic1, Sit1y - SIMI4[P])s
nt,u, nt,u,

where h? , is the channel gain from picocefl to useru at and define
PRBb, Py, , is the interference from macrocells jbt, and

Int,u

P,ft’\jp} is the interference from picocells iR \ {p}.

throughput at PRB of a useru, namelyr,, », can be calculated gre specified bys_;.

by Shannon’s capacity formula. Let \V; 2 {i} UNMUNA wherei € M UP, NI is the
Assumex,, Is a blnary value' speufymg whether user get of stations whose attached users can be interfered by the

occupies the-th PRB of its serving station, whete, , = 1 ransmissions of station, A2t is the set of stations whose

andz,,, = 0 mean usew occupies and does not occupy thg,ser attachment can be affected by the change of CSB value
b-th PRB, respectively. Let, be a nonnegative weighting of stationi. Let the utility of stationi € M U P be
factor of UEw. The optimization problem can be stated as:

(S;,S_q;) = (81, ey Si—1, S;, Sit1y -es S‘M|‘HP‘)

B
L B

maximize Y-, vop D ouew, Wu MYy Tup Tups (2) Ui(s) £ > wy - > Zup - Tup, (7)

subject to ZuEZ/{m Ty = Qo o), VM E M, uel; b=1
bell,Bl,am € A, @) wherez,, ; is obtained by some scheduling scheme giveso

>weu, Tup =1, VpeP, be[l,B], (4) thatthe constraint in (3), (4) and (5) are satisfied. Thatyitil
Tup €{0,1}, Vuel, be[1,B], (5) of the whole system is
where A is the set of vectors from which macrocells can ieMUP

select their ABS pattern. Note that we choose to maximize th_gt the payoff function of playet be
proportional fair (PF) objective, i.e., sum of log of usetesa

because it strikes a balance between network throughput and Vi(s) 2 Z Uj(s).
user fairness (e.g., see [7]). ey



We have,

Uls}s_1) - U(s)

= X jemup Ui(sis—1) — Uj(s)

= > jen. WU(sis—1) = Uj(s)) +
EjGMUP\N,;(Uj(S;‘vsfl) = Uj(s))

= Yjen (Uj(si;s—1) = Uj(s)) )

= Vi(si,8-4)) = Vi(s), (10)

where (9) follows from the fact that the change of player
strategy will only affect the utilities of players iN;. Eqn. (10)
shows thatU(’) IS a pOtentlal function of the gameA/l Y Fig. 1. A randomly generated hexagonal HetNet layout. Thangles

P, (Sz'ai e MU 'P), (V;J € MU P)) represent macrocells and the dots represent picocells. Timber 4.1 near

Note that the utility function in (7) can be modified to othepne of the triangles indicates that it is an macrocell locatethe first (also
functions without affectina the validity of the potentizhme the center) cluster with reference number 4. The users areloted for
) 9 . y . p 9 clean presentation.
formulation, as long as the utility function depends on the
users who are attached to a single station. For examplen it ca

bed ., cu, Wy -S4 Tub-Tup, OF in Other words the weighted  For the selected player the required information is:

sum of user rates [10]. o 1) Users who attach to playeérwhen playeri adopts one
The procedure of game play is given as follows: of the CSB values irt.
1) Initialize the ABS and CSB patterns of all macrocells 2) Utilities of stations in\; \ {i}, i.e., {U;|j € N; \ {i}},
and picocells. when player; adopts different strategies .

2) Randomly select a player ¢ M U P. The player  por stations in\; \ {i}:
then searches through all strategiesinand chooses 1) They need to know which users will attach to them if

a strategy so that; is m.ax.|m|z.ed. ' station: uses one of the CSB values ¢h
a) ABS and CSB optimizations; := A x C for i € 2) They need to know the interference power from station

M. Si:=CforieP. _ N i to the users attached to stationsAf \ {i}. In case
b) ABS optimizations; := Afori e M.S;:={1} station i is an macrocell, the interference power is
for i € P, where 1 means the vector of all 1s. dependent on the ABS patterns that stationay adopt.

¢) CSB optimization:; :=C for i € M UP.
3) Repeat step 2 until some stopping criterion is met. _
The utility of a station is dependent not only on its ABS Fig. 1 shows a randomly generated hexagonal HetNet con-

and/or CSB patterns but also on the way it schedules the.us&f&ling of seven clusters of macrocells, where the clusters
In the following we present the PF scheduler used in |at@prders are marked with bolded lines. For the center cluster

V. NUMERICAL STUDIES

simulation studies to meet the objective in (2). the macrocells are located at the center of the hexagons and
one picocell is randomly placed within each hexagon so that
B. PF Scheduler the distance between the picocell and its closest macrocell

In this paper, we consider the following PF scheduler ulﬂpllows the triangular distribution. 14 users are randomly
For stationi, the b-th PRB at subframe, given that the located within 40 meters of each picocell in the center elyst

subframe is not an ABS, will be allocated to the followingtnd another 6 users are randomly located within each hexagon

user in the center cluster. The six surrounding clusters of theare
Ty 2 arg max —%0 cluster are copies of the center clusters. The deftsand P
—_ ) . . . .
ueld; Ty (1) contain macrocells and the picocells, respectively, incéreer

whereb € [1, B], t = 7(b), 7u(t) gives the long-term averagecluster. The users are assumed to be static and the buffers
throughput of user in subframet and it is calculated as ~ ©f the stations are assumed to be fully loaded. All users are
equally weighted, i.ex,, = 1 for all u. Each PRB experiences
Fu(t) = (1 — l)?u(t —1)+ lg{bh(b):t}mb I{Ty = u}. independent Rayleigh fading with variance 1. Shadowing is
t te correlated, and the correlation is achieved by generating a
In the above equatiorn, is the time window which is a designcommon shadowing value and divide the sum of the common

C

parameter and{-} is the indicator function. shadowing value and the individual shadowing values:
Other parameters can be found in Table I.
IV. INFORMATION EXCHANGE REQUIREMENT Fig. 2 shows the possible ABS patterns of an macrocell.

It is important to know the information that is required torhe characteristic of the set of ABS patterns in Fig. 2 is that
play the potential game, as it is directly related to implame subframes which are ABSs in an ABS pattern with lower ABS
tation complexity. ratio are also ABSs in an ABS pattern with higher ABS ratio.
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Fig. 2. A set of ABS patterns, where the filled boxes indica®SA. Subframes that are set as ABSs in a pattern with a lower IABS are also set as
ABSs in a pattern with a higher ABS ratio.

TABLE |
PARAMETERS FORGENERATING HETNET TOPOLOGIES = IV N
2900 =
Parameter Value e 25, O S Sa%ee L e
Inter-macrocell distance 1000 m eor [ . ABS+CSB. PF1=5
Minimum distance from macro to user 35 m 2 20 . ABS+CSB, PF {:20
Minimum (_1|stance from pico to user 10 m % sl . ABSCSB, PF {40
Minimum distance from macro to picd 75 m 2 o _ABS. PEL<5 ©
Antenna per site Omnidirectionalx 1 O 28201 T e
3 = -ABS, PF t =20
Macrocell power 40 W :.j,zsoo, c
Picocell Power TW g - = -ABS, PR =40
Noise density -174 dBm/Hz S I 4 o CSB,PFt=5
Noise figure 9 dB 2760 = CSB, PFt =20
Bandwidth per RB 180 kHz ol « CSB, PFt =40
CSB values 0 dB, 5 dB, 10 dB, 15 dB [ . cox (ox Gx COx Qmx COx Qax Qo ODx (ox Gx Ox Oox @ox @
Log-normal shadowing SD 10 dB 71205 % 100 150 200 250 300
Path loss from macrocell to user | 128.1 + 37.6log;, d, d in km Iteration
Path loss from picocell to user 140.7 + 36.7log g d, d in km

Fig. 3. Averaged global utility against the number of timespgbgential game
. . . . is being played using various scheduling schemes.
This kind of design may allow the surrounding macrocells

of a picocell to create subframes that are almost interéeren
free even if the macrocells uses different levels of ABSosati service from the picocell, and each picocell has plenty PRBs
On the other hand, the potential game formulation allowsta serve its associated users.
designer to use any kind of ABS and CSB patterns, as theFig. 4 plots the empirical cumulative distribution funet®
strategy set of a player can be easily modified. (CDFs) of the rates of the users averaged over their number

Next we specify the sed; for : € M U P. We assume of allocated PRBs after 300 iterations of game play, where
that the transmission of stationhwill create interference to both ABS and CSB patterns are optimized. We can observe
the users who are located within the same hexagon of statthat the users’ rates per PRB are greatly increased due to
¢ and the six surrounding hexagons. Also, we assume thathe ABS and CSB optimization. Specifically, the median rate
user can only be associated to stations in the same hexagfier ABS and CSB optimization is increased by roughly 60%
and its six surrounding hexagons. Therefaké™ and VA" compared to the case where no optimization is performed.
include stations located within the same hexagom @fid the Fig. 5 and Fig. 6 plot the CDFs of the averaged rates per
twelve surrounding hexagons. For exampl§,; includes all PRB when ABS optimization is performed and when CSB
stations in the center cluster in Fig. 1. optimization is performed, respectively. We can see frog 5i

Fig. 3 plots the change of global utilities (obtained by (8)hat the improvement due to ABS optimization is similar to
using different scheduling schemes as the number of patenthe improvement due to ABS and CSB optimization. Also, we
game plays increases. For the PF scheduler, three windcan observe from Fig. 6 that by performing CSB optimization
sizes are evaluated, namely = 5, t. = 20, andt. = 40. along, little improvement can be obtained. These obsemati
The plot is obtained by averaging 186 randomly generatedincide with the observations from Fig. 3.
network topologies. The global utilities increase as themga Table Il summarizes some key performance indicators of
is played more times because in each round a player usegdous optimization scenarios. We can observe that the ABS
best response strategy, i.e., select a strategy that mmegrits and CSB optimization gives about 10% improvement on
payoff function. Also, the algorithm converges in around 15the mean achieved user rate compared to the case where
iterations. We can also observe that the global utility dogts no optimization is performed, where a user’s achieved rate
improve much if only the CSB values are optimized, and muéé calculated by adding the capacity of each PRB that is
of the improvement achieved by ABS and CSB optimizatioallocated to that user. Also, the Jain’s fairness indicessans’
can also be achieved by ABS optimization along. We belietkroughput when ABS and CSB optimization is performed are
this is reasonable because most of the users are located igeeatly improved compared to other cases. Moreover, we can
the picocell in each hexagon so that they receive fairly gosge that the PF scheduler with time window being 5 has the
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. . . . [
largest fairness index and the least mean achieved usenrate

all optimization scenarios.

VI. CONCLUSION

We propose a distributed elCIC optimization algorithnfio]
based on potential game formulation. We show that such

formulation can be used to optimize different objectives,,e

maximizing proportional fair and maximizing sum of usergli]
throughput. Simulation studies show that the optimization

TABLE Il
FAIRNESSINDICES AND AVERAGE ACHIEVED USERRATE

Optimization Scheduler | Jain’s Index | Mean UE Rate
(bit/s/Hz)
PFt. =5 0.8263 186.89
PFt. =20 0.8276 192.93
ABS*CSB b7, — 10 0.8281 193.66
RR 0.7904 154.09
PFt.=5 0.7799 183.25
ABS PFt. =20 0.7798 189.49
PFt. =40 0.7796 190.30
RR 0.7152 149.34
PFt.=5 0.7213 167.33
csB PFt. =20 0.7246 171.27
PFt. =40 0.7250 171.77
RR 0.6517 124.93
PFt. =5 0.7002 167.86
No optimization PFt. =20 0.7057 171.79
PFt. =40 0.7063 172.27
RR 0.6343 125.41

algorithm can lead to 10% increase in average achieved user
rate while at the same time greatly increase the servicedss
of the network.
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