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Abstract— Femtocells constitute an economical solution con- nomadic femtocells in order to eliminate their cross-layer
ceived for improving the indoor coverage, which are capable interference. In addition to the above-mentioned cerseali
of achieving a high network capacity. In order to guarantee a approaches, the authors of [7] proposed a distributed and

high Area Spectral Efficiency (ASE), femtocells have to rewsthe If izing femtocell t sch ved f
spectrum of macrocells. As a result, the performance of botlthe seli-organizing femtocells management scheme conceme

femtocells and macrocells may suffer owing to the near-farfe  Orthogonal Frequency Division Multiple Access (OFDMA)-
fects. In this paper, we investigate the Outage ProbabilitfOP) of based cellular networks.

twin-layer cellular networks, where the Macrocell Base Stéions Most of the contributions in the literature stipulated the
(MBSs) employing Fractional Frequency Reuse (FFR) host the yqjicit assumption of Unity Frequency Reuse (UFR) aided

Femtocell Base Stations (FBSs). More explicitly, the freqency- . . : L
swapping aided femtocell concept is proposed for overcominthe macrocells, while there is a paucity of contributions oncFra

typical near-far problem. We derive the approximate closedform  tional Frequency Reuse (FFR) aided macrocells, when fpstin
expressions for the DownLink (DL) OP for both our benchmarker  femtocells. Having said this, the authors of [8] studied the

as well as for our proposed solution. Our analysis demonsttas  femtocell spectrum access problems in FFR aided macrocells
that the OP of femtocell users in the Cell Centre Region (CCR) \yhere the femtocells considered the same shared spectrum
and that of the macrocell users in the Cell Edge Region (CER) fitioni th il lls in both the CCR
will be reduced by the proposed swapped-spectrum access fl partiioning as the over-sailing marcocells in bo e
and CER. As a result of the shared spectrum, the near-far
effects still adversely affected the network performance.
Against the above background, our new contributions are:

« We propose a frequency-swapped spectrum allocation for
Femtocells may be viewed as low-power access points, the femtocells over-sailed by the FFR aided macrocells

which have the potential of providing high-quality network  for the sake of overcoming the adverse near-far effects

access for indoor users at a low cost. Hence they constitute a and cross-layer interference.

cost-effective way of reducing the traffic of the entire gkt « we employ stochastic geometry [9], [10] for modelling

system [1]. Femtocells may be overlaid onto macrocells, the random distribution of femtocells and derive the

hence forming a hierarchical twin-layer network struct{#p approximate per-layer OP for both the benchmarker

Unlike the macrocells, which are designed for predeterthine  UFR environment as well as for the proposed swapped

geographic locations and theoretically modelled as a sggul  spectrum access policy in a FFR environment.

tessellated hexagonal lattice, femtocells are constiuatther  The rest of this paper is organized as follows. In Section I,

randomly. When the femtocells reuse the frequencies oedupjye outline our system model, while in Section I1I, the peyreia

by the over-sailing macrocells, the coverage and capaciyp formulas are derived, followed by our results in Section
of both systems may suffer due to the so-called cross-layer Finally, we offer our conclusions in Section V.

interference, especially in the absence of appropriatesero
layer frequency coordination [3]. Specifically, there an®t
worst-case regions in which the active users may suffer fro
unacceptable interference and may even create a cover’géébpomgy Modl
hole, which detrimentally affects the macrocell users ia th The topology of twin-layer cellular networks is illustralten
Cell-Edge Region (CER) and the femtocell users in the Ceffig. 1, where the over-sailing macrocells are overlaid gn to
Centre Region (CCR) [3]. of the femtocells. We model the macrocells on a regular 2-
Prior research of twin-layer cellular structures chanapgel D hexagonal lattice with a radius dt. and coverage area
both the UpLink (UL) and DownLink (DL) scenarios. Somedf [C| = 2Y2R2, where the central target Macrocell Base
of these contributions [2]-[4] derived the Outage Prohigbil Station (MBS) B, is surrounded by one ring of interfering
(OP) relying on the shared spectrum access policy by consigimediately adjacent MBSs. The Femtocell Base Stations
ering the coverage issues. In contrast to the shared spect(frBS) are randomly distributed according to a homogeneous
access policy, several authors [5], [6] considered assigniSpatial Possion Point Process (SPPP) according to an area-
orthogonal spectral resources to the central marcocelis &fensity of\ and the coverage area of each FBS is assumed to
be a circle having a radius dt;. We denote the MBS set by
The financial support of the RC-UK under the auspices of tlkalK ®, while the FBS set byl and assume symmetry across the
Advanced Technology Centre (IU-ATC) and that of the EPSR@eurthe
China-UK science bridge as well as that of the EU’'s Concerigjept is network, where every macrocell and femtocell has the same
gratefully acknowledged. configuration. Furthermore, we assume that the femtocells
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Il. SYSTEM MODEL
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3) MBSto home users: The DL pathloss between the MBS
By and the subscribing femtocell home user is modelled as:
Lica = Ajcap + 10alogo(d.) + Wap, where we have
Af,c,dB = 33.26 - 1Og10(fc) — 79.86, while «, dc and WdB
denote the fixed pathloss in dB, the pathloss exponents (out-
door, outdoor-to-indoor and indoor-to-outdoor), the aliste
between the femtocell user as well as the MBS and the wall-
penetration loss in dB, respectively.

4) FBSto cellular users: The DL pathloss between the FBS
and the outdoor macrocell users is modelled Bsy . =
Ac,f,dB + 100410g10(7"c> + Wyp, where Ac,f,dB = 33.26 -

Fig. 1. The topology of frequency-swapped femtocells wiliRFaided over- log,(fe) — 79.86, while o, 7. and Wy denote the fixed
sailing macrocells pathloss in dB, the pathloss exponents (outdoor, outdoor-
to-indoor and indoor-to-outdoor), the distance betwees th
outdoor macrocell user as well as the nearest FBS and the

operate on the basis of the 'Closed Access’ regime of [1\‘]\',a”)'pFe'§§t:§tir?;;ﬁ;ﬁdﬂ%ﬁ;éﬁiﬁgtixg%‘e users The DL

where only a fixed set of subscribing home users are alloweq5 : .
to connect to the femtocells. Hence, the average numberp(?fthloss between the FBS and the neighbouring femtocatl use

o is modelled asZ =A 101 2Wag,
femtocells per macrocell is given hy; = A[C|. where A, 1 s :fégfi;% . logfl’of(}B)t 790.‘8gg3)(:];) ;rnd I/I}i;

denote the fixed pathloss in dB, the pathloss exponents (out-
B. Spectrum Access Model door, outdoor-to-indoor and indoor-to-outdoor), the aliste

In this paper, we assume a typical FFR regime for tfietween the femtocell user as well as the neighbouring FBS
macrocells and a swapped spectrum access for femtocells.386l the wall-penetration loss in dB, respectively.
shown in Fig. 1, the coverage area of FFR-aided macrocells idn this paper, we only use. to represent the outdoor fixed
divided into two sub-regions, namely the CCR and CER. Ti&thloss. We assume the tagged BS and tagged user experience
total available bandwidtl is partitioned into four orthogonal ©nly Rayleigh fading and the power of the small-scale fading
frequency bandsF,, F;, F» and Fs, obeying F = F, + follows an exponential distribution with mean 1. More digtdi
F\, + F» + F;, where F, represents the bandwidth availabl&ystem parameters are summarized in Table I.
for the CCR, whileF;,i € [1,2, 3] represents the bandwidth
available for the CER of one of the three adjacent cells. In IIl. PER-LAYER OUTAGE PROBABILITY
our design, the femtocells rely on the proposed swappeddn this section, we derive the OP for both the outdoor
spectrum access, where the femtocells use frequency bamdacrocell users and the indoor femtocell users under both
which are orthogonal to those of the outdoor macrocell usetse traditional shared spectrum access in a UFR environment
Specifically, the femtocells reuse the frequency band tlzet w(hereafter benchmarker scenario) and in our proposedaolut
not assigned in its hosting macrocell. For the central cell @ a FFR-aided environment (hereafter the proposed sadnari
an example, the per-layer spectrum access under our papdset us assume that the DL transmission power of each MBS
scheme is shown in last two rows of Table I. and FBS is allocated by, and Py, respectively. We consider
an outdoor reference cellular user at a distance fstbm the
C. Channel Model target .central MBSB,. We also consider a reference FBI

at a distance ofl; from the target central MBS, as well

In this paper, we assume that the DL channel is subjegd an indoor home user at a distance @ind ofd,. from the

to small-scale Rayleigh fading with a unity average powetgs 4, and the MBSB,, respectively. Since the radiu; of

to as well as wall-penetration loss, to thermal noise and {Qe femtocell is significantly smaller than that of the maeib
propagation loss, where we adopt the COST231 model 9 we assume thaf,. ~ dy.

characterize the propagation loss for the following sciesar

1) MBS to cellular users: The DL pathloss between the s 5 tdoor Macrocell Users Outage Probability
MBS By, and the served cellular users is modelledlas;z =
Acap + 10alog,y(d), wherea and d denote the pathloss
exponents (outdoor) and the distance between the macrocd
users as well as the serving MBS, respectively. Furthermo?(a
Acap = 33.26 - log,(f.) — 79.86 represents the pathloss inT
dB with f. being the carrier frequency in MHz.

2) FBSto home users: The DL pathloss between the FBS %d—ahC
and the subscribing home users is modelled Bsys = I(4) = > Pogap CZ P ey N 1)
Afap + 108logyo(r), where A. 45 = 37, 3 and r denote ieo\Bo A% it 2ijev A gw e 95t F N0
the fixed pathloss in dB, the pathloss exponents (indoor) awtiere A, is the fixed propagation lossl; andr.; are the
the distance from the users to the serving FBS, respectivelgistance from the reference macrocell user taithénterfering

1) Benchmarker Scenario: The outdoor macrocell user may
ﬁfer from the interference imposed both by the nearby FBSs
d by the other neighbouring macrocells, as well as theenois
e Signal-to-Interference-plus-Noise-Ratio (SINRPf the
reference outdoor macrocell user may be written as:
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MBS and thejth interfering FBS, respectively, whil& is where we haves = Td*K. The equality (a) in Eq (10)
the wall-penetration loss in dB. Furthermofeand g denote follows from the Probability Generating Functional (PGFL)
the exponentially distributed channel gain of unity meamfr of the SPPP. Specifically, when having a pathloss exponent of
the MBS and FBS, respectively. An outage occurs, when the= 4, then Eq. (10) may be rewritten ag;, (Td*K) =
instantaneous received SINR of a transmission falls bet@w texp, —“—dQ)\(TK) . Substituting Eq. (6) and Eq. (10) into
target threshold”. With the aid of Theorem 1, we can derlveEq 4) gives the desired result, which is written as:

the OP of the outdoor macrocell user for the benchmarker.

Theorem 1: Given the distancé from the MBS B, and the Pouturr(T,d) =1—-P[n(d) > T]. (11)
target SINR of7’, the OP of the reference outdoor macrocell n
user for the benchmarker scenario in the UFR environment?) proposed Solution: When employing the proposed
may be written as: swapped-spectrum access, the outdoor macrocell usermgami

. in the CCR suffers from the interference imposed by the

Poururr(T:d) =1 —exp [=nd*Mp(T, K, )] neighbouring MBSs, as well as from the noise. As a result,

A No 2d°T the SINRyccor of the outdoor macrocell users located in the
x exp |—-Td 5 A, .
P. (a — 2)Rc (2Rc - d) CCR may be written as:
whereK = L andp(T, K, ) du. L=d=h,
( )= Jo* Lius Nccr = (12)

Proof: The SINR of the outdoor macrocell user in

21@\30 a=d; “hy +F,.Ny
Eq (1) is rewritten asn(d) = he
b " A.FNo/P+d* (L TKL)'  The outdoor macrocell users roaming in the CER may only

where we havek = i 11 = Yiean, 4 “hi and  syffer from the effects of FBSs located in the other mactscel
I = > icy7.;9;- Then the Complementary Cumulativeand the noise, hence we may formulate the SiNR z of the
D|str|but|on Functlon (CCDF) of the outdoor macrocell User outdoor macrocell user in the CER as:
SINR at a distance of from the MBS By may be written as: A_Cd op,
CER = ° , 13
@—I—Tda (11+K[2) g Zje\l// A—ffwrc_’?gjﬁLFlNo (13)
(3) where¥’ denotes the set of femtocells located in other macro-
cells. Hence the corresponding OP of the outdoor macrocell
) Ly (Td*) Ly, (Td*K). (4) users is formulated in Theorem 2 for our proposed solution
Theorem 2: Given the distancd from the MBS B, and the
We let Ly, (-) denote the Laplace transform of the variable target SINR threshold of’, the OP of the reference outdoor
Here we use the Fluid model of [11] to convert the discref@acrocell user for our proposed spectrum-swapping solutio
MBS interference into a continuum of transmitters, hem, used in the FFR environment may be formulated as in Eq

Pn(d) > T] =P {hc > Td*
A.FNy

(&

= exp (Td‘l

may be formulated as: (15).
Proof: Comparing Eq. (12) to Eq. (1), the OP of outdoor
L1,(s) ~ exp|—s Z - (5) macrocell users located in CCR is simply deriyed by removing
ied\ Bo L1, of Eq. (2). For the CER users, the FBS interference may

926 be dominated by the FBSs located in the nearest macrocells.

= exp [ 5 2] ,  (6) We observed that the FBS interference imposed on the target
(a1 —2)Re?(2Re — d) macrocell users is dominated by the FBSs located in the

where we approximated the instantaneous MBS interferengggle range ranging from-Z to Z (assuming that the link

by the long-term averaged power of MBS interference, whighetween the MBS3, and the macrocell user is a horizontal

led to the approximation5). Eq. (6) follows from the Fluid [ine). Our simulations show that this observation is valiten

model presented in [11]. Futhermore, let us dendtg(-) by 4 < 0.95R.. Similarly to I, we havel; = > icw ey g5 and
the Laplace transform of the Poissionian shot-noise psocegs a result;, is written as: '

Iy =) ,cy 7.5 95, Which is given as: ) .
™
(s) = B Yl 1-— . (14
Lr,(s) exp[ A 3 [Rﬁdﬂ ( . Sxa)xdx] (14)

L1,(s) =Ep, [exp(—s Y 7. 5%9;) (7) PV
iev Hence, assuming = 4, the OP of CER users is given by Eq.
(15). [ |
= Evg, ]-;EEQI' [exp (=sgirc§)] ®) B. Indoor Femtocell Users Outage Probability
J

For the indoor femtocell users, the interference from the

) H 1 ) neighboring MBSs and the FBSs located in neighboring

- et 1+sr. 5 macrocells will be ignored. We also assume that the noise ef-

j 9,

- fects are negligible when compared to those of the intemfaze
= exp [_277)\/ (1 - %) wdw] ., (10) from the over-sailing MBS and nearby FBSs. Our simulation
0 1+ results will show the accuracy of this approximation.
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P ) 1= exp |—d 48 FoNoT — ompyZiibmay | ifd < D, )
N exp _da%FlNoT - M*VTK (%2 - %arctan(ﬁc%dl)j)} , ifD<d<R,
2 [R5 exp [—arB/2\p(T, J, )
PZut,UFR(T’ df) =1~ R—? ; [ ] rdr (16)

PoA;
1 —i—TPfAC{/Vdfa'rﬁ

1) Benchmarker Scenario: In this scenario, the indoor yneret — §, A= A;rz ATfVX‘;Q %_ Furthermorey (s, ) is the
home user residing within the coverage of the FBS may incomplete gamma functcion, which is written as:
suffer from the interference imposed both by the MBSs and -
by the nearby FBSs, as well as from the noise. As a result, v(s,2) = [ t°letdt. (21)
the SINRn of an indoor home user within the coverage of the

. 0
reference FBS4, may be formulated as: Proof: Similarly to the proof of Theorem 1, the SINR

- of the indoor home user in Eq. (19) may be formulated as:
Lr =B
a, " Tgf _9f
ﬁ(df,’l") = P o i Pf o . (16) n (df,T) - TBJIQ, (22)
Acde “hi + X jewa, A7 ;WA 590 .
) 0T Then the CCDF of the indoor home user's SINR may be
The OP of the indoor home user communicating in the be”CéS'(pressed as:

marker scenario is given by Theorem 3. The corresponding
proof is similar to that of Theorem 1. Pn(ds,r) > T) = Ly, (Tr°J), (23)
Theorem 3: Given the distancé; from the reference FBS P
where L, (+) is given by Eq. (10).
Ay to the MBSB, and the target SINR threshold ] the OP Since the indoor home users tend to be uniformly distributed

of the indoor home user communicating in the benChma”ﬁﬁrthe coverage region of their FBS, the OP of an indoor home

sc;nano may be expressed as Eq. (16), where we fave user benefiting from our proposed solution may be written as:

Zypz and the functiorp(-) is given in Theorem 1.
Specifically, assuming outdoor and indoor pathloss exponen P(fut,FFR(T, dy) =E, [n(ds,r) <T0<r < Ry¢] (24)

of a = 4 and 3 = 2, respectively, the OP of the indoor home 9 [Rf
user is formulated as: =1- ﬁ/ rLp, (TrPJ)dr  (25)
fJ0
2H
i —1_ 2 2 2
Pourvrr(Tds) =1 R (A7) =1- mA(*%)v (;,AR}> . (26)
f
where H can be derived from [12], and written as: -
H= ;{eﬁ [EZ <33 - ﬁ) — bi <ﬁ)} IV. NUMERICAL RESULTS
—iy [ iy iy This section presents our numerical results generated for
+ev: [EZ <$y ﬁ) - <$)] }’ (18) investigating the OP of both the benchmarker and of the

. o : . proposed spectrum-swapping scenario. The system panamete
where Ei is the exponential integral function, with= 7, 516 symmarized in Table. I. The femtocells are generated
y=—5AWTJandz = TTCACv%dFL' following the SPPP, which are randomly distributed within

2) Proposed Solution: Under our proposed solution, the tarthe over-sailing macrocells. We assumed that the bandwidth
get femtocellAy's indoor home user endures the interferencgailable for the CCR ig, — F/2, and that for the CER is
from the nearby FBSs, denoted @s\ Ay. As a result, the p _ F/6, i =1[1,2,3].

SINR nccr of the indoor home user may be expressed as: Fig, 2 jllustrates the OP for an outdoor macrocell user as
%nggf a function of the distance from the user to the central MBS,

— —. (19) when we set the averaged number of FBSs per cell to be

ZjE‘I/\AO wazrf,?g? Ny = 10 and Ny = 100, respectively. Observe in Fig.2

Theorem 4 characterizes the OP of the indoor home user of Hé‘r; ?ﬁ eé%iftfdihthecgg Il\l/lwc:eas)((asl,i ils tthhe uossrbls mr:vmg
proposed spectrum-swapping solution in the FFR envirotnme 0 € 0 the - More explicitly, the ecomes

Theorem 4: Given the distance; from the reference FBS igher than 0.5y = 100) if we haved > 0.55R. for the
Ao to the MBS B, and the target SINR threshold @, the benchmarker in a UFR environment. As a result, the outdoor

OP of the indoor home user communicating by employing fhisers in the CER may consistently suffer from transmission
) L . o .~ outages, owing to the significant interference impingirapfr
spectrum-swapping in the FFR environment is given by: both the nearby FBSs and from the neighbouring MBSs. By

2 2 (2 trast, the OP of an outdoor macrocell user is signifigantl
P/ T,dj)=1———A"%y (= AR ), 20) contrast, : gnimg:
out,rrr(Tsdr) R?t 7 <t f) (20) reduced for our proposed spectrum-swapping scenario in the

U(dfﬂ’):
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TABLE |
NOTATIONS AND SYSTEM PARAMETERS

Symbol | Description Value
P MBS set N/A
v FBS set N/A
fe Carrier frequency 2 GHz
No Thermal noise density -174 dBm/Hz
R Radius of the Macrocell 1000 m
D Radius of the CCR 2R,
F Total available bandwidth 10 MHz
Ry Radius of the Femtocell 20 m
Ny Number of FBSs per cell 10, 100
AcdB Fixed outdoor pathloss 33.26 logy(fc) — 79.86 dB
Ay ap | Fixed indoor pathloss 37 dB
o Outdoor pathloss exponent 4
5] Indoor pathloss exponent 2
WyB Wall penetration loss 5 dB
P. 4B Transmit power 46 dBm
Prap Transmit power 13 dBm
TuB Target SINR threshold 0 dB, 30dB

Macrocell Femtocell
CCR Fe o & F3
CER Fy o & F3

1 Y& Simulated OP in benchmarker scenario, Nf = 10 A—A

0.9

0.7

0.6

obability of the Outdoor Cellular Users

Analytical OP in benchmarker scenario, Nf = 10

A simulated OP in benchmarker scenario, Nf = 100 Vae

~ - - Analytical OP in benchmarker scenario, Nf = 100 A
O Simulated OP in proposed solution, Nf = 10 o
++ Analytical OP in benchmarker scenario, Nf = 10 e .
X Simulated OP in proposed solution, Nf = 100 A .
== Analytical OP in benchmarker scenario, Nf = 10 ’ .
O Solution proposed in [8], Nf = 10
e Solution proposed in [8], Nf = 100 N

O  simulated OP in benchmarker scenario, Nf = 10
Analytical OP in benchmarker scenario, Nf = 10

X Simulated OP in benchmarker scenario, Nf = 100
— — — Analytical OP in benchmarker scenario, Nf = 100

®  Simulated OP in proposed solution, Nf = 10

++ Analytical OP in proposed solution, Nf = 10

[0 Simulated OP in proposed solution, Nf = 100

----- Analytical OP in proposed solution, Nf = 100

0.9

0.8

0.7r

0.6

0.5

041

0.3

0.2r

Outage Probability of Indoor Home Users

011

i =Ml A W
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
FBS at the normalized distance from the MBS

Fig. 3. The outage probability of indoor home users accartlinthe distance
from their serving FBS to the MBS, for the target thresholdiB@nd using
the parameters of Table I.

the solution proposed in [8] would not reduce the OP for
indoor users, hence we only present the OP of the benchmarker
scenario. We also observe that our analytical OP formulae
accurately predict the OP, as confirmed by our simulations.

V. CONCLUSIONS

In this treatise, we investigated the OP of twin-layer datu
networks, where the MBSs employing FFR host the FBSs and
we derived closed-form expressions for the OP of outdoor
macrocell users and indoor home users, respectively. The
simulation results show that the proposed swapped spectrum
access policy is capable of overcoming the typical near-far
problem and our analytical results accurately predict tiee O
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