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ABSTRACT

Femtocell technology has been drawing considerable @iteas a
cost-effective means of improving cellular coverage anphciy.
However, under co-channel deployment, femtocells mayrihigh
uplink interference to existing macrocells, and vice verBaalle-
viate this interference, we propose a distributed and@gjénizing
femtocell management architecture, called CTRbifplementary
TRi-control Loopg, that consists of three control loops. First, for
protection of macrocell users’ uplink communications, @Té®n-
trols the maximum TX power of femtocell users based on the fed
back macrocell’s load margin so as to keep, on average, theoma
cell load below a certain threshold. Second, CTRL determthe
target SINRs of femtocell users, conditioned on the maxinTin
power, to reach a Nash equilibrium based on their utilityctions,
thus achieving efficient coordination of uplink usage améamg-
tocells. Third, for protection of femtocell users’ uplinkrmmuni-
cations, the instantaneous TX power of each femtocell gsewh-
trolled to achieve the target SINR against bursty interfeesfrom
nearby macrocell or femtocell users.

Our in-depth evaluation has shown CTRL to successfully pre-
serve the macrocell users’ service quality from femtocefiter-
ference and converge to an optimal point under highly dymami
user TX conditions. CTRL is also shown to limit the effectslué
estimation errors of channel gains and feedback delay.

Categories and Subject Descriptors

C.2.1 [Computer-Communication Networks]: Network Archi-
tecture and Design-Wireless communication

General Terms
Algorithms, Design, Performance, Theory
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1. INTRODUCTION

Femtocell technology has emerged as a cost-effective nteans
enhance indoor network coverage and capacity for growing de
mands for cellular (voice calls and data) services withinoané
or an enterprise environment [1]. f&@mtocellis a small indoor area
covered by a low-power base station (BS), referred to &endo
BSin this paper. Unlike macro BSs, femto BSs are installed en th
subscriber’s premise and typically connected to an opesatore
network via public Internet connections, such as DSL andecab
modems. Femtocells benefit both subscribers and operatettsr
voice coverage and higher indoor data throughput for s,
and macrocell offloading and indoor coverage improvemeluvat
capital and operational costs for operators.

A main challenge associated with the femtocell technolagy i
how to protect, under co-channel deployment, macrocell sse
vices against interference from femtocells while exptajtas high
spatial reuse of channel resources as possible within fastiso
Due to the high cost of a licensed spectrum, operators may all
cate femtocells the same carrier frequency as macrocellsgdco-
channel deploymentnder co-channel deployment, transmissions
within femtocells may cause interference to user servicisinv
macrocells, and vice versa [2]. Such a phenomenon has been re
ported as a serious problem in uplink (UL) communications5]3
The resultant performance degradation makes the femttamt
nology’'s market penetration difficult since the deteriethservice
to existing users will increase the churn rate. It is, theref im-
portant to solve this interference problem by managing teeits
efficiently and effectively.

The distinct features of femtocell technology impose thHv¥o
ing requirements on femtocell management. First, conisigehe
fact that femtocells are to be deployed on an already-egsind
working cellular infrastructure, the femtocell manageinsmould
minimize the change of a performance-critical part of m&B8s,
especially radio resource management (RRM). The RRM within
existing macrocells has been optimized and validated irfighe
under a wide range of cell conditions, e.g., traffic pattequslity-
of-service (QoS), and user mobility. Changing the mactdRBIM
may require tedious and time-consuming optimizations. oSegc
salient features of femtocells, such as user installatiohumplanned
deployment, require femtocell management todisributedand
self-organizing and hence, convergence becomes a critical factor.
These features, along with its restricted access, makesthtotell
management very different from the classical hierarctiediicoor-
dination problem. Besides, supporting legacy user dewigdmut
using any special hardware is another important requirémen

There have been a few proposals to resolve the femtocetfénte
ence problem in UL communications, but they have, unfoiteiga
several limitations. Vikraret al. [4] proposed a coordinated UL



power-control architecture for both macro- and femtos;elhich
requires macrocells to use their proposed power-contgarahm.
Joet al.[6] proposed a simple up/down UL power control for fem-
tocells. Their scheme adjusts the transmit (TX) power ofttem
cell users in proportion to the fed-back interference |lefehacro-
cells and does not require any change of the macrocell RRM-Ho
ever, they focused only on the protection of a macrocell'sddin-
munication and their scheme does not guarantee convergence
ther. Moreover, both proposals did not consider the feekliolae
lay. Yavuzet al.[3] proposed an attenuator adjustment scheme re-
stricted to femtocell UL protection against nearby machacsers.
Proposals for protection of downlink (DL) communications ¥]
are neither effective nor optimal for UL communications hsyt
operate based only on a femtocell’s local condition, igngrihe
macrocell’s UL state. Sundaresan and Rangarajan’s retedy s
[8] focused on OFDMA-based femtocell systems, mainly aegli
with orthogonal assignment of time-frequency resources/éen
macro- and femto-cellsstrictly orthogonalin the isolated model
andorthogonalbetween neighboring macrocell and femtocell users
only in the coupled model for higher total utility. Howevémpth

of these models require modification of the macrocell RRM tue
their tightly-coupled coordination of macro- an femtoisetithout
considering the other requirements.

To overcome the above limitations of existing schemes iglsin
carrier cellular systems, we propose a distributed and@gHinizing
femtocell management architecture for UL communicaticafied
Complementaryl Ri-control Loops(CTRL). The key idea behind
CTRL is the use of multiple control loops optimally designveith
different objectives while complementing each other t@hacom-
mon goal. These control loops and their complementary ater
tions are summarized as follows.

e Maximum transmit power contrdMTXPC) loop protects
the macrocell's UL communication against the interference
from femtocells. This is achieved by controlling the maxi-
mum TX power of femtocell users based on the macrocell
UL load margin fed back with delay such that the macrocell
load does not exceed, on average, a given threshold.

e Target signal-to-interference and noise ratio con{féSINRC)
loop enables utility-optimal resource coordination amfarg-
tocells without signaling between them while being condi-
tioned on the maximum TX power constraint obtained by the
MTXPC loop. The control algorithm is designed to achieve
a Nash Equilibrium for general utility functions.

e Instantaneous transmit power cont{dT XPC) loop protects
the femtocell's UL communication against bursty interfer-
ence from nearby macrocell or femtocell users. It controls
the TX power of a femtocell user such that the target SINR
determined by the TSINRC loop is achieved on a small time-
scale (e.g., frame).

CTRL meets all the requirements mentioned earlier. That is,
CTRL does not require modification of the RRM of macro BSs,
thus enabling smooth migration of co-channel femtocells &x-
isting cellular networks. The control algorithms of CTRLsall
achieve convergence under the provided conditions agamst
varying and unpredictable environmental changes, sucimtas- i
ference, threshold value, etc. Besides, CTRL is compatilitle
legacy user devices since it does not impose any non-stuagar
eration on them. CTRL is software-based, does not incrdase t
hardware cost, and can be improved further with an extraivece
module enabling the over-the-air feedback (as detailedeicti@n
3).
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Figure 1: Uplink interference scenarios under co-channelém-
tocell deployment

Our evaluation results show that CTRL successfully pretect
macrocell’s uplink service regardless of the number of fegalls in
the macrocell. In an example scenario with 50 macrocellsiaed
100 femtocell users per macrocell, 96% of macrocell userstme
the specified service quality while only 8% of them meet ithait
out CTRL. Moreover, CTRL converges to an optimal point uraler
wide range of user traffic dynamics and maintains stabiligiast
up to 100% errors in estimating the channel gains and feédbac
delay.

The rest of this paper is organized as follows. Sections 2 and
3 describe the motivation of this work and the system modgl, r
spectively. Section 4 presents the CTRL architecture, audih
5 describes the control algorithms. Section 6 evaluate€iRL
architecture using simulation, and Section 7 concludepéper.

2. MOTIVATION

We first advocate the necessity of femtocell management for U
communications. Then, we discuss the requirements of fezfito
management and identify the limitations in applying erigtiech-
niques to femtocell networks.

2.1 Why Femtocell Management for UL Com-
munications?

The initial motivation behind the introduction of femtolseto
cellular networks was extension of indoor coverage for eaalls.
However, the femtocell technology provides an importandi-ad
tional advantage, especially for data services: overa# dapacity
improvement due to spatial channel reuse and macrocelladfflo
ing. Subscribers also have incentives to use femtocelis @ithin
a macrocell coverage for better indoor data throughpus, desvice
power consumption (longer battery life) and possibly arimitéd
data plan. Under the expected co-channel femtocell degaym
however, UL transmissions of femtocell users (users beamngesl
by femtocells) may cause interference to the ongoing ULstras-
sions of users being served by macrocells, and vice verser&e
researchers [3-6] reported such a phenomenon and theamsult
performance degradation of both macrocell and femtocelisum
UL communications as a serious problem.

We illustrate possible UL interference scenarios betweaorot
and femto-cells in Fig. 1 as follows. Due to their unplanned d
ployment, some femtocells (FBS1) could reside close to aranac
BS and their users (FU1) will incur high UL interference t@th
macro BS. The opposite may also happen when a macrocelsyser(
(MU1) resides in the vicinity of a femto BS (FBS1). To make mat
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Figure 2: lllustration of the femtocell UL interference prob-
lem: cumulative distribution of macrocell users under a vary-
ing number of femtocells (left) and UL interference evoluton
samples at three different femto BSs (right)

ters worse, the users of the femto BS in such a situation get to
use stronger TX power to maintain good receiving SINR, inogr
higher UL interference to the macrocells around them. A macr
cell user induces higher interference to nearby femto BSsias
farther away from its serving macrocell. Another possibitei-
ference source to a femtocell's UL (FBS1) is neighboring tfem
cells (FBS2). Unplanned deployment could make multiple-fem
tocells reside in a neighborhood, possibly resulting irese\per-
formance degradation without proper coordination betwiem.
On the other hand, unlike the UL interference to a macro B&, th
to a femto BS (FBS1) may result from a small number of wire-
less sources (MU1 and FU2), and thus, the pattern could kstybur
The usual power control schemes are not designed to deathisgth
bursty interference [3].

The femtocell UL interference was also observed in our tigo-t
multi-cell simulations under a realistic environmentahfiguration
(as detailed in Section 6.2). The left figure in Fig. 2 dematss
the macrocell users’ UL performance degradation due toaarhgt
deployed femtocells. In the absence of femtocell usersnadro-
cell users meet the target SINR (-20.96 dB). As the number of
femtocells within a macrocell (denoted By/M in the figure) in-
creases, the macrocell users’ achieved SINRs get deteibsig-
nificantly. At the same time, the level of inter-femtocelterfer-
ence also increases; the average UL interference of femsonaS
-80.0, -76.5and -74.1 dBm fdr/M = 30, 50 and 100, respectively.
The UL interference at each femto BS was bursty as illusirate
the right figure of Fig. 2. The degree of burstiness diffensdid-
ferent femto BSs, depending on the presence of nearby melcroc
or femtocell users.

Therefore, without well-designed femtocell managementhb
macrocell and femtocell users will experience performasheteri-
oration. Based on the above observations, we can summasze t
objectives of femtocell management: (1) protection of reell’s
UL communication against femtocell interference; (2) édfit re-
source coordination among femtocells; and (3) protectiofeim-
tocell's UL communication against bursty interferencegémeral,
femtocells play a supplementary role in cellular networKgnce,
we assume that the first objective is given the highest yiori

2.2 Requirements of Femtocell Management

Due to the overlaid deployment on existing cellular netvebrk
and other salient features of femtocells, the followinguiegments

1_Ir_1 general, macrocells are deployed first since nationwiiec-
tivity is crucial for cellular services.

need to be imposed when designing a femtocell managemédnit arc
tecture.

e No change of macrocell RRMhe RRM within existing macro-
cells has been optimized and verified in the field to provide
various types of service under a wide range of cell condi-
tions, such as traffic patterns, user population, QoS, user
mobility, etc. So, changing the macrocell RRM may influ-
ence already-stabilized macrocell user services and accom
pany costly optimizations.

Distributed and self-organizing operatiolue to end-users’
installation and unplanned deployment of a possibly large
number of femtocells, femtocell management should be dis-
tributed and self-organizing. Thus, convergence undegtim
varying and unpredictable environmental changes is an es-
sential requirement.

Support of legacy user deviceSupporting existing user de-
vices is an important requirement for market penetratian. T
meet this requirement, a management architecture shoulld no
impose any new operation on user devices.

No special hardwareFor cost-efficiency, a femto BS should
not be required to be equipped with special hardware.

2.3 Limitations of Existing Techniques

There have been several proposals for resolving the ferhtoce
DL interference problem, mainly focusing on avoidance afes«
sive DL interference to macrocell users in the vicinity ofeanto
BS. Power adaptation is to let a femto BS use as low DL TX power
as possible while serving its users. It is shown in [7] thathsa
technique is good at mitigating femtocell DL interferencertacro-
cell users. Femtocell sectorization [5] radiates RF emsrginly
within sectors with users and thus reduces the possibifityed-
ting nearby macrocell users interfered with. It requiregetsrized
antenna and multiple radio paths, one for each sector. lidew
beamforming will be also effective, but at the expense ofédased
hardware cost. The above-mentioned schemes operate batel o
femto BS'’s local information only and regardless of the maetl
UL status. Therefore, they are not effective against the hteri
ference. Although femtocell sectorization may reduce dwiired
UL TX power of femtocell users thanks to directional inteeiece
reception at the serving femto BS, UL interference from facetls
to macrocells is still uncontrollable and protection of thecro-
cell's UL communication is not guaranteed, either.

There have been a few proposals for tackling the UL interfer-
ence, but they do not satisfy all the requirements or objestdis-
cussed earlier. Vikrarat al.[4] proposed a non-cooperative game-
theoretic UL power-control architecture for both macrod &mto-
cells, based on Ji and Huang’s study [9]. They consider ncadro
users as game players and thus restrict the RRM of macrdoells
the utility function and actions specified by the game. Theste
proposed by Jet al. [6] adjusts the TX power of femtocell users
in proportion to the fed-back interference level of mactscand
does not require any change of the macrocell RRM. Howevey, th
focused on protecting a macrocell’s UL only without prowvigiany
convergence analysis. In addition, none of these two scheme
sidered the feedback delay that influences the convergdrceat-
gorithm. Yavuzet al.[3] proposed an attenuator adjustment scheme
in which a femtocell user under high UL interference is giveom
for increasing its TX power thanks to the increased atteonat
This scheme is restricted to femtocell UL protection.

There was a recent proposal targeting OFDMA systems by Sun-
daresan and Rangarajan [8]. In their isolated model, a m&gro



and femto BSs are allocated orthogonal time-frequencyuress MTXPC

while the coupled model imposes this constraint on neighigor

macrocell and femtocell users to achieve higher totaltutiliTo Instantaneous

realize these two models, each femto BS requires time sgnchr _TX power Maximum
(interference TX power

nization with a macro BS and an extra receiving module witf se
interference cancellation capability for overhearing maell sig-
nals (neither of them is required in CTRL,; difficulties andrso
solutions of the over-the-air feedback will be discusse8éation
3.2). Moreover, both models require modification of macresBS
RRM for dynamic adjustment of resource split.

to macrocell)

Target SINR
ITXPC -t TSINRC

Figure 3: Complementary interactions between control loog

3. SYSTEM MODEL cel

This section describes the network architecture underiders load
tion and two implementation alternatives for macrocefiddeed- Threshold of
back macrocell load

' ) Macrocell load

3.1 Network Architecture cellload margin

We consider a single-carrier cellular system (e.g., CDMAJ a MTXEC oo acrocell uplink
a typical two-tier femtocell network architecture depttia Fig. 1 Power| ___} ~_ Max. TX power of
where femtocells are overlaid on macrocells. The set of otatis : , - femtocell user
M ={1,..., M} and the set of femtocell& = {1,..., F} use j : Tx power for
an identical carrier frequency. Cet operates under Bg.. The target SINR
set of macrocell users and that of femtocell users are repted W Interference

by M, ={1,..., My} andF, = {1,..., F.}, respectively. The Femtocell uplink
channel gain from userto BSj is denoted byh; ;. We assume
that user transmits data with the activity facter, (0 < a; < 1).

As in general cellular networks, every BS has a logical con-
nection to an Operation, Administration and ManagementNDA

Figure 4: Overview of the CTRL concept

server that BSs receive initial configuration settings fiamd occa-  jmp|ementation feasibility and standard violation. Wecdiss each
sionally report their status to. We refer to the OAM servetidated of them next.

to femtocells as théemtocell manager In the case of frequency-division duplex (FDD), femto BSsdhe
3.2 Macrocell-Load Feedback to overhear macrocell signals at a frequency other tham tigji-

. , o nal RX frequency, i.e., they require an extra receiver medilhe

For protection of macrocell users’ UL communications, femt  time-division duplex (TDD) also requires this to enablel fil-

BSs need to know the current status of macrocells—as was as-pjexing (receiving macrocell signals during an active sraission).
sumed in [4, 6]—which can be enabled by the feedback fromenacr o, the other hand, if macro BSs feed back information usieg th

BSs, referred to amacrocell feedback\e assume thatamacro BS  game frequency that femto BSs use to transmit data, femto BSs
feeds back itsell load margindefined as the difference between may not be able to demodulate macrocell signals due to signifi

the current cell load and a given load threshold; the cel loear- cant self-interference. This problem can be addressed Jihél
gin is positive when the current load is lower than the thotsh macrocell’s feedback at a frequency different from the faretl’'s
else it is negatl\_/e. _Two implementation alterna_ltlves focroaell TX frequency or (2) interference cancellation as in wireleslays
feedback, differing in delay and cost, are described next. [10]. The first solution is applicable only when macro BSs use

3.2.1 Feedback over wired networks multiple carrier frequenciéswhile the Ia.tte.r increases the co§t.
i ) ) In order to broadcast the load-margin information, modtfaa
First, we consider the approach’ tha_lt femto BSs receive Macro o the egacy system information (SI) format [11] is requirein

cell feedback through the operator’s wired network. Toizesgthis, general, operators do not use every Si field in the standauss,

each macro BS periodically reports its cell load margin @AM some unused S fields can be exploited for the inclusion al-fee
server. Then, the macrocell OAM server forwards it to thetfem back.
cell manager. Finally, the femtocell manager sends it tdeh&o The delay of feedback over the air is the air propagationydela

BSs that have subscribed to the feedback of the macro BS théite
signaling interfaces for OAM are generally vendor-specifio re-
ceive the feedback from proper macro BSs, femto BSs neeckto ex

cute a subscription procedure; when powered on, a femto BiSssc 4. THE CTRL ARCHITECTURE

from a macro BS to femto BSs which is negligibly small.

neighbor macrocells and reports the list of macrocell fee#sub- We first present the architecture of CTRL and its basic concep
scriptions to the femtocell manager. and design rationale. Then, we formulate the problems e
‘Feedback over wired networks’ does not require additidraadl- sign of control algorithms for the CTRL architecture.

ware of femto BSs, but has a larger delay than the other approa ]
4.1 Overview of CTRL

3.2.2 Feedback over the air ] The goal of CTRL is to achieve all the objectives listed in-Sec
In the second approach, femto BSs receive macrocell fe&dbac tjon 2.1 (with the highest priority on protection of macrtidéL

directly from macro BSs over the air. Specifically, macro BSs communications) while meeting the requirements discuiss8ec-
broadcast their load margin information which is then oearia

by femto BSs. This approach requires two issues to be redolve 2This is the typical case in urban areas due to high traffic detnia




tion 2.2. Each of the objectives can be considered as a sotbpro
lem of the femtocell interference problem. CTRL solves ¢éhssb-
problems individually using different control loops, ctraéns one
loop’s result by the others’ according to the relationstepidted in
Fig. 3, and finally produces a coordinated result. All dexisi of
the three control loops for a user are made by the femto BStieat
user is connected to, based on the specified interactiobetleeen
them. In what follows, we describe each of these control $cemd
their complementary interactions.

4.1.1 MTXPC Loop

The MTXPC loop is responsible for protecting a macrocellls U
communication by controlling the maximum TX power of femto-
cell users based on the fedback macrocell load margin. Aipesi
macrocell load margin indicates that the macrocell has rforac-
commodating additional load, while a negative margin mebas
the macrocell is overloaded (Fig. 4). Assuming that a cell’doad
is a monotonically increasing function of the total receiypewer’
controlling the TX power of femtocell users to keep the agera
macrocell’s UL load below a given threshold. Macrocell gs&H
performance, therefore, will not be degraded below a spdeifel.
An important feature of the MTXPC loop is that it controls the
femtocell users’ maximum TX powenot their instantaneous TX
power. Such an approach allows the other control loops tiopar
further optimizations of femtocells based on their locaidition.

The UL load of a macrocell comes from three components: -intra
macrocell user traffic, other macrocells’ interferenced émto-
cell interference. By giving priority to the macrocell usetthe
maximum load that femtocell users are allowed to contribste
computed by subtracting the intra-macrocell and other odls’
loads from the load threshold. However, a macro BS cannet dis
tinguish other macrocells’ interference from the femtteehter-
ference, and moreover, other macrocells’ interferenceotscon-
trollable. So, it cannot allocate an exact load portion tatfecells.
Instead, a macro BS simply provides its current load mardiichv
will vary with time. Then, based on the margin, femtocellswd
adapt their resource usage to their unknown share. We téukle
difficulty by modeling the unpredictable other macroceiigerfer-
ence as a disturbance from a control-theoretic perspective

4.1.2 TSINRC Loop

The TSINRC loop enables efficient coordination of resouise u
age among neighboring femtocells based on local informasioch
as user-specific UL interference, activity, channel caoaodit etc.
The coordination is achieved without signaling betweentéeBSs
since no inter-femto BS signaling interface has been defined
standardé. Therefore, femto BSs need to infer the current con-
dition based on implicit feedback, such as interferencellend
achieved SINR. Finally, the result is conditioned on the imaxn
TX power constraint obtained via the MTXPC loop.

4.1.3 ITXPC Loop

Although the TSINRC loop determines the target SINR, thetsho
term achievable SINR may fluctuate due to bursty interfezgas
mentioned in Section 2.1), resulting in inconsistent usevise
quality. The source of interference is nearby macrocelrsise
femtocell users being served by other femtocells. The ITX6P
controls the instantaneous TX power of a femtocell user analls
time-scale (e.g., frame) such that the target SINR detexchiyy
the TSINRC loop is achieved on a short-term scale, as shown in

3This is generally acceptable in CDMA-based cellular neksor

“In 3GPP Long-Term Evolution (LTE) networks, the inter-BS in
terface, called X2, is defined only between macro BSs.

Fig. 4. If we simply set the TX power to the target SINR mulipl

by the current interference, an abrupt change of interferadue

to the TX ON/OFF of a nearby user will lead to a drastic change
of the TX power and the interference to both macrocell andéem
cell users. This type of sudden interference has a detrahefiect

on performance even when the average interference levelns |
Thus, the ITXPC algorithm should be designed to convergé wit
neither overshoot nor oscillation. Finally, the TX powevdés of
femtocell users determined by the corresponding ITXP Cdamg-
lectively form the femtocell interference to a macro BS, aedce
influence the MTXPC loop. The result of the ITXPC loop is also
conditioned on the maximum TX power constraint obtainedivia
MTXPC loop.

4.2 Problem Formulation

Throughout the paper, a user’'s TX power is defined as the power
he uses to transmit data. Then, the amount of the radiateérpow
per unit of time is obtained by multiplying his activity factto the
user's TX power. Lefp; and P; denote the femtocell uséis TX
power and maximum TX power, respectively. We also tis¢o
denote the femtocell usés achieved SINR. Faf,, we define the
following three vectors:

e TX power vectorp £ [p1,p2, -+, pr,)";

e Maximum TX power vectoP £ [P, Py, - - -, Pr,]";

e SINR vectory 4 [v1,72, - ,vFu]T-

Then, the algorithms of the control loops aim to find the above
three vectors that meet their objectives. p&t P* and~*® be the
solution vectors.

The problems of the control loops are denotedhly(MTXPC),
P2 (TSINRC), andP3 (ITXPC). LetL7}, (t) andL™ (t) be the load
threshold and the load of macrocell at timet, respectively. We
definee,,, £ L} — L™ as theload marginof macrocellm. Then,
the objective ofP1 is to make bothe,, (t)]" and[e (t)]~ con-
verge to 6 for protection of the macrocell’s UL service and maxi-
mization of spatial reuse within femtocells, respectivéliius, P1
is formulated as

P1: min t1l>nolo lem (t)| for m € M. (1)
L™ is composed of macrocell user portidf; and femtocell user
portion L% such thatL™ (t) (@) + L (t) and L (¢)
I (15 (p)) wherel (p) = >, aihimp:; andl'y, : R — Risan
interference-to-load function which is monotonically ieasing in
I7'. As mentioned earlier, the MTXPC loop contrdsalthough

% is a function ofp. The only relationship between themps=
P.” We show below the validity of this upper-bounding approach,

i.e., the existence aP1’s solution.

ProPOSITION 1. If there exists feasible* such thate,,, = 0,
so doesP™.

PrROOF Sincelp'(p) < Iz (P) andI' is a monotonically in-
creasing functionI',, (I#'(p)) < I'm(Iz(P)). Supposed <
I'yn < co. Then, there always exists> 0 such thal’,, (17 (P))
Lo (IF(p%)) + 2. If(P) = T} (D (I (p7)) + <) and, due
to the monotonicity ofl',,,, there also exists’ > 0 such that
IF(P) = I (Do (I (p7))) 4+ = I7 (p7)+<'. Here, I (P) =

5+* means the target SINR vector

b2+ = max{z,0} andz~ = min{z, 0}

"The curled inequality symbot (and its strict form-) represents
component-wise inequality.




I (p*) +¢’ > 0, and thus, it forms an affine hyperplane inZagp
dimensional Euclidean space Bf lower-bounded byp™*, which
ensures the existence Bf* (¢ is determined by the other two con-
trol loops). [

We formulateP2 as a non-cooperativ&’-player game in which
each femtocell maximizes its utility function without sajimg to
the others, while being conditioned on the solutiordf, i.e.,P*:

P2 max ui(ps, i) fori € Fy

Pi <P i @)
whereuw; is the utility function of femtocell usei. Finally, P3 is
to makee; £ ~; — ~; converge to O for € F, where~; is the
solution of P2. Thus,P3 is expressed, similarly t&1, as

P3: min lim |e;(t)| fori € Fu.

P <P* t—oo

(©)

5. CONTROL ALGORITHMS

We now present control algorithms to solve the problefis-
P3.

5.1 MTXPC Algorithm

P1 can be considered as a steady-state tracking problem from a

control-theoretic point of view, i.e., a control effort isagke to let
a macrocell’s load track the specified threshold value. Hereis
interpreted as the tracking error.

To detail the algorithm, we consider thise over therma(RoT)
as a cell load metric, i.eL,™ = (I™ + o2)/o?, whereI™ is the
total power received at macro Bs ando? the thermal noise. RoT
has been widely used to represent a cell load, especially)MA}
based cellular networks [12]. Them,, = (I]} —I™)/c>. Without
loss of generality, we can simply let, = I;, — I™. LetIy;
and Iz denote the signal strengths received at macronBBom
macrocell users and femtocell users, respectively, so kffat=
Iy + I For simplicity of presentation, we drop the superscript
m.

Let T be the macrocell feedback interval, then the MTXPC loop
can be modeled as a discrete-time system whose state chainges
interval boundaries. Let(k) denote variables during thek-th
interval, i.e.,[kT, (k 4+ 1)T). Then,e(k) is written as

e(k:) = Ith(k) — I(k) = Ith(k) — I]V[(k)) —

Ir (k). (4)

The MTXPC loop can be represented as a closed-loop control

system depicted in Fig. 5(a). The chain reaction shown iffi¢juee
can be explained as follows. A macro BS sends the femto BSs
subscribing to its feedback. Suppose that the femto BS$veeee
with the feedback delay (represented as~ in the figure). Upon
reception ok, the femto BSs updatg; of their users with the user-
specific controllerD;. Then, p; is determined by the other two
control loops and upper-bounded By. We can thus lep; (k) =

Pi(k) — ei(k) where0 < g;(k) < Pi(k). e:(k) varies with time
according to usei’s local condition. Finally,/ is updated as
Ip(k) =X, @i zpz(k)
= 2ier, @hi(Pi(k) —ei(k)) ()
) -

= ST haDilelh — ) — <(k)

A

wheree = 37, a;hie;. Applying the z-transform to Egs. (4)

and (5), and combining the results, wefyet
Zid Zie]—'u azthl(z)
1424 Zie]—‘u azthz(z)
1
+

Ir(z) = (Ien(2) —

e(2).

In(2))
(6)

1+2-4 Zie]—'u azthl(z)

5.1.1 Decoupling of Feedback Delay Component

The control system of Fig. 5(a) is difficult to analyze sinte i
contains the delay component® within the feedback loop [13].
Thus, we consider an equivalent system in Fig. 5(b) wherdekaey
component is moved out of the feedback loop and the useifigpec
controller is redefined a®;. Here, for ease of design, we tem-
porarily ignoree. Later, we prove in Proposition 3 that the resul-
tant system works as desired even with non-zerdsing a similar
procedure to Eq. (6)[» of the equivalent system, denoted B
for distinction, is obtained as

Dier, @hiDi(2)

€eq *d _

IF(=) = T+ >0 p ahiDi(2) (Ien(z) = I (2)) - (7)
and, by equatindr(z) and/(z), we have

>ier, @ihiDj (z)
althl zZ) = U . 8
/L_;u (2) 1+ (1—279) Y, aihiD;(2) (8)
Then, we can defin®;(z) as
D (z
Di(z) = (2) ©

T+ (12 0%, 5, a:hiD; (2)

which satisfies Eq. (8). That is, if we use tHis, the system be-
comes equivalent to that of Fig. 5(b). This type of contmolke
calledSmith predictof13] which is known to offer better response
than classical (PID or PI) controllers if there exists a tlaggwithin
a control loop [14]. Conceptually, the Smith predictor fedxhck
a simulated system output to cancel the true system outpag sm
alleviate the effect of a pure time delay. More on the feellbac
structure with the Smith predictor will be discussed in thextn
paragraph. Note thab; is a controller implemented in a femto
BS and thusd andh; in Eq. (9) are estimated values in practice.
The estimation error off may result from network congestion dy-
namics and that of; may come from channel non-reciprocity in
FDD, user mobility, etc. So, we let — d andh; — h; in Eq. (9)
to distinguish them from original one$.

For better understanding of the resultant system, the systans-
fer function is rewritten by applying Eq. (8) to Eq. (6) as

S ier,Di(2)z  aihi(Iin(2) — T (2))

1+ Zlef (2 )azh + ZZE}- D (2)(z%aih; — z*fiiai}{i).
Let’s definel? as the control input t®;, then, ()
Ir(2) = Yicr, W(z)D;(z)z*daihi. (11)
Let E;(z) £ W (2)D; (2)(z~ %ashi—z%aih:), thenE; (z) can be

interpreted as usefs output discrepancy resulting from the errors

8The z-transform ofz (k) s denoted byt (z).

%In de facto cellular technologies, a user can measure chgaimes

to neighboring BSs and report the results to its serving B8s T
report is called aneasurement repoith 3GPP specifications (e.qg.,
UMTS and LTE). The measurement report can be triggered by a
command from the serving BS, upon expiration of a timer at the
user device, etc.
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Figure 5: MTXPC loop diagram

in estimatingd and h;. Then, equating Egs. (10) and (11), and
making a simplification, we get

W (z) = Iin(2) — In(2) = > (W(2)D; (2)ashi + Ei(2)).

i€Fy,

(12)
Based on Egs. (11) and (12), we can redraw the system as iB(E)g.
in which each user has two feedback lines related to estomati
errors with and without a delay component. This dual feellbac
structure provides a certain degree of robustness to tiraaiin
errors ofd andh;. The simulation results in Section 6 show that
the MTXPC loop has a bounded error against up to 100% overesti
mation ofd andh;.

5.1.2 Controller Design

In the equivalent system of Fig. 5(b), the controller outigutot
affected by the delay component. Thus, we can deBignvithout
considering the delay component. To avoid any drastic oharfig
P;, we use an additive increase/decrease to control it as

Pi(k+1) = Pi(k) + AP;(k) (13)
andAP; is controlled by a controlle€’; based ore:
AP;(k) = Ci(e(k)). (14)

Suppose thaf’; is a linear controller. Then; is expressed in the
z-domain as

——1 e(z).

LetC; = ¢;C whereg; is a user-specific constant determined based
on the user priority and control policy” can be any type of con-
troller. For simplicity of presentation, we defiqg= aihigqi.

Pi(z) = Di (2)e(z) = (15)

i€EFu

5.1.3 Stability Analysis
As a special case, we consider a Pl controller [15]Faas:

C(z) = H

where Kp and K are constant® For thisC, we investigate sta-

KP+KI(1—Z7 (16)

°The transient behavior of a Pl controller is known to be galher
more stable than a PID controller in the presence of noisds Th
is because the derivative action of a PID controller is giesto
noise and causes jittery output. In the femtocell contraitem
considered in this paper, there are several noise souraeb, as
other macrocells’ interference, the gap between the maxirmiX

bility and convergence to the optimal point under time-uagyand
unpredictabley, Iy ande.

PrROPOSITION 2. With accurately estimatedlandh;, the MTXPC
loop is stable if and only if

0< Kp<2/Q, 0<K; <4/Q —2Kp.

PROOF Without loss of generality, in a discrete-time system,
an arbitrary time-varying signaX can be modeled as a piecewise
constant model:

- 75) 17)

k)= Xo; Lk
j=0

where 1(k) is the unit step functionX,; € R, andr; a time
lag. WhenX (k) is input to a linear system, the output becomes
a linear combination of the system outputs X§ ; - 1(k — 7;)

for V4. Therefore, the problem for an arbitrary input is reduced
to that for a step input with an arbitrary amplitude. dfand h;

are estimated accurately, the control system becomes aguiv
to that in Fig. 5(b), whereIy!(2) = Q<% e(2) — £(2)
QL (In(2) — Int(2) — 2%13%(2)) — (). Thus, the system
transfer function is

I(z) = IMé(z))-FZdI;q(z)
- ch h(z)+ é(z)Q( I (2) —€(2))
(18)

from which the system characteristic equation is obtaireed a

22+ (QKp+ K1) —2)z—QKp +1=0. (19)

The system will be stable if and only if all roots of the chaedistic

equation are inside the unit circle. According to the Just tﬂaS],

this condition is met for the characteristic equat'tt(lz) =22+

c1z+cawhenl —¢3 > 0andl — ¢3 — (011#“2) > 0. From the
€2

first condition,

1—¢;=QKp(2—QKp) > 0. (20)

power and the actual one, etc. Thus, a PI controller is bsttiéed
for our problem.



If QKp > 0,0 < Kp <2/Q.If QKp < 0, Kp > 2/Q and no
feasibleK p exists. From the second condition,
Q'Kp(2 - QKr)* — Q*KB(Q(Kp + K1) —2)* _
QKp(2-QKp)
(21)

which reduces tq2 — QKp)? > (Q(Kp + Kr) — 2)? since
0< Kp<2/Q,and henc® < K; <4/Q —2Kp. [

PrRoPOSITION 3. The MTXPC loop converges to the optimal
point, i.e.,e — 0, under unpredictable and time-varying,, I/
ande.

PROOF The transfer function of(z) is obtained as

e(2)= Lin(z) — In(2) — Ir(2)
=Lin(z) = In(2) = Y, p, aihiDi(2)z" %e(2) — £(2)

> ier,aihi D (2)27¢
- (1 1+ g:iefuaihiD; (z)>(1th(z) —In(z) —e(z))
(22)

where the second and the third equations follow from Eqsag®)
(8), respectively. Provided the MTXPC loop is stable (byngsihe
parameters within the range obtained in Proposition 2)owtiog
to the final value theorem [15], the final value ©in the time do-
main, denoted by.., is obtained ag.. = lim,_1(1 — 2~ ')e(z).
Since an arbitrary input of . (z) — In(z) — €(z) can be mod-
eled as the sum of piecewise step functions, we only needeitkch
convergence for a single step input, |<ZeiL1J Applying the final
value theorem to Eq. (22),

€oo= liml(l — 2z Ye(2)

. Zie]—‘u althz* (z)zid ZXO,J‘
14+ ZZ-E]_-“ aih; D} (2)

Zie]—‘u a;hiCi(z)z~¢

z—1+ Zie]—‘u aih:C;(z)

=lim(1—-2z""[1

z—1

= 111“[11 Xo,j <1 —

z—1

where the third equation follows frob; (z) = C;T(Zl) The above

result is applicable to more general types of controflér) than
Eq. (16). O

Finally, in the original system of Fig. 5, using Egs. (9), X&hd
(16),

Pi(z) = Di(2)z %e(2)
gi(QrQ ' — Kpz~") -2 %(2)
z+ QK —2— (KPQ — 1)271 —_ QKzfdﬂ + Kp@Zf‘i*l
R . . . (23)
whereQ = >~ a;higi andQx = (Kp + K1)Q, and thus7;
is obtained in the time domain as

Pi(k+1) = 2= Qx]Pi(k) + (KpQ — )Pi(k — 1)
+QxPi(k —d) — KpQPi(k —d —1)
+qiQrQ te(k —d) — giKpe(k —d — 1).
(24)

5.2 TSINRC Algorithm

The goal of the TSINRC algorithm is to allow femtocell users
to reach aNash equilibrium[16] in a fully-distributed manner by
solving P2. We first define the utility function of femtocell users
and then show that the solution 82 is a Nash equilibrium. Fi-
nally, we develop an instantly convergent algorithm to ecaithe
target SINR.

Let us define the utility function of femtocell useas
ui(pi,vi) = g(Vir @i) — piaihipi (25)

which follows the general form proposed by Ji and Huang [9].
In the femtocell problem, the first and second terms of RHS in
Eq. (25) can be interpreted as a reward for utility gain andraafty
for interference to macrocells, respectively, as pointeicby Vikram
et al. [4]. Here,p; and~; have the following relationship:
A hz},S(z‘)pi

Ii(p-:) (26)
where S(i) is useri’s serving femto BSJi, and I% are the UL
interference levels to femtocell usedue to macrocell users and
other femtocell users, respectively;-; is the TX power vector of
all but femtocell uset, andI;(p—;) indicates the UL interference
plus the thermal noise uséexperiences.

For g, we consider the following family of utility functions pa-
rameterized byy > 0 [17]:

g(v,a) = { (1- O‘)ilx(%a)lia

log z(,a)

wherex (v, a) is the throughput achieved by SINRand activity
factora. In particular, ifa = 0, g reduces to throughput. & = 1,

proportional fairness among competing users is attairfed;

2, then harmonic mean fairness; andoif — oo, then max-min
fairness [18]. We consider the Shannon’s channel capadgifgtion
for x, i.e.,z(y,a) = aBlog,(1 + ~), with channel bandwidtiB

[19]. We simply denoter; = x(v;, a:) andg(xz;) = g(vi, ai).

_ hi,S(i)pi
Iy + Iy + 02

Vi

a#1l
o =

e

PrRoPOSITION 4. A Nash equilibrium exists in the non-cooperative
game ofP2.

PrROOF From [20], a Nash equilibrium exists iR2 if

C1. the feasible region op is a nonempty, convex, and compact
subset of some Euclidean spd&@“; and

C2. u; is continuous irp and quasi-concave in; for Vi € F,.

We show thatP2 meets the above two conditions as follows.

The feasible region op is {p|0 < p < P}, thus meeting the
first condition. It is straightforward to show th&t,; /9v; > 0
and 9%u; /9y < 0, which confirms that, given fixeg:, u; is a
monotonically increasing concave upward functionnef Like-
wise, given fixedy;, u; is @ monotonically decreasing concave
downward function of; sincedu;/dp; < 0 andd?u;/dp;? > 0.
Therefore,u; is quasi-concave ip;. It is also clear that; is con-
tinuous inp. [

Based on the result in [9], if a Nash equilibrium existsR2,
the equilibrium should satisf9u;/0p; = 0. du;/Ip; is obtained
from Egs. (25), (26), and (27) as

ou; _dg dx; dvys

= — piaih;
api dmi d’yi dpz‘ H (28)
_d9 B hsw o
dz; (log2)(1 +v) Li(p—:) "~ "
Let us define a functiof/ as
’
H(yye 9@ (29)
) = Tog2)(T +70)
Then,du; /dp; = 01in [0, ;] yields
- 1 (pihilie—9) ] hise P
Vi = mln{[H ( Bh; s(i) )] P Ii(p—i) } (30)



Based on this result, we design the TSINRC algorithm as

+
I+1 . _ Mhﬂi(pgz;) hi s Pi
72.( ) — min { {H ! ( Bhisc) — (31)

L")
WhereL-(p(f)Z.) indicates the interference observed in iteration in-
terval I. For example, ifa = 0 for throughput maximization,

1 -1 1

for proportional faimessH (y) = [aiB(1 + vi)log(l + )] *
and H™'(y) = L[aiByW(;75;)]”" — 1 wherelV denotes the
Lambert'sW function andZ = In(10).

The sufficient condition for the TSINRC algorithm to converg

to~; in Eq. (30) is stated as follows.

PROPOSITION 5. y1; = M '(p—s) is a sufficient condition
for convergence of the TSINRC algorithm.

oy -1 _ —1 Hi’LiIi(Pg) s
If pi = Xl (p—i), H™( Bh;, 5(4) ) = H (Bhi,S(i))

becomes a constant. Therefore, the TSINRC algorithm immedi
ately converges tg; . Intuitively, u; = \;I;'(p—;) means giving

a less penalty to users who are suffering higher UL interfege
Due to the nature of immediate convergence under this gettie
TSINRC algorithm can operate asynchronously with the MTXPC
algorithm.

5.3 ITXPC Algorithm

The TSINRC algorithm tracks the target SINR by controlling
the instantaneous TX power of a femtocell user. The conyr&! s
tem is simply expressed as Eq. (26), which has a nonlinear rel
tionship between components. For analytical tractability need
to linearize the relationship. We first take the log of bottesi
of Eqg. (26) and a log change of variable%;ﬁs(i) = log h; s(iys
p: = logpi, Li(p_:) = logLi(p_:), and consequentlyy;, =
logv: = ﬁi’s(i) + pi — Ii(p_:). Then, we replace the original
error functione; = ~; — ~; defined inP3 with ¢; = % — Y.
Clearly,e; — 0 if and only if e; — 0, making the modified prob-
lem valid.

Due to the bursty nature of the UL interference to femtocéis
controller should guarantee that the TX power convergelowit
overshoot or oscillation. We adopt an additive increasa&ise
control forp;:

pi(t+1) = pi(t) + Kiei(t) (32)

where K is constant. Then, the system transfer function is

z—1

(77 (2) + Li(p-i)(2) — hi,s(i)(2))

(33)
and, by applying the inversetransform, the time domain response
to an arbitrary step input is simply obtained as

éit) = Xo(1 - Ki)*

E(z) =

(34)

where X, is the step input amplitude. Therefore,Oif< K; <
1, e; converges without overshoot and oscillation, and so does
It also implies that the ITXPC algorithm converges agaiimset
varying target SINR, UL interference, and channel gain iievéh
measurement error). Finally, the time-domain expressibthe
algorithm is given as

pi(t+1) = 107D = p(¢) - 10550, (35)
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Figure 6: Step response of the MTXPC loop
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Figure 7: Performance of the MTXPC loop under correlated
Gaussianly (Q=1,d=5)

6. EVALUATION

To evaluate the effectiveness of CTRL, we first investighte t
performance of each control loop in controllable environtse We
then simulate multi-cell networks in more realistic envineents.

6.1 Evaluation of Control Algorithms

The MTXPC algorithm has two configuration parametdss;
and K7, which dictate its convergence behavior. Fig. 6 shows the
response of the MTXPC loop to the step inpiits(0) = 1 and
In(50) = 1when@ = 1 andd = 5. The MTXPC loop is
shown to converge only after going through a short transieate,
with Kp and K; values in the range specified in Proposition 2.
As K p increases, MTXPC becomes more responsive, but exhibits
overshoot and oscillation with too high'p. A similar trend is
observed inK; while the convergence becomes slowAif is too
small (= 0.01).

The error performance’[|e|] (averaged over time) of the MTXPC
loop against a time-varying macrocell load is plotted in.HigThe
macrocell load is modeled as a correlated Gaussian randdm va
able with autocorrelatiop. The figure shows the trend that the
error increases as the load changes faster (highehe load has a
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Figure 8: Cumulative distribution of a femtocell user’s target
SINR (o« = 0) and the error performance of the ITXPC loop
against bursty interference

larger deviation and the feedback delay gets longer. Isis sfhown
that the MTXPC loop is stable (i.e., bounded error) agaipstau
100% overestimation of) andd. Surprisingly, a higher estima-
tion error of Q) leads to a slightly better error performance. This
is because a largep enhances the loop’s responsiveness. How-

ever, whenQ) increases beyond a certain point, the loop becomes

unstable and diverges.

The left figure of Fig. 8 shows the cumulative distributiomdu
tion (cdf) of the target SINR determined by the TSINRC loopewh
femtocells (each with a single user) are uniformly disttéalwithin
a circular macrocell ande = 0. The cdf is shown to depend
strongly on\. Therefore, an inappropriatevalue can cause fem-
tocell users to have too high target SINRs, generating higgr-i
ference to macrocells. This configuration problem of theNFSC
loop is complemented by the MTXPC loop. The right figure shows
the time-averaged error performanég|e;|] of the ITXPC loop
while K is varied. The UL interference is modeled as a two-state
Markov chain where interference exists only in an activéest@ihe
idle-to-active transition probability™ ; is fixed at 0.5. Then, the
active-to-idle transition probability?; o determines the burstiness
of interference K; = 1 means immediate adjustment of TX power
to meet the target SINR in the next slot, and thus achievelsigfe
est performance against less bursty interfererég, (= 0.4), but
lower performance against more bursty interferengy = 0.6).

When K; > 1, the average error increases due to overshoot and

oscillation.

6.2 Simulation of Multi-Cell Networks

As a realistic communication environment, we consider a two
tier hexagonal cellular network comprised of 7 macrocediach
with a single sector. The inter-site distance (ISDj#8+v/3 ~ 866
meters. Macrocell users and femto BSs are randomly disétbu
within 500 meters to the closest macro BS; the angle and e di
tance of each to the macro BS are randomly chosen with a amifor
probability distribution. Unless specified otherwise, hiit each
macrocell, the number of macrocell usekd,(/M) and that of fem-
tocells (/M) are set to 50 and 100, respectively. Each femto BS
serves a single user that is also randomly distributed wigi me-
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Figure 9: Time evolution of I under static (top) and dynamic
(bottom) user traffic patterns
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Figure 10: Probability distribution of I over time under various
user-activity patterns

e macrocell user to femto BS, femtocell user to macro BS (cnrtdo
to-indoor or indoor-to-outdoor link):

h=10"° (107;)0

e femtocell user to femto BS (indoor link):

)4ffilOS/lolo(Li+Lc)/1O.

h— 1037.3.7105/1010Li/10’

wherer is the transmitter-receiver separation distance in mgfers
the carrier frequency in MHzS' the log-normal shadowing factor
with a standard deviation of 8 dB;; and L. are internal and exter-
nal wall losses and set to 2 and 7 dB, respectively, in our lsitioun.
Both macro and femto BSs operate at the carrier frequencybof 2

ters from it. The channel gains of a user to BSs are determined GHz with 5 MHz channel bandwidth. We use slot as the time unit,
based on the ITU and COST231 models which are described asand assume that user TX activities (ON/OFF) and instantsn&X

[21][22]:
e macrocell user to marco BS (outdoor link):

4
h=1 449( T ) 31 S/lO;
0 1000 J710

power change within a sldt. To determine a macrocell user’'s TX
power, we use an immediate adjustment approach corresmptali
K; = linthe ITXPC loop as explained in the previous subsection.

1A slot corresponds to the duration of transmitting a framkich

is 10 or 20 ms in UMTS.
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Figure 11: Cumulative distribution of achieved SINR with and
without MTXPC under different load thresholds

1 05
The targetE, /Ny of macrocell users is set to 7 dB with the bit rate

of 8 kbps. This corresponds to a toll-quality voice call wiitie bit
error rate less tham0 > [23] and the SINR of -20.96 dB. A user's ,
activity in a slot is determined again by a two-state (adiille) 0.04—= . i R P UELP S, i
Markov chain. We fix the idle-to-active transition probityilat B R ol ) 200 e e usergo( o) 120
0.5. The minimum and maximum TX power inherently given to
user devices are assumed to be -50 and 20 dBm, respectivedy. T
feedback intervall" of the MTXPC loop is set to 50 slots. The  Figure 12: Cumulative distribution of achieved SINR under
macrocell feedback delay & (d = 5). We setg; to 1 forVi € different numbers of macrocell and femtocell users
Fu, KpQ and K;Q to 0.5 and 0.2, respectively, atid; to 0.8.

Fig. 9 shows the time evolution af for I;;, = —90 dBm at
the center macrocell wheR; o = 0 (top) andP1,o = 0.2 (bot- 10 i -
tom). 30 macrocell users and 50 femto BSs are distributedéh e 0%
macrocell. In both cases, CTRL convergesIig and thus suc- Universal /
cessfully protects the macrocell’'s UL communication. 8ifit= target SINR
50 slots, the MTXPC loop converges within less than 20 feeklba 0.5
intervals. Under a dynamic user traffic pattern (bottoijluctu-
ates somewhat, but the average is still closé.to(that of the last
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namic user activities is investigated further in Fig. 10.th&ugh 00 T 02 oz os o8 1o S
CTRL achievedl;;, in most of the observed slots, the variance in- Normalized femtocell user throughput Power control step (dB)
creases a# o gets higher, which is somewhat inevitable due to
the delayed feedback. . o

In Fig. 11, we compare the cdfs of the achieved SINRs by macro- Flgurg 13: Cumulatlve distribution of femtocell users’ through-
cell users (left) and femtocell users (right), with and with the putwith the universal target SINR and with TSINRC (left), and
MTXPC loop and for different load thresholds. For resourte u  the average control error with the stepwise power control ad
lization within femtocells without MTXPC, we assume thatyon with ITXPC (right)
TSINRC and ITXPC loops are usef, o is setto 0.2. Two cases of
1.1, are considered (-100 and -90 dBm). The left figure shows that,
with MTXPC, 96% (;5, = -100 dBm) and 74%lI¢, = -90 dBm) of most macrocell users’ services get deteriorated signifizars

the macrocell users successfully achieve their target JINK.96 shown in the right top figure, increasing the number of feralioc
dB) while, without MTXPC, only 8% of macrocell users achieve users degrades their performance as well due to the inct&atee-

the target. These users are those close to their serving@3has femtocell interference. Such performance degradatioewitdcell
have enough room to increase their TX power against excekHiv users is somewhat limited when MTXPC is used. This is because
interference. As shown in the right figure, femtocell useithaut the total amount of the radiated interference from femioesérs

MTXPC achieve better performance than with MTXPC at the ex- to macro BSs is controlled by MTXPC and thus, that between fem
pense of macrocell users’ performance degradation. Onttier 0 tocell users also gets limited to some degree. In the bottgunes,

hand, itis observed that a lower load threshold improvepértor- the number of macrocell userdf, /M) is shown to not affect the
mance of macrocell users while degrading that of femtocsgrst performance much. With MTXPC, the increased number of macro
That is, the load threshold controls the tradeoff betweeorowzll cell users slightly degrades the performance of femtosdtsidue
and femtocell capacities. to the reduced load portion allowed for femtocell users. theo
Next, we study the effect of the number of macrocell and fem- observation from the right bottom figure is that the worstugro
tocell users. The corresponding simulation results aréqdoin of femtocell users get deteriorated considerably as thebeurof
Fig. 12 wherel,), is set to -100 dBm. The left top figure shows that macrocell users increases. This trend results from thee@&sed
CTRL successfully protects the macrocell's UL service rdgss possibility of the presence of nearby macrocell users priodu

of the number of femtocell users. However, without MTXPC, if bursty UL interference to femtocells.
the number of femtocell user$'(M) is increased from 50 to 100, Finally, Fig. 13 shows the effectiveness of TSINRC (leftdan



ITXPC (right) by replacing them with simpler schemes. Fitee IEEE Transactions on Wireless Communicatiord. 8,

left figure compares TSINRC with the case when all femtocell no. 7, pp. 3498 —3509, July 2009.

users employ an identical target SINR (referred to agithieersal [6] H.-S. Jo, C. Mun, J. Moon, and J.-G. Yook, “Interference
target SINRcase). When the universal target SINR is configured to mitigation using uplink power control for two-tier femtdte
60 dB, a significant capacity loss occurs, compared to TSINRC networks,"IEEE Transactions on Wireless Communications
though some femtocell users with poor channel quality eéepee vol. 8, no. 10, pp. 4906 —4910, Oct. 2009.

better performance thanks to the reduced interference.n\ithie [7] L. Ho and H. Claussen, “Effects of user-deployed,

as high as 80 dB, most users experience worse performance tha co-channel femtocells on the call drop probability in a
those with TSINRC and none of them even achieves the target du residential scenario,” Sept. 2007, pp. 1 5.

to the excessive interference. On the other hand, the wal&rget [8] K. Sundaresan and S. Rangarajan, “Efficient resource
SINR of 70 dB seems to achieve balanced performance distibu management in OFDMA femto cells,” MobiHoc '09:
among femtocell users with a moderate capacity loss. Haweve Proceedings of the tenth ACM international symposium on
finding an appropriate universal target SINR is not easy atfice. Mobile ad hoc networking and computingNew York, NY,

It may require the global status information of the netwaslch USA: ACM, 2009, pp. 33—42.

as all users’ channel gains and activity factors. Secontthemight [9] H.Ji and C.-Y. Huang, “Non-cooperative uplink power
figure, ITXPC is compared to the stepwise power-control sehe control in cellular radio systemsyVireless Networks/ol. 4
which is widely used in conventional cellular systems. Asvghin ho. 3, pp. 233-240, Mar. 1998. '

the figure, the average control error of the stepwise coQEgE; |])
is a convex function of the step size, and thus, there existscae,
best step size. However, the best step size may differ féerdif
ent users due to different interference patterns. ITXPQd@w to
achieve better performance than the stepwise control eitbrtive
best step size.

[10] H. Wicaksana, S. Ting, C. Ho, W. Chin, and Y. Guan, “AF
two-path half duplex relaying with inter-relay self
interference cancellation: diversity analysis and its
improvement,"[EEE Transactions on Wireless
Communicationsvol. 8, no. 9, pp. 4720 —4729, Sept. 2009.

[11] Radio Resource Control (RRC) Protocol Specification
(Release 8)3GPP Technical Specification 25.331, Rev.

7. CONCLUSION 8.4.0, Sept. 2008.

In this paper, we have presented a novel femtocell-managieme [12] A. J. Viterbi, CDMA: Principles of Spread Spectrum
framework, CTRL, for cellular networks. CTRL is composed of Communication Addison-Wesley, 1995.
three complementary control loops—MTXPC, TSINRC, and IT%R  [13] K. J. Astrom and B. WittenmarkGomputer-Controlled
that protect the macrocell’s uplink communication, cooate re- Systems: Theory and DesignPrentice Hall, 1996.
source usage among femtocells, and protect the femtoagdls’  [14] J. E. Normey-Rico and E. F. Camacl@gntrol of Dead-time
link communications. Based on the complementary intevasti Processes Springer, 2007.

between the control loops, CTRL enables spatial reuse af-cha [15] G.F. Franklin, J. D. Powell, and A. Emami-NaeiRgedback
nel resources within femtocells without degrading macdiacsers’ Control of Dyrllamic Systerr'IS Prentice Hall. 1994.

performance regardless of the number of femtocells in a otatir p : :
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