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Improving Macrocell Downlink Throughput in
Rayleigh Fading Channel Environment Through
Femtocell User Cooperation

Adem M. Zaid, Bechir Hamdaoui, Xiuzhen Cheng, Taieb Znatjhgen Guizani

Abstract—This paper studies cooperative techniques that rely as frequency fractional reuse (FFR), to address interéeren
on femtocell user diversity to improve the downlink commu- in femtocells. This approach proposes that femtocells use
nication quality of macrocell users. We analytically derive and frequency sub-bands that are different from those used dy th

evaluate the achievable performance of these techniques the Il and is sh o . f d
downlink of Rayleigh fading channels. We provide an approx macrocell, and Is shown to mitigate interference, reducage

mation of both the bit-error rate (BER) and the data throughput ~ Probability, and increase overall system throughput.
that macrocell users receive with femtocell user cooperatn. User mobility and handoff have also given rise to very chal-
Using simulations, we show that under reasonable SNR values |enging issues when dealt with in the context of femtocells.
cooperative schemes enhance the performances of macroselly e mgjor challenge lies in the asymmetry nature of data
improving the BER, outage probability, and data throughput of
macrocell users significantly when compared with the traditonal, rates offered by femtocells a}nd macrocells. The data rates
non-cooperative schemes. offered by femtocell base stations (e.g., offered by braadb
internet access links) are many orders of magnitude higher
than those offered by macrocell base stations (e.g., affere
by 3G/4G cellular links). This can be very problematic for
|. INTRODUCTION femtocell users, which desire to maintain high data rateitewh
EMTOCELLS are low-power base stations with smalpeing handed off from their femtocells to the macrocell.(i.e
coverage targeted for home and small business uses'flgintain data rates that are similar to those received while
2]. Due to their low cost, low power consumption, and to thelreing in their femtocells).
ability to provide high data rates, they have recently atéd In this paper, we propose techniques that rely on user
considerable research attention [3-5]. About 50% of phomeoperation to improve throughput of macrocell useirs
calls and about 70% of data communication are projectedfeantocell/macrocell networks. But before delving into the
be taking place indoors in the next few years [6]. In additiotietails of the proposed cooperation framework, we want to
to offering high data-rates at low power, femtocells camention that although user cooperation has great potential
potentially reduce the traffic load on traditional macradar for improving network performances (as will be illustrated
networks by servicing macrocell users that happen to berunde this work), it also gives rise to several challenges. Wser
their coverage. Femtocell deployment still, however, pnés willingness is one of them. Naturally, if a user does not see
some major challenges, pertaining mainly to interferema aan immediate benefit and reward from its cooperation, then it
handoff [4, 7]. will not cooperate. Other concerns, like security/privaon-

The interference problem arises primarily because femtoerns and resource (e.g., energy, bandwidth, etc.) liimitst
cells are often required to share the same spectrum resoudre also legitimate reasons that make users shy away from
with each other, and with the macrocell which they belongpoperation.
to. Solutions attempting to mitigate interference havenbee Cooperation cannot be forced on users, and therefore, it can
proposed in literature [4,8-10]. In [9], for example, dynam only be promoted by giving users good incentives to do so.
frequency reuse has been proposed to address interferenc&/é want to mention that the focus of this work is not on
dense femtocell networks. The idea is to divide the mactoceboperation incentives, and there are many recently pezpos
into three sectors, where each sector is assigned a freguemechanisms that aim to provide users with good incentives to
band that is different from those assigned to the other twemoperate (e.g., [11-13] to say a few). For example, in [11,
sectors. The authors in [10] propose an interference managg], the authors propose to treat the relaying task as acggrvi
ment approach that too relies on frequency allocation, known which the relaying users get rewarded for their servicdavh

" 4 Mav 10. 20 J § the source, destination, or both get charged for receivieg t
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required to tune their transceivers to the macrocell fraque
band whenever they are idle.

At any given time slot, when the MBS transmits its
modulated signal to a macrocell user (also referred to as
destination nodehereafter), the transmitted signal will be
received by the desired destination node as well as by all
nearby idle femtocell users, possibly belonging to diffiere
femtocells. After receiving the signal, the destinatiord@o
sends an ACK back to the MBS informing it whether the
signal is received correctly or not. This ACK signal will als

e / be received by all femtocell users that are located nearby th
s — destination node, and will also be used by them to determine
whether the femtocell user is close enough to play the role
Fig. 1. Two-tier network architecture of a relay. Depending on their distances as well as on the
channel conditions between them and the MBS, these idle
femtocell users may receive signals with different streagt
erative techniques that improve the received signal qualito enable the cooperative diversity, these intermediate id
in the downlink of macrocell users through user diversityemtocell users will play the role of relays by amplifying
thereby increasing the overall throughput that macrocsrsi ang retransmitting the received signals, one user at a time.
achieve;ii) analyzing and evaluating the achievable downqayving each relay send its signal during a separate time slot
link performances of Rayleigh fading channels by derivingrevents any possible data collision. Note that when theysel
approximations of both the bit-error-rate (BER) and theadagre forwarding the received signals to the destination node
throughput that macrocell users receive under femtocelt ushe MBS can concurrently transmit data to other macrocell
cooperationyii) proposing a relay selection mechanism thafser(s), avoiding then the lost of any transmission opportu
can be implemented in a distributed manner; andshowing nities. In other words, because femtocell cooperation gccu
via simulation that cooperative transmission schemesifisignconcurrenﬂy with MBS’s transmission, the overall system
cantly improve the BER, the outage probability, and the dafigroughput increases, as cooperation here improves egteiv
throughput when compared with non-cooperative techniqueggnal strength, yet without loosing transmission oppuittes.

The rest of this paper is organized_as follows. S_ection Il At the destination node, multiple copies of the original
presents the network model and architecture. Section Hl d@essage are received over multiple time slots. These copies
rives and presents the performance of the proposed cod@eralre then combined via a combining technique at the des-
schemes. Section IV describes the proposed relays selecfifation node to recover the original data. Although vari-
approach. Section V presents the simulation results. lginaly ;o signal combination techniques exist, in this work, the

Destination Node (D)

we conclude the paper in Section VII. destination node uses the maximum ratio combining (MRC)
technique [14] to combine and recover its original data.
II. NETWORK MODEL AND ARCHITECTURE We assume that all channels are slow, flat faded, Rayleigh

) ] o distributed, and mutually independent, and consider BPSK
In this paper, we study the downlink communication of &,,qulation technique.

macrocellular network. As depicted in Fig. 1, we consider a : _
In this work, we rely on the communication between

two-tier network architecture, where a number of femiccl the MSB and the destination to estimate the source-to-relay

deployed within the communication range of a macrocell bagﬁannel, and on the ACK sent by the destination to the MSB

station (MBS). Users located within the coverage range Oftg estimate the relay-to-destination channel. We assuie th

femtecoll base station or access point (FAP) (referred to a . .
. elays extract the source-to-relay channel informatiamfr

femtocell users) are serviced by the FAP, whereas, users tha - ; , . o
rzj MBS transmission during the first, direct transmission

are not covered by any FAP (referred to as macrocell users ht by the MBS. Once the destination node receives the

) S
are serviced by the MBS, first transmitted signal, it sends an ACK signal to the MBS.

In this Work, We propose a technique that enhances MAaCTR- addition to informing the MBS whether the signal was
cell downlink capacity through femetocell user cooperatio ceived correctly, the ACK contains the relay-to-desiima

) ) . i T
Th_etldea 1S t_)da}sefd Ort] the”fact tha:hattanyglvctar;)t|me, ther_etn(;l E\annel information which the destination extracts based o
XISt Some Idie Temlocell uUsers that are not being Serviged g, previous signal received from the relay. Relays use this

their FAP, due o, for eg., not having any data_to reCEIVECK to estimate the relay-to-destination channel.
and/or the FAP is busy servicing other users. In this casge, an

nearby macrocell users that happen to be receiving data from

the MBS can rely on these idle femtocell users to help inereas

its received signal quality through cooperative diversity [ll. BER ANALYSIS

other words, during their idle periods, femtocell users can

play the role of relays to improve the quality of the MBS’s In this section, we derive the BER performance of the
signals intended for and received by macrocell users. To dmposed cooperative scheme by first considering single-us
so, those femtocell users that are willing to cooperatetsr t and then multiple-user scenarios.
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A. Single-User Case where (*) represents the complex conjugate. From Eq. (4), it

We begin our analysis by considering the single-user cagél,JOWS that the SNRy, at the output of the MRC combiner

i.e., only one macrocell user is being serviced by the MBS n
For this, we first derive the conditional bit error probétili Y=m"p + Z
under cooperative diversity as a function of the instartase i=2
received signal to noise ratio (SNR). Then, we derive the-avevhere v, p represents the SNR of the component received
age BER from the calculated conditional bit error prob&pili through the direct path (i.e., from MBS ), v1; represents
by taking into consideration the distribution of the reeeiv the SNR of the signal received at relay nodeoming from
SNR at the receiver node. D, andv;p represents the SNR of the signal At coming

1) Conditional BER DerivationLetting n denote the num- from relay nodei. Note that the SNR at the output of the
ber of transmitters (i.e., the MBS plys—1) relays referredto MRC combiner is the sum of all received signals’ SNRs.
as nodeg, 3,...,n, as shown in Fig. 1), the BPSK modulatedherefore, the conditional bit error probability,(E/v) of
signal sent by the MBS and received respectively at thiee cooperative scheme can be expressed as [15].
destinationD and at node at time slott can be written as

Y1iYiD (5)
Y1i +7ip +1

_ . Y1i7YiD
y1p(t) = hipV/ EpSi(t) + Wp(t) @) iEn) =@ \J e ; Yii +vip + 1 ©)
y1i(t) = hii/ EpS1(t) + Wi(t) @ where y;; = Ml’Ei () is the standard Gaussian error

where E, is the bit energy sent by the MBS (i.e., node 1function, ando?; is the noise variance, i.e., the one sided
Si(t) € {—1,+1} is the BPSK bit codely; ~ CG(0,94;) is hoise power spectral density of the Gaussian noise observed
the complex Gaussian channel between the MBS and nod@t the receiver. o

fori =2,3,..n, hip ~ CG(0,Qp) is the complex Gaussian 2) Average BER Derivation:The average BER of the
channel between the MBS and the destinationiv; (¢) and received signal at the output of the demodulator can be
Wh(t) ~ G(0,0%) represent the Gaussian noise observed @fPressed as [16]

nodei and the destinatio® at time slott. Q1;, Q1p, ando?, ©
are the corresponding variances. By(E) = /0 Py(E/v)Py(7) dv (7)

During time slott + 1, node 2 (the first relay) amplifies itswherePb(E/y) is the conditional bit error probability given

:_eceivleotl sig2nal agd;hi? forwar(lls itlto the dei_?_tina_iionjrigjr in Eq. (6), andP, (v) is the probability density function (pdf)
ime slot¢+2, node 3 (the second relay) amplifies its receive the SNR at the output of the MRC combiner [16].

signal and then forwards it to the destination, and so doesBy using the integral form of the)(.) function [15], it

node 4 (the th'r,‘?' rellay) du_nng time S.|®t+ 3, and so f_orth. follows that the BER of the cooperative scheme can be written
Therefore, nodé’s signal will be received at the destlnatlona

. . .. S
D during time slott + ¢ — 1, and is given by

1 oo pmw/2 o
rE == [ [ pe s @

Since the conditional BER of the cooperative scheme is a
fori =2,3,...,n, whereWp(t+i—1) ~ G(0,0%) represents function of the total SNR (the sum of all branches’ SNRs),
the Gaussian noise observed at the destinaflozt time slot Eq. (8) can be rewritten as

yip(t+i—1) = azhip (hlz‘\/Fbsl (t) + Wl(t)> +Wp(t+i—1)

(t+1i—1), ande; represents the amplification factor of node 1 (2 1
;, which can be written as Py(FE)=— M, |———==)db 9
i o= [ 1D () ©
o = L whereM.,,, is the moment generating function. It then follows
E|h1i)? + 0% that the probability distribution of the two-hop path SNRhca

. . .. be written as
where E; is the bit energy sent by node At the destination

node, all received signals are combined (using the MRC py(7) = e 7:::;1/7[’)(“{%2 | — 1 (10)
technique) at timdt 4+ n — 1), and can be written as 2K0\/%)U(7)
n where¥1; and ¥;p represent the average received SNRs at
Your(t +n —1) = Zwiyz‘D(t +i-1) (©)) relay nodei and at the destinatio®, respectively,K, and
i=1 K are the zeroth and first order modified Bessel function, and

where w; represents the weighting factor of tié signal, U(v) is the unit step function. Eqg. (10) can be approximated
which, in general, is equal to the complex conjugate of tH& [17]
square root of the signal received power divided by the noise

(1 1 —(%-%%)7
power. Thus, the combined signal can be expressed as P+(7) & <E + %D> e (11)
Youn(t+1—1) = hTD;/ETle(t)_i_ The pdf of the one-hop path SNR, on the other hand, is
N 4 |
n VB (i1 ) py(7) = —e 7" (12)
)y

=2 57 (a2 lh,p| 241 V1D
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By substituting Egs. (11) and (12) into Eq. (9), the BERreviously, one at a time. The two-hop path signal receited a
becomes destinationD at time slott + ¢ — 1 can then be written as

/2 SinQ n Sin2 i i— — a;h; ; . 7S,

T sin20 + y1p ) ++\ sin0 + F1ip JET;
=2 Wi} + Y hipVE;S;(t+i—1)
where o J€Ip,
= o — %D +Wp(t+i—1)
Y1iD i+ Yip (17)

. . hereZp, represent the set of users whose transmitted signals
For comparison purposes and completeness, we mcludei e i

expression of the BER of the non-cooperative (traditionasq erfere W'th the reception at t_he destmaﬂﬁhdurmg time
ot (t +4 — 1). At the destination node, multiple copies of

scheme, in which the MBS sends its signal directly to ﬂ}%e same signal will be received at different time slots,alhi

destination node; i.e., there is no cooperation from th_d_diemwi” then be combined using the MRC technique as done in
cell users. The pdf of the one-hop path (source-to-degtimat :
tthe single user case.

SNR is expressed as in Eq. (12), which, after being substitu The BER derivation in the multiple user/interferer case is

In Eq. (7), yields a BER that is equal to very challenging, as it requires the statistical propsmieeach

1 D interference component. In order to simplify the BER anialys

2 Sip + 1 (14 when cooperative diversity is applied, we propose the use of
the central limit theorem (CLT) instead. For a large number o
interferers, using CLT, the sum of all interference compuse
can be approximated as a Gaussian random variable with mean
and variance equal to the sum of the means and variances of

We now study the performance of cooperative diversity iithese components. Using this approximation, Egs. (15) and
a multiple-user environment, where multiple macrocellrase(16) can be approximated as
and femtocell users can all be active in the network. Recall

Py(E) =

B. Multiple-User Case

that the system being considered in this work is two-tierttem yip(t) ~ hipV EpSi(t) + X1p (18)
cell/macrocell networks, where femtocells and macrocais y1s (1) ~ hiVEpSi(t) + X; (19)

assumed to communicate over two different frequencies€eSin
each FAP serves multiple femtocell users, each FAP religereXip ~ 35,7 hjp\/E;S;(t)+Wp(t) is a Gaussian
then on a multiple access technique (e.g., TDMA) to allow@ndom variable representing the approximation of the stim o
multiple users to share and use the same frequency. Now witké interference components and the white Gaussian noise at
a femtocell user chooses to cooperate, it does so through e destination node during the direct transmissiinp has
macrocell frequency so as 19 avoid interference with other @ zero mean and a variance equaling the sum of the Gaussian
femtocell users and) can communicate with the macrocelinoise varianceoy;, and the variance of the interference
user which will be tuned on the macrocell frequency. components. SimilarlyX; ~ Y. ;. hji\/E;S;(t) + Wi(t)
Similar to what was done in Section IlI-A, we first derivdS @ Gaussian random variable representing the sum of the
the conditional bit error probability under cooperativeatsity hoise and the interference at relay nodeluring the first
as a function of the instantaneous received signal to iterftransmission.
ence and noise ratio (SINR). Then, we derive the average BERFollowing the same approach, the two-hop received signal
from the calculated conditional bit error probability bykileg ~ given by Eq. (17) can be approximated as
:jnégtic;]oar;zﬂer:ig? the distribution of the received SINRhat yin(t+i—1) ~ aihip (hli\/Fbsl )+ Xi) L Xip (20)
1) Conditior_lal BER Deri_vation.:When consideripg multi- whereXip ~ Y7, hyi/E;Si(t+i— 1)+ Wp(t+i—1)
ple users sgttlng, the rgcelved signals at relay r_todad al s a Gaussian random variable which represents the approxi-
the _destlnauon nod®, given by Egs. (1) and (2) in the CaSEnation of the sum of the interference at the destination and
of single user only, become the white Gaussian noise during time s{ot- i — 1).

yin(t) = h1D\/E_bS1(t)+Z th\/ESj(t)JrWD(t) (15) The signal at the output of the MRC becomes then

J€1p, yout(t +n— 1) ~ h;‘gfmle(t)
1D
n a:h’{ith\/ﬁ ) .
yli(t) = h1i\/ EpS1 (t) + Z hjm/ Eij (t) + Wz(t) (16) + Zi:Q o2a2|h;p|? 402, le(t +1 1)

J€Li and the received SINRy, is expressed as
whereZp, andZ; represent the sets of users whose transmitted n p1ipiD
signals interfere during time sldtwith the reception at the p=pip+ Z it 1 (21)
destinationD and the relay nodé respectively. i=2 1 P

Once the relay nodes receive the signal transmitted by twherep;p represents the SINR of the direct signal from the
MBS, each relay amplifies its received signal and forwarddBS to the destination nod®. p;; represents the SINR of
it to the destination node in a timely fashion as describade signal sent by the MBS and received at relay ngdd
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pip represents the SINR of the signal sent by relay nioaled values, the candidate relays broadcast and share theinelsan
received at the destinatioR. Note that the total SINR#) at values among themselves, so that to allow each relay to
the output of the MRC has a similar form of the received SNBompare its channel values with other relays’ values uhél t
givenin Eq. (5). Therefore, the conditional bit error prbllity  optimum decision is made. This approach, however, assumes

is that candidate relays can hear each other, which may not be
” true in practice. If relays can not hear one another, two aemo
P1iPiD ! issi i i i
Py(E/p) =Q pip + Z _ : (22) rglay nodes trans_m|S_S|ons might collide while forwardthg
— P1itpip+ 1 signal to the destination. In [21], the authors propose a MAC

o ) protocol with distributed relay selection. The idea is tivaen
2) Average BER DerivationBecause the interference atne channelllink between the source and the destinatioasiod

the receiving nodes is approximated as a Gaussian rand@my,or 3 relay is selected in the vicinity of both nodes via

variable, the SINR distributions of the one-hop signal el t yisiibuted contention process to replace the link by a hwp-
two-hop signal have similar forms to those given in Egs. a@ath with a better channel condition.

and (11), respectively. As a result, the average BERE), ~ approaches that rely on Q-learning [22] and Genetic Algo-

has a similar form to the average BER given in Eq. (13), whighyms [20] to provide a solution approximation have alserbe
can be written as (after some algebraic manipulations)  55h0sed. These techniques do not require coordination, as

1 [™/2 $in26 n sin20 they try to estimate the relay solution in a distributed menn
Py(E) = ;/ (W) H <W) df  There have also been proposed relay selection approaahes fo
0 D/ iz prib (23) Other channel models, such Nakagami [23] and MIMO [18,
where 24]. Our work focuses on the Rayleigh channel model, and
_ _ _Pupip proposes a deterministic relay selection approach fordgly!
pLip = P1i + piD channels that is fast and incurs very little overhead. The

approach is described as follows:
IV. RELAY SELECTION APPROACH

In this section, we propose an approach for selecting tfﬁ;(%elay selection.The first step consists of filtering out the

set of idle femtocell users that will play the role of relayin ays whos_e cooperat_lon is likely not to be beneficial to
Eie destination. For this, we use the two-hop (MBS-relay-

the MBS's transmitted signal to the destination node. A estination) SINR metric as the basis for deciding whether a
mentioned in Section Il, when the signal is sent by the MBS, elay is beneficial to the destination, where the two-hopFSIN

number of idle femtocell users will receive it as well. Amon ¢ the destination i ) ously derived in Eq. (21
these idle femtocell users, only a small set of nodes widyrel e destination is again (previously derived in Eq. (21))

it to the destination node. This set is to be determined by the og = P1iPiD
M . . . age eq —
destination node as will be explained later. Intuitivelyy &in T pri+pip+1

efficient implementation of cooperative diversity, the 88do e then require that all candidate relays whose two-hop
be selected for relaying should be the ones that can pravéde §|NRs fall below a minimum required SINR threshold be
best possible performance, and the selection processtsheul fijtered out and not considered as relays. More precisety, th
smooth and should incur no (or minimum) overhead. idle femtocell users that can be considered as candidatgsrel

_In the traditional cooperative diversity literature, ONBNC for 5 particular macrocell user are those whose two-hop SINR
find several different protocols for relays selection [18}-2 gatisfy

In [18], for instance, the relay providing the highest miNEI
among all possible relays is selected. This selection gce
is performed by the destination node, and requires feedbaekere p,},,,;,, is the min SINR threshold that is to be chosen
exchange among the source node (i.e., the MBS), the candidat the destination. The verification of the inequality given
relays, and the destination node. This feedback providels ein (24) is carried out by the idle femtocell users themselves
candidate relay with knowledge about its forward and bacBut in order to enable each idle femtocell user to calculate
ward channel values, which is done in three exchange st¢psits corresponding instantaneoys, value, each user/node
the source node sends a sequence to the relays to allow theis teequired to have knowledge of its backward channel, its
determine their backward channel valugseach relay sends forward channel, its experienced interference level, drel t

a sequence to the destination node to allow it to determine iiiterference level experienced at the destination nodethig
channel value towards the relay, aBgthe relays broadcastwe assume that relays can extract their backward channels
the information they obtained during the first step to both thvalues from the MBS transmission during the first, direct
source and the destination nodes. The question of how ea@nsmission sent by the MBS. Once the destination node
relay uses the feedback channel to send its sequence todbeectly receives the first transmitted signal, it senda@K
destination node so that it can estimate thin{pi;,p;ip} signal to the MBS to inform it that the signal/packet was
value needed for the selection decision has not, howewvageived correctly. In this work, we assume that the ACK
been addressed, and reaching such an optimal decisiorsighal has three extra roles besides informing the MBS about
likely to incur more transmissions/overhead. Unlike in][18the signal’s successful receptioh} it informs the MBS and

the authors in [19] propose that relay selection be madedy idle femtocell users about whether the destination node opt
relays themselves, not by the destination node. They stigdes the cooperative diversity scheme (this decision is made
that after determining their forward and backward channelse destination node, and is purely based on the signaltguali

Pthmin < Peq (24)
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that it receives from the MBSR) it informs idle femtocell 10° : ‘ 4 i _
users about the interference level at the destination reotk, e St | —=—Cooperative {n=2)
3) it is used by idle femtocell users to evaluate their forward : ——Cooperative (n=3)
channels values. Therefore, after these two transmisgi@n M
. T o . ; 1S —=—Non-cooperative
MBS's first transmitted signal and the destination node'sKAC - -
signal), all idle femtocell users can determine theijy values.

Relaying order. Now, we describe the order through which
selected relays, if ever needed, should amplify and forward
their signal to the destination node. Intuitively, we wahné t
relays to be ordered according to their SINR values; i.e., ) ; , e
the relay with the highest SINR is to start first, the relay 5 10 5 20 o5 30
with the second highest SINR is to start second, and so on. Average received SNR

For this, we propose that each selected relay (i.e, each idle

femtocell user whose SINR satisfies Inequality (24)) setsF&. 2. BER of the non-cooperative and cooperative schentenwelay-
back-off counter as soon as it receives the ACK Signal fromdestination SNR=10dBs for different values of the nhumtferelays.
the destination node. The back-off counter is set to a value

that is a decreasing function ak = — .. once . .
all back-off counterg are set. each sepléz:te é) t:enfé; dec I,[Bmecr%)operatlon of femtocell users as described above, and when

its back-off counter by 1 for every idle time slot, and Wheﬁooperatlon is requested, the destination node can alsdedec

the counter reaches zero, the selected relay starts rglay%] how many relay nodes should be used.

the signal to the destination. The idea here is that because
the higher theA value; i.e., the greater the SINR value, the
sooner the selected re|ay starts re|aying the SignaL dateli In this SeCtion, we use MATLAB simulations to evaluate
relays with higher SINRs start relaying first. When the firdhe effectiveness of the proposed techniques. We evaluate
relay (n=2) starts forwarding its signal to the destinatiode, and analyze the performance of cooperative diversity fost f
other candidate relays must freeze their back-off countetis  the single user case and then for the multiple users case.
the first relay finishes its transmission. Once done and thB8€ studied performance metrics are the bit-error rateagmit
forwarded packet is received correctly at the destinatiosien Probability, and network throughput.

the destination node sends an ACK signal to the first relay

and to all nodes in the network to infornh) the first relay A. Single-User Case

that the deStination nOde haS received the forWarded mssaQNVe now focus on the Single user case, and evaluate the per-

correctly, and) all other candidate relays and the MBS aboubrmance in terms of the achievable BER and data throughput
whether more relaying is needed. In the event when mQigder both the cooperative and the non-cooperative schemes
relaying is needed, then the second relay is to be chosemga consider studying the impact of the number of relays
the same back-off process basis. That is, the relay whose bags well as the impact of the source-to-destination and the
off counter reaches zero first becomes the second relayhwhig|ay-to-destination SNRs on the achievable performarioes
starts forwarding the signal as soon as its counter rea@tes Zthjs simulation study, we assume that all relays’ backward
This process repeats so long as the destination node cellsdfannels and the source-to-destination channel experienc
more relaying. Like in most back-off mechanisms that aim @imjlar conditions, meaning thatip = J12 = ... = Fin.

resolving medium access contention, when collision happefye also assume that all relays’ forward channels experience

here, that collided signal is ignored by the destinationenodsjmilar conditions, meaning thabp = ¥3p = ... = Fnb.

Note that although the number of relays is to be determingfis assumption is reasonable, since candidate/selesimgsr

by the signal quality threshold set by the destinationfitsel are likely to be located within, roughly, an equal distarcerf

can also be determined by the delay, and when the delawia MBS and from the destination node.

judged high, the destination can limit the number of relays t 1) BER Analysis:Fig. 2 shows the BER performance as a

a small number. function of the average received SNR (which is the measured
The destination node also implements and relies onSAR at the destination) when the relay-to-destination SNR

timeout mechanism to resolve the case when no more relaygue is 10dBs for various numbers of relays (note: the numbe

are available. That is, when the destination node receiges# shown in the figure represents the number of transmitting

relaying signal within a timeout period, it then assumes thaodes; i.e., ¢, — 1) relays plus the MBS). The figure shows

no relays are available, and hence, it recovers its sigre#iathat as the received SNR increases, the BER decreases for

on the signals it received so far. all schemes, but the decrease is more pronounced under
It is important to mention that this relay selection apptoadhe cooperative scheme. We also observe that for different

does not incur extra transmissions. In addition, it is cle&NR values, the greater the number of relays, the lower the

that the destination node is the one that decides whetlg#R. The BER whem = 3, for example, is smaller than

cooperative diversity should be applied. This decisioreisdal that obtained whem = 2, and the BER obtained when

on the needed signal quality at the destination node. Ifadrign = 4 is smaller than that obtained whem = 3. For

signal quality is needed, the destination node can reqghest tompleteness, we presentin Fig. 3 these same results bat whe

Bit error rate

V. PERFORMANCEEVALUATION



ZAID et al. IMPROVING MACROCELL DOWNLINK THROUGHPUT IN RAYLEIGH FADING CHANNEL ENVIRONMENT . . . 7

0 -
0 e T T S5 1 : :
........................................ inni —«—Cooperative (n=2) [ o —=— Cooperative (n=2)
o —=—Cooperative (n=3) = —=— Cooperative (n=3)
10 : Cooperative (h=4) D108 ;
o S e P ! 5 Cooperative (n=4)
L] fNon-cooperatwe e —e—Non-cooperative
= 107% ' £ 06 : '
o el
Pt e
o 10° D gql
) . g 0
= —
m 4]
107E £ 02t
-
5 % B o O 4 / i3
10'5 L i i i Z o] PRy i L L
5 10 15 20 25 30 0 5 10 15 20 25 30
Average received SNR Average received SNR
Fig. 3. BER of the non-cooperative and cooperative schentenwelay- Fig. 4. Throughput of the non-cooperative and the cooperasichemes
to-destination SNR=2dBs for different values of the nhumblerelays. when relay-to-destination channel SNR=10dBs
=
the reIay—to-destination SNR value is 2dBs. We obsgrvelsimi g_ —w—Coopstaive D)
performance behaviors also when the relay-to-destin SR -g) —=— Cooperative (n=3)
is reduced to 2dBs. Though expected, the gap in BER between 35 08 GIOBERARGE ) ™
that obtained under the cooperative scheme and that otitaine £ hicn-coopseative., |/
under the non-cooperative scheme gets smaller as the relay- == %/
to-destination channel quality degrades. 8
2) Throughput Analysis:We also evaluate and compare N Wt
the data throughput achievable under the cooperative and T
the non-cooperative schemes. For this, we consider that the g 0.2¢
MBS has an infinite stream of packets each of length o _ /
bits that it desires to send to the destination node. We < 05— D T 1. 20 25 30

el

define the throughp_ut as the ratio of the tot_al n_umber of Average received SNR

successfully transmitted packets (expressed in bits) & th

total time needed to deliver those packets. We assume thgt 5.  Throughput of the non-cooperative and the cooperatchemes

a packet is successfully transmitted when all of ftsbits when relay-to-destination channel SNR=2dBs

are received successfully at the destination. The throutghp

of both the cooperative and the non-cooperative schemes is o

C(1—P,)E whereC is the capacity of the channel in bits pe,other hand, as the relay-to-destination channel worsegs, (e
second, and?, is already derived in Section Il (Eq. (13) forwhen the relay-to-destination channel SNR is 2dBs as shown

the cooperative scheme and Eq. (14) for the non-cooperatie-ig- 5), the throughput gain is slightly less substantiel
scheme). is then worth mentioning that whether or not the cooperative
Figs. 4 and 5 show the normaliZethroughput obtained schgme outperforms the nqn-cpoperative one depends on the
under the studied schemes as function of the average receiggality of the relay-to-destination channel when compared
SNR for two values of the relay-to-destination SNR: 10dpYith that of the source-to-destination channel. That ighé
and 2dBs. In the simulation, we assuthe= 1000 bits. It can Source-to-destination channel has a good quality when com-
be seen that when the relay-to-destination channel sNRP@red with that of the relay-to-destination channel, tha-no
10dBs, the throughput obtained using cooperative diveisit CoOperative scheme may outperform the cooperative scheme.
higher than that obtained under the non-cooperative scherf#€nce, cooperation may not be beneficial in some cases, and
The throughput gain (between the Cooperative and the n(bfnthls is the case, one can choose not to use cooperation.
cooperative) is significantly high, especially when thesieed
SNR values are medium to high. For example, Fig. 4 shoys Multiple-User Case

that when the average received SNR equals 20dBs, the noML ihi . . : .
. : : n this section, we consider studying and evaluating the
cooperative scheme achieves about 10% of the maximum

throughput, whereas, the cooperative scheme achieves UIg)efrformance of the cooperative techniques in the presehce o

99% (whenn — 4). Also, observe that the throughput gainmlﬂtlple users. We evaluate and assess the performance im-

increases with the number of relays, and decreases as %ovements in terms of outage probability, and data thrpugh

. . L |ﬂ1?he macrocell downlink communication due to femtocell
average received SNR increases. This is because when the ; : .
u%er cooperation, and study the impact of the cooperatiah le

received SNR values are high, both schemes do well, an

. . n these performances. We also evaluate the throughput that

hence, both achieve similar amounts of throughput. On the : . . .
macrocell users can obtain under cooperative diversity as a

2Normalized with respect to the channel capacity; i.e., tobievable funCt'On Of. the f?mtoce” cove_rage ratio. ) .
throughput corresponding to whep, = 0. In this simulation, we consider 4km? area with multiple,
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thus increasing the overall network throughput.

Feomtocell downlink communications also happen in the
same fashion. Given that each FAP manages multiple sub-
carriers (300 in the simulation), each femtocell user is as-
Fig. 6. Femtocell network. signed a sub-channel using the same opportunistic frequenc
allocation mentioned above. This resource allocationwadlo
femtocell users to reuse the same frequency channel, thus

) .. increasing the frequency resource utilization. This feagy
uniformly placed femtocells (e.g., houses) as shown in €ig. (o ;se is made possible because the FAP power level is
Each individual femtocell/lhouse contains a FAP coveriquica”y much lower than the MBS power level.

an area ofS80 x 80m?2. We consider 3400 users uniformly

distributed in the entire network. Some of the users are B

assumed to be placed indoor (inside the houses), which &reOutage Probability

then serviced by the FAP belonging to the house the usefFfrom a user’s viewpoint, the outage probability can be
is situated in. Users that are not situated indoor are, on tthefined as the probability that the user's SINR goes below
other hand, assumed to be outdoor, which are then serviéedertain threshold. From a system’s viewpoint, the network
by the MBS located at the center of thigm? area. All outage probability is defined as the ratio of the number of
active users within the network are assumed to have an imfininacrocell users that are in outage to the total number of
number of packets to send. In this work, we also assuraerviced macrocell users. In this simulation, the received
that femtocell users and macrocell users all share the safl&lR, p, at each macrocell user (i.e., the destination node)
frequency resources; i.e., frequency sub-bands. Spdiificals measured using the following expression (already dérive
we assume that macrocell users are only allowed accessnéection IlI-B and given in Eq. (21)):

half of the frequency sub-bands, whereas, femtocell users, n o

on the other hand, have access to all sub-bands at all time. p=pip+ Z _ pupib

This resource allocation may not be the best in terms of its o Pt i+l

ability to eliminate/avoid interference in two-tier netiks, but wherep,,, can be written as

it serves the purpose of this work, because our goal here is

to demonstrate the performance improvement that macrocell Prn = PmGA?"
users can gain as a result of femtocell user cooperation. We OXAS + 34— PuGrn

consider an OFDMA access scheme in our simulation, becaygere P, represents noder’s transmitted power(,,, , =

it is known to perform better than other access schemes WhgyPL(dB)/10|, 12 represents the channel gain between node
it comes to the ability to suppress interference in two-tigf, and noden, Af represents the subcarrier spacingH,
networks [25]. This is because of the orthogonality nature gnd 2, represents the noise variance.

OFDMA sub-carriers/channels, which make it more robust in Fig. 7 shows the network outage probability of both the non-

combating interference. In this simulation, we assume eaghoperative and the cooperative schemes for various namber
user is assigned only one subcarrier to carry out its COMNMyt relay nodes as a function of the threshold SINR. In this
nication. The network parameters used in this simulati@n agxperiment, the femtocell coverage ratio is set to 0.6. The
summarized and listed in Table I. figure shows that as the threshold value of the received SINR
In order to carry its downlink communication, each macrancreases, the outage probability also increases regardie
cell user is assigned the sub-channel with the least imtarée which scheme is used. Observe that at low SINR threshold val-
level. Sub-channels are selected by scanning all subecarriues, the performance of the non-cooperative scheme, though
These selected sub-channels are also to be used by dbeeptable, is worse than that of the cooperative schemes.
selected relay nodes. While these relays are busy forwgrdifowever, the non-cooperative scheme cannot keep up wih thi
their received signal to the destination (one relay at a)timgood performance at high threshold values. The outage proba
the MBS can concurrently service other macrocell user(dijity of the cooperative scheme, on the other hand, is adway
avoiding then the lost of any communication opportunitied a lower than that of the non-cooperative scheme, and this gap

-l

Y

2km
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for various femtocell coverage ratios.

becomes even greater when the number of relay nodes in the
network increases. For instance, when threshold SINR=25dBhe outage probability. This is because as the number of FAPs
the outage probability of the cooperative diversity whemw twin the network decreases, some of the active femtocell users
relays (@ = 3) are used is about 0.45, whereas that of tHeecome idle macrocell users, thereby reducing the overall
non-cooperative scheme is about 0.68. This means that mierference level. Apart from the noticed interferencgue
of 300 macrocell users being serviced by the MBS, 204 &bn, all other performance trends observed when femtocell
them will be in outage when the non-cooperative schemedsverage ratio equals 0.6 are also observed when the ratio is
used, while only about 135 macrocell users will be in outagsual to 0.5 or 0.3.
when the cooperative scheme (with 2 relays) is used. ThisFor completeness, we show in Fig. 10 the outage proba-
shows the significant improvement that can be obtained whility as a function of the femtocell coverage ratio; here th
cooperative diversity is used. Also, observe that at lowFSINthreshold SINR is set to 25dBs. As the femtocell coverage
thresholds, the performance of the cooperative scheme whetio increases, the outage probability for both the coatper
one relay is used is similar to that when two relays are usethd the non-cooperative schemes increases, due again to the
However, as the threshold increases, the benefit of addingreased interference level in the network. In additientre
more relays becomes more significant. We then conclude t@aterage ratio increases, the difference gap between tag®u
when SINR threshold values are high, the destination nodepisbabilities (non-cooperative versus cooperative) éases.
recommended to accommodate more numbers of relay nodese reason is because of the resulted increase in the number
because the greater the number of relays, the lower the®utagidle femtocell users in the network when compared to low
probability. This is not so much needed when SINR values a@ntocell coverage ratios. At low femtocell coverage mtio
low. some users might be forced to send directly to the destimatio
Figs. 8 and 9 show the outage probability for both schemaede without any cooperation because of the limited number
as a function of the received SINR threshold when femtocelf idle femtocell users. Therefore, the higher the femtocel
coverage ratio is equal to 0.5 and 0.3, respectively. Glearl coverage ratio, the greater the benefits of femtocell user
decrease in femtocell coverage ratio results in a redud@tioncooperation.
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e ‘ ‘ ‘ user can rely on cooperation to help transmit its data traffic
— et v by having nearby user(s) with enough battery resourcey rela
61 1 Il Non-cooperative | |ts traﬁ-'lc

In essence, user cooperation has great potentials for+educ
ing energy consumption and/or improving data throughput.
However, it also gives rise to several unique challengeg On
key challenge that needs to be overcome in order to promote
user cooperation is users’ willingness. There are multiple
legitimate reasons for why users may not be willing to help
out. One, users may not see an immediate benefit/reward of
their cooperation. Two, users may be concerned about $gcuri
privacy, and/or maliciousness. Three, users may haveelmit

Throughput in bits per second

10 20 30 40 50 60 . .
Percentage of Femtocell Coverage Ratio (%) resources (e.g., energy, computing, bandwidth, etc.)ntzdde

them shy away from cooperation. In spite of these difficul-
Fig. 11. Overall network throughput for the non-coopeeatind cooperative ties, researchers have proposed strategies and apprqaahes

schemes as a function of femtocell coverage ratios. can overcome these barriers, thereby encouraging coaperat

among users.
D. Macrocell Network Throughput There are two archit_ectural components that wireless s_ys-.
_ tems need to support in order to promote user cooperation:
On the contrary to the per-user throughput analysis copgentive mechanisms and enforcement strategies. Caipera
ducted in Sectio.n V—.A, we hgre analyze .the network througBannot be forced on users, and therefore, it can only be
put when considering multiple users in the network. Wgromoted by giving users good incentives to do so. Incentive
use the same network throughput definition given in [26nechanisms that aim to provide users with good incentives to
27], where network throughput is defined as the totghcourage them to cooperate have already been proposed in
sum of macrocell users’ capacities; that is, throughpifie |iterature, and [11-13] are just a few. One approach [11]
= 22,2 0i,iCi;, where Cy; = Blogs (1+aSINRi;), proposes to treat the relaying/forwarding task as a service
Bi; = 1if user j is using subcarriei and zero otherwise, that the relaying user/node offers the source and/or detigim
B is the bandwidth of a subcarriet/a is known as the sers. In this case, the relaying user gets paid for its cervi
SNR gap and is equal te (2BER) /1.5 [26,27]. Here we by the source and the destination users (or one of them). The
SetBER = 107°. charging/rewarding policies are done by exchanging Mirtua
Fig. 11 shows the network throughput as a function of thg,rrency or credit among users that can, for e.g., be caevert
femtocell coverage ratio. Observe that the network thrpugh |ater to some form of service that the relying user can receiv
achievable under the cooperative scheme is greater than ¥a free.
obtained under the non-cooperative one, especially wh&® Mo |ncentive mechanisms are necessary but not sufficient to
relays are used. The other observation we make form the figgi®mote cooperation. Selfish user behaviors must also be
is that as the femtocell coverage ratio increases, the "'Etwﬁenalized and prevented, where selfishness here occurs when
throughput decreases regardless of whether the coopemtivigr e ., users seek and receive relaying service from other
the non-cooperative scheme is used. This is because of {R@rs put refrain from offering theirs to others. As a resul
level of interference increases as more femtocells aredaddg forcement strategies have been developed and adopted in
to the network; i.e, some of the idle macrocell users becorggpperative systems to address selfishness and malicgsisne
active femtocell users as the number of femtocells inc®as@, common strategy used to enforce user cooperation is to
rely on reputation to identify selfish users in the networg][1
VI. USeRCOOPERATION-POTENTIALS AND CHALLENGES  That is, users having low reputation values are considesed a
Using user cooperation to improve performance of wirelessalicious, and as a result, need to be isolated and deprived
systems traces its roots back to the work of van der Meulenfiom offering and/or receiving relaying services. With sthi
1968, where relaying (or user cooperation) is used to comisétategy, a user’s reputation value increases when itesaotit
fading via channel diversity. Multiple users each equipwitd  the forwarding service properly and as expected, and deesea
a single antenna can then cooperate to create virtual mufttherwise. This continues until the value reaches a pregtbfin
antenna systems, thereby mimicking transmit diversitheaut threshold, after which the user’s relaying service priydenill
requiring users to have multiple antennas. Cooperation da@ removed.
also be viewed as a means for mobile users to simply forward
or relay each other’s data instead of improving channelityual VII. CONCLUSION
via diversity. This paper studies the cooperative transmission techsique
User cooperation can improve system performance in termvBen applied in the context of femtocells. Both the bit-erro
energy consumption as well. The total amount of energgte (BER) and user throughput performances of the downlink
needed to send a user’s data directly to the base station maacrocell network were analyzed with and without femtocell
be much greater than that to be needed with cooperation.uiser cooperation. We investigated two cases. The first case
terms of energy savings, cooperation can also be benefighldies the single user scenario; i.e., without interfeeeron-
when a user’s battery is running low, where in this case,sideration, whereas the second case studies cooperatiten wh
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considering the presence of multiple users; i.e., withrfate [20]
ence consideration. We show that femtocell user cooperatio
in the downlink communication can substantially improve th
BER, the outage probability, and the data throughput aehiggei]
able by macrocell users. Using simulations, we show that

under reasonable SNR values, cooperative schemes enhanc

the downlink performances of macrocells by improving thp2]
BER, outage probability, and data throughput of macrocell
users significantly when compared with the traditional,—nor[h3]

cooperative schemes.
[24]
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