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Uplink Capacity and Interference Avoidance

for Two-Tier Femtocell Networks
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Abstract

Two-tier femtocell networks— comprising a conventionalcnogellular network plus embedded
femtocell hotspots— offer an economically viable soluttorachieving high cellular user capacity and
improved coverage. With universal frequency reuse and D8£ transmission however, the ensuing
cross-tier cochannel interference (CCl) causes unadueptaitage probability. This paper develops an
uplink capacity analysis and interference avoidance egsain such a two-tier CDMA network. We
evaluate a network-wide area spectral efficiency metritedathe operating contour (OC)efined
as the feasible combinations of the average number of aatigerocell users and femtocell base
stations (BS) per cell-site that satisfy a target outagesitamt. The capacity analysis provides an
accurate characterization of the uplink outage probgb#gitcounting for power control, path-loss and
shadowing effects. Considering worst case CCI at a cornmatoieell, results reveal that interference
avoidance through a time-hopped CDMA physical layer antbsized antennas allows about a 7x higher
femtocell density, relative to a split spectrum two-tietvmark with omnidirectional femtocell antennas.
A femtocell exclusion region and a tier selection based b#mblicy offers modest improvements in

the OCs. These results provide guidelines for the desigmlmist shared spectrum two-tier networks.

Index Terms
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I. INTRODUCTION

Two-tier femtocell networks are in the process of being dggdl to improve cellular capacity

[1], [2]. A femtocell serves as a small range data accesst gdimated around high user density
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hot-spots serving stationary or low-mobility users. Ex#&spof femtocells include residential
areas with home LAN access points, which are deployed by esedsuand urban hot-spot
data access points. A femtocell is modeled as consistingrahdomly distributed population
of actively transmitting users. The femtocell radio rand® € 50 meters) is much smaller
than the macrocell radius@ — 2000 meters) [3]. Users transmitting to femtocells experience
superior signal reception and lower their transmit powensequently prolonging battery life.

The implication is that femtocell users cause less CCI tagh®iring femtocells and other

macrocell users. Additionally, a two-tier network offstte burden on the macrocell BS, provided

femtocells are judiciously placed in traffic hot-spots, nmpng network capacity and QoS.
Observe that it is easier to implement a two-tier network bgrig spectrum from an

infrastructural perspective, as the protocol does notireghe mobile to implement spectrum

searching, which is energy inefficient. The focus of thiskusrto answer the following questions:

« What is the two-tier uplink capacity in a typical macroceitiwrandomly scattered hotspots,
assuming a randomly distributed population of activelysraitting users per femtocell?

« Is it possible to accurately characterize the statisticthefcross-tier CCI? What is the effect
of the femtocell hotspot density, macrocell-femtocell powatio and femtocell size?

« How much benefit is accrued by interference avoidance usitignaa sectoring and time
hopping in CDMA transmission? What is the impact of using mntficell exclusion region
and a tier selection policy for femtocell handoff?

By addressing these questions, our work augments exiséisgarch on capacity analysis and

CCI mitigation in two-tier networks. We show that creatinguatable infrastructure for curbing

cross-tier CCI can actually increase the uplink capacityafehared spectrum network.

A. Related work

From a physical layer viewpoint, prior research has maiolguted on analyzing the uplink
capacity, assuming either a single microtell multiple regularly spaced microcells in a macro-
cell site. This model has assumed significance for its aicalytractability, nonetheless, it has

limited applicability owing to the inherent variability imicrocell locations in realistic scenarios.

In the context of this paper, a microcell has a much largeioreahge (100-500 m) than a femtocell.



The ideas presented in this paper are most closely relatdtetaork by Kishoreet al. The
downlink cellular capacity of a two-tier network is derivéd [4]. The results show that the
cellular user capacity is limited by uplink performance bamth slow and fast power control. In
[5], the OCs for a two-tier network are derived for differdigtr-selection schemes, assuming an
arbitrarily placed microcell. Further work by the same aut[6], [7] extended the framework
to multiple microcells embedded inside multiple macrazellhe cross-tier CCl is approximated
by its average and cross-tier microcell to microcell CClgadred. The resulting analysis is
shown to be accurate only up to 8 microcells per macrocelt. /®sults, on the other hand, are
accurate over a wide range of femtocell densities, withgpraximating the CCI statistics.

Related work includes [8], which discusses the benefits winigaa tilted antenna radiation
pattern and macrocell-microcell power ratio control. I, [20], a regular network comprising
a large hexagonal macrocell and smaller hexagonal midsocelconsidered. Citing near far
effects, the authors conclude that it is more practical tit e RF spectrum between each
tier. The reason being that the loss in trunking efficiencyspltting the spectrum is lower than
the increase in outage probability in a shared spectrumtigvaretwork. Our paper, in contrast,
shows a higher user capacity for a shared spectrum netwognfmycinghigher spatial reuse
through small femtocells anthterference avoidancey way of antenna sectoring and Time
hopped CDMA (TH-CDMA) in each tier.

Finally, from a network perspective, Josephal. [11] study impact of user behavior, load
balancing and different pricing schemes for interopertgiletween Wi-Fi hotspots and cellular
networks. In [3], the design of a multitiered wireless netkvavith Poisson call arrivals is
formulated as an constrained optimization problem, and résailts highlight the economic
benefits of a two-tier network infrastructure: increasedbsity in system cost and a more gradual

performance degradation as users are added.

B. Contributions

This paper employs a stochastic geometry framework for tmgléhe randomspatial distri-
bution of users/femtocells, in contrast to prior work [S]5{[9], [10], [12]. Hotspot locations are
likely to vary from one cellsite to another, and be opportinirather than planned: Therefore
a capacity analysis that embraces instead of neglectirdpraness will naturally provide more

accurate results and more plausible insights.



To model the user/hotspot locations, the paper assumeththatacrocell users and femtocell
BS are randomly distributed as a Homogeneous Spatial RoiBsint Process (SPPP). The
Poisson process is a natural model arising from mobility etracellular users and placement
of femtocell BS in densely populated areas [13], and has loeafirmed in empirical studies
and used in prior work. For example, Chan and Hanly [14] haseduthe Poisson model for
describing the out-of-cell interference in a CDMA cellutetwork. The three key contributions
in our paper can be summarized as:

« First, a novel outage probability analysis is presentedpuawating for cellular geometry
cross-tier CCland shadowingeffects. We derive tight lower bounds on statistics of meelo
CCI at any femtocell hotspot BS along the hexagonal axis.tNa&ssuming small femtocell
sizes, a Poisson-Gaussian model for macrocell CCl and -alalide distribution for cross-tier
femtocell CCl is shown to accurately capture the statissiche macrocell BS. In the analysis,
outage events are explicitly modeled rather than consigeaverage interference as in [9], [12].
For doing so, the properties of Poisson shot-noise prosg&$¢P) [15], [16] and Poisson void
probabilities [17] are used for deriving the uplink outagehabilities.

« Second, robust interference avoidance is shown to enalolgi¢wnetworks with universal
frequency reuse to achieve higher user capacity, theretigiag the design of protocols which
require the mobile to sense the spectrum. With interfer@vogdance, an equitable distribution
of users between tier 1 and tier 2 networks is shown to be aethi@ith anorder-wise difference
in the ratio of their received powers. Even considering tloesivcase cross-tier CCl at a corner
femtocell, results for moderately loaded macrocellulamoeks reveal that interference avoidance
provides a7x increasein femtocell BS density over split spectrum two-tier netlsor

« Third, additional interference avoidance using a comlmabf femtocell exclusion and
tier selection based femtocell handoff offers modest impnaents in the network OCs. This
suggests that at least for small femtocell sizes, time h@ppind antenna sectoring offer the

largest gains in user capacity for shared spectrum twoagéworks.

[l. SYSTEM MODEL

Denote’X C R? as the interior of a reference hexagonal macrocel(Fig. 1) of radius
R.. The tier 1 network consists of low density macrocellulaergsthat are communicating

with the central BS in each cellsite. The macrocellular sisee distributed oiR? according to a



homogeneous SPRE. of intensity\.. The overlaid tier 2 network containing the femtocell BS’s
forms a homogeneous SPPR; with intensity \;. Each femtocell hotspot includes a Poisson
distributed population of actively transmitting usevgth meanU, in a circular coverage area of
radius Ry, Ry < R.. To maximize user capacity per cellsite, it is desirabledoe; > A.; as
will be shown, cross-tier CCI at a macrocell BS limitg for a given ... Defining |H| £ 2.6 R2
as the area of the hexagonal regiin the mean number of macrocell users and femtocell BS’s
per cellsite are given a¥. = \.-|H| andN; = \;-|H| respectively. Table | shows a summary of
important parameters and typical values for them, whichuaeal later in numerical simulations.
Users in each tier employ DS-CDMA with processing gainUplink power control adjusts
for propagation losses and log-normal shadowing, whichtaadard in contemporary CDMA
networks. The macrocell and femtocell receive powers arotee asP° and P/ respectively.
Any power control errors [18] and short-term fading effeate ignored for analytical conve-
nience. We affirm this assumption as reasonable, espetialyideband system with significant

frequency diversity and robust reception (through RAKEereer, coding and interleaving).

A. TH-CDMA and Antenna sectoring

Suppose that the CDMA peridd = G -1 is divided intoN;,, hopping slots, each of duration
T'/Nhep- Every macrocell user and femtocell (all active users withifemtocell transmit in the
same hopping slot) independently choose to transmit oweroae slot, and remain silent over
the remainingV,,,, — 1 slots. The resulting intra- and cross-tier interferenae “dninned” by a
factor of V,,,, [17]. Using TH-CDMA, users in each tier effectively sacrdia factorNy,, of
their processing gain, but benefit by thinning the interfgriield by the same factor.

We further assume sectored antenna reception (Fig. 2) im thet macrocell and femtocell
BS, with antenna alignment angleand sector width equalingr/N,... While antenna sectoring
is a common feature at the macrocell BS in practical cellsimtems, this paper proposes to
use sectored antennas at femtocell BS’s as well. The reastrat the cross-tier CCI caused
by nearby macrocellular users can lead to unacceptablg@uyt@rformance over the femtocell
uplink; this motivates the need for directed femtocell antes. The spatial thinning effect of

TH-CDMA transmission and antenna sectoring is analytycdérived in the following lemma.

>The system model allows a macrocellular user to be pressitgia femtocell as the governing proc€ssis homogeneous.

3A hard handoff is assumed to allocate subscribed hotspas tsea femtocell, provided they fall within its radio range.



Lemma 1 (Spatial thinning by interference avoidance): VWWHhRCDMA transmission oveN,,,,
slots and antenna sectoring withi,.. directed BS antennas in each tier, the interfering field at
a given BS antenna sector can be mapped to the SRRPPand ®; on R? with intensities
Ne = Ae/ (Nhop - Nsee) andny = Ap(1 — e7Uf) /(Npop - Nsee) TESPECtively.

Proof: See Appendix I. [ |
The following definitions will be useful in the remainder dfet paper.

Definition 1: Denote H,.. C H as the region within{ covered by a BS antenna sector
corresponding to a macrocell BS or a femtocell BS within tbfenence cellsite. For example,
H... = H for an omnidirectional femtocell located at the corner af teference macrocell.

Definition 2: Denote). and Qf as the heterogeneous SPPPs composed of active macrocell
and femtocell interferers as seen at a BS antenna sectoclntiea, whose intensities are given
by ). and \; in (11). Denote the equivalent mapped homogeneous SPPPR&My &, and
¢, whose intensities are given by andr; respectively.

Definition 3: Denote the restriction df), ande to H by the SPPP$I. andIl; respectively.

B. Channel Model and Interference

The channel is represented as a combination of path-loskgfbrmal shadowing. The path-
loss exponents are denoted dy(outdoor transmission) and (indoor femtocell transmission)
while lognormal shadowing is parameterized by its standindationo.

Through uplink power control, a macrocell user transnft a random positiotX’ w.r.t the
reference macrocell B&' chooses a transmit power levef = P¢/g.(|X|). Hereg.(|X|) is the
attenuation function defined ag(| X|) = K.(do./|X|)*©c where10log;, Oc ~ N(0,035) is
the log-normal shadowing from user@ K, = [¢/ (4 f.do.)]? is a unitless constant that depends
on the wavelength of the RF carrieff. and outdoor reference distanég. Similarly, a femtocell
),
where g;(|Y|) = K (dos/|Y])?Or, 10log)o Op ~ N(0,02,) and K; £ [¢/(4n f.do;)]?. Here

dos is the reference distance for calculating the indoor prafiag loss. Note that in realityy,

user at a random positidr within a femtocell BSF chooses a transmit pow& = P/ /g(|Y

and Ky are empirically determined. The interference in each #&ég.(2) can be grouped as:
Macrocell interference at a macrocell BS (1., I..ut): Through power control, all macro-
cell users within#,.. are received with constant powél’, so the in-cell interference equals

(N —1)-P¢, whereN ~ Poisson(N./Ny.p). As such, inferring the exact statistics of out-of-cell



macrocellular interferencé. .., is analytically intractable; it is assumed that,,. is distributed

according to a scaled Gaussian pdf [14]. Definijngnd o2 to be the empirically determined
28*%(?!*#)2/0'2

V2ro? [2—erfe( )] where

parameters of the Gaussian, the pdfipf,; is given asf; ..(y) =
erfc(t) £ \/gffji e~ 2y,

Femtocell interference at a macrocell BS (I.;) : Say femtocellF; with U; ~ Poisson(Uy)
users is located at random positiof) w.r.t reference macrocell B&'. Inside F;, a randomly
placed Tier 2 user at distanceY; from the femtocell BS transmits with powel?tf(j) =

P! /g:(Y;). The interference caused @tfrom user; inside F; is given as,

L.s(F;, j) = Plg.(|Xi + Yi|) g7 (IV;]) = PLg(1Xi) /95 (Ry) = Q1O,.c/O;k,

Xil™ @

whereQ; £ PJR?;{{;—Z% In doing so, we make two important assumptions:
AS 1: For small sized femtocellsi; < R.), a femtocell or macrocell BS sees CCI from other
femtocells as goint sourceof interference, implying;.(|X; + Y;|) = g.(| Xi]).
AS 2: When analyzing the interference caused by a random fenhtécal any other location,
the U; femtocell users can be modeled as transmitting with maxirpamer, so thay(|Y;|) ~
gs(Ry). This is for analytical tractability and modeling worstseainterference.
Summing (1) over all femtocells over a antenna sector at aonalt BS, the cumulative cross-
tier CCI at the reference macrocell BSis represented by the Poisson SNP [15],
L= Y QpuilX,|™ (2)
Fiefyy
where U, £ ZlU;'l ©.c/0, r, defines the cumulative shadowing gain between activelystrén
ting users in femtocelF; and macrocell BS”.
Neighboring femtocell interference at a femtocell BS (I,;) : By an identical argument as
above, the interference caused at BS antenna sector ofdelinto from other femtocelld;, i #
j is a Poisson SNP given by, ; = ZFieﬂf Q¥ X;| ™, where|X;| refers to the distance
between(F;, F;) and ¥; £ 3., O, /Oy k..
Interference from active users within a femtocell (Z;,,) : Conditioned on the femtocell con-

taining U > 1 actively transmitting users, the intra-tier CCl experiethdy the user of interest
Uy
1—e Yr"

Macrocell interference at a femtocell BS (/;.) : This paper analyzes outage probability at

arising from simultaneous transmissions within the feralicequals(U —1)- P/ E[U] =

a femtocell BSF; located on the hexagonal axis, considering the effect afelh-macrocel-



lular CCIl. The interferenceljfjC arising from users inll, forms a lower bound on the cu-

mulative tier 1 CCl/;. and represented a&. > Iy, = Y. Pf\IfZ-('é?")a, where ¥, £

©;,r,/©;,0,10log;, ¥; ~ N(0,207;) is the LN shadowing term andX;|, |Y;| represent the

distances of macrocell usérto the macrocell BS and femtocell BS respectively. Obsehnat &
corner femtocell experiences a significantly higher maglt&€Cl relative to an interior femtocell,

therefore the cdf;, (-) is not a stationary distribution.

IIl. PER TIER OUTAGE PROBABILITY

To derive the OCs, an uplink outage probability constrasnformulated in each tier. Define
Ny and N, as the average number of femtocell BS’s and macrocell usgrsglisite respectively.
A user experiences outage if the received instantaneouslSigrinterference Ratio (SIR) over
a transmission is below a threshoid Any feasible(Nf,Nc) satisfies the outage probability

requirementsP/ . < ¢,P¢, < e in each tier. The outage probabiliti€,(N;, N.) [resp.
Pf

out

(N¢, N.)] are defined as the probabilities that the despread narmavB#R for a macrocell
user [femtocell user] at the Tier 1 [Tier 2] BS antenna seiddrelow~. Assuming the PN code

cross-correlation equaly,,,/G*, define

G/ Nyjop P .
Pt (N, N.) =P oplr <‘Qc>1
out( I ) r<Ic,in+Ic,out+Ic7f _7| |_ >
G /N, Pt
Pl,.(Ny, N) = Pr / e gqu > 1 (3)
(U—l)-Pr +[f’f+lf7c

where [Q).| denotes the number of points {1 and the unconditioned ~ Poisson(U;/Nyc).
The OCs for the macrocell [resp. femtocell] are obtained dyjeuting thehighestNV, [V.] for

a givenN, [N;], which satisfy a target outage constraintMore formally,

Ny (N,) = sup{Ny : P¢,.(Ns, N.) < €}, No.(Ny) = sup{N. : P (Ns, N,) < ¢} (4)

out out

The OCs for the two-tier network are obtained correspontintpose feasible combinations of
(N., Ny) thatsimultaneouslgatisfy P/ , < ¢ andP¢

out — out

< e respectively. For doing so, we derive

the following theorems which quantify the outage prob#ébsi and CCI statistics in each tier.

*With Nj., = G = 1, the model reduces to a non CDMA narrowband transmissiotl) Wi,., = G > 1, the model
reduces to a timeslotted ALOHA channel



Theorem 1: For small femtocell sizes, the statistics of tressstier femtocell CClI/, s
(and intra-tier femtocell CCl/; ;) at a BS antenna sector are given by a Poisson SNP-
Zieéf Qf\lfi|Xi|_a with iid \Ifi = 25;1 \Ifij,10log10 \Ijij ~ N(O,UﬁB),UZ‘ ~ U|U 2 1 and
U ~ Poisson(Uy). In particular, if the outdoor path-loss exponent= 4, then” follows a

Lévy-stable distribution with stability exponeht2, whose pdf and cdf are given as:

fr(y) = \/gy_g/ze_”f/y, Fy(y) = erfc( %) (5)

wherer; = n;ﬁng(E[\I’I/2])2/4.
Proof: See Appendix IlI. [ |

Remark 1 (Femtocell size)ncreasing femtocell sizef{;) strictly increaseghe outage prob-
abilities arising from the femtocell CCl;, and /., in a two-tier network. To elucidate this,
observe that an increase Ry causes:; to increase by a factoRf . By monotonicity oferfe(-),
the cdf's Fy, . (+), Fr,.,(-) decrease as; increases, causing a higher outage probability per tier.
Intuitively, a femtocell user located on the edge of a feralowill cause excessive CCI at a
nearby femtocell BS; the effect of the CCI appears as a powostral penalty factoer in (5).

Remark 2 (Hopping Protocol)All Tier 2 users within a femtocell are assumed jantly
choose a hopping slot. Suppose we compare this against @pendent hopping protocol, where
users within a femtocell are independently assigned a ngpglot. With independent hopping,
the intensity ofd; equals); = %-(1—6‘(#/%0?) (note the difference from; in Lemma 1) and
the average number of interfering users in an actively tratisig femtocell equal%.
With an outage threshold d?/G/(Ny,,7) (3) at a femtocell BS, two observations are in order:

TH-CDMA transmission: When ﬁ > 1, joint hopping is preferable from an outage
probability perspective. Intuitively, joint hopping recks\ ; by a factorN,,,, causing a quadratic
decrease i, in (5); independent hopping decreases the number of iniegfeisers per active
femtocell, causing a sub-quadratic decreasg&|[i'/?]2. The consequence is that joint hopping
results in a greater decreaseIPiﬁLt. Using Ny, = 2, Fig. 3 confirms this intuition; notably, the
gap in outage performance is dictated by the hotspot usesitgein heavily loaded femtocells

(U > 1), a joint hopping scheme is clearly superior. Fghtly loaded femtocellsy; ~ 7, ~

ArUs
Nsec'Nhop

Random Access transmission: When N,,,, = G > 1, the femtocell outage threshold is

, implying that independent and joint hopping schemes perfoearly identical.

P/ /~; by consequence, it is preferable to use independent hgmuiross the tier 2 network.
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With joint hopping, even &ingle interfererwithin a femtocell can cause outage for the user of
interest as there is no interference averaging (see Fign3ndependent hopping scheme offers
increased interference avoidance since the likelihoodvof femtocell users sharing a hopping
slot is negligible. Consequently, in non-CDMA two-tier lcédr networks employing interference
avoidancejndependentassignment of hopping slots is preferable from an outagepoent.
Using Theorem 1, the macrocellular outage probability i& formulated.

Theorem 2 (Macrocell outage probability): Let outdoor p#blss exponent: = 4. With Pois-
son in-cell macrocell CCI. ;,, Gaussian out-of-cell CCI. ,,; and Levy-stable femtocell CCI

I.; given by(5), the outage probability at the macrocell BS antenna secagiven as:

loe/PE) o K
1 el ‘(770|3t|)m
>P  =1— —F Ge(pe 6
€ Z ot 1— e_ncr}_u ot m' (p ) ( )

wheren, = 5—=25—, pe = 5o, fe = pe — (m = 1) P and Ge(t) £ [y fre o (t = 9)F1.,(y)dy.
Proof: See Appendix lllI. [ |
Theorems 1 and 2 provide the tools to quantify the largésthat can be accommodated at a
given N, subject to an outage constrantThe next step is to compute the outage probability
at a femtocell as defined in (3). To do so, assume that the @aihtis located on the axis at a
distanceR, from the macrocell center and the receive antenna at theotahBS is aligned at
angled w.r.t the hexagonal axis (Fig. 2). The following theoremivks a lower bound on the
statistics of the tier 1 CCI;. at any femtocell located along the hexagonal axis.
Theorem 3 (Lower bound on Macrocellular CCI): At any femtb&S antenna sector lo-
cated at distancé® < Ry < R, from the macrocell BS along the hexagonal axis:
1) The ccdf of the macrocellular interferenége. over a femtocell BS antenna sector is lower
bounded as, (y) > 1 — F}" (y), where:

A
Rl () = exp{— =[] st y)rdrdas} ™
Hoee

whereS(r, ¢;y) = Fyly/PS-(r/|re’+ Ro|)?], Fy is the ccdf of¥ : 101log,, ¥ ~ N(0,2025),
0 is the femtocell BS antenna alignment angle &hd. C H denotes the region inside the

reference macrocell enclosed betweer ¢ < 6 + 27/ N,
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2) For a corner femtocellR, = R. with an omnidirectional femtocell antenns,.. = 1, the

ccdf of I is lower bounded a7, (y) > 1 — F};’C(y), where :

Fi ) =exp{—3 > [[ 50 ¢;y>rdrd¢} ®)
o Nhop 2y
Proof: See Appendix IV. [ |

For a path-loss only model, the lower bounds on the femtazglge probability can be derived
analogously as stated in the following corollary.

Corollary 1: With the above definitions, assuming a pure das model (no shadowing),
(7) and (8) hold with S(r, ¢;y) £ 1[P¢ - (|re® + Ro|/r)* > ]

Theorem 3 characterizes the relationship between the sityenf macrocell users and the
femtocell outage probability. Observe that the outage aindity F};”C — 1 exponentially as
A. — oo. Further, increasingV,,, “thins” the intensity ofIl., thereby mitigating cross-tier
CCI at the femtocell BS. Fig. 4 depicts the outage lower bguttd evaluate the impact of
macrocellular CCl/;.. Corresponding to an interior and corner femtocell loagtithe lower
bounds are computed when the femtocell BS antenna is eilotored—NV,.. = 3 with antenna
alignment angle) = 27 /3 — or omnidirectional. No hopping is used/{,, = 1), while a unity
power ratio (°/ /P¢ = 1) is maintained. Two observations are in order:

Tightness of lower bound: The tightness of (7) and (8) shows that the cross-tier CClis
primarily impacted by the set afominant macrocellular interfererél3). The implication is that
one can perform accurate outage analysis at a femtocell hgidering only thenearest tier 1
usersthat individually cause outage. This agrees with the olagEms in [19], [20].

Infeasibility of omnidirectional femtocells: The benefits of sectored antennas for CCI miti-
gation at the femtocell BS are evident; with a sectored BSrard, a corner femtocell (worst-case
macrocell CCI) performs considerably better than an iatesmnidirectional femtocell.

Using Theorems 1 and 3, the femtocell outage probabilityig3tated in the next theorem.

Theorem 4 (Femtocell outage probability): Let outdoor pkitbs exponentr = 4. For small
., the femtocell outage probabilif§’,, is lower bounded as:

(2

e_Ufsec Lpf/PffJ Um
JAb ’ f,sec ~
e>PLiml - — Y Gy 9)

m=1

U S t
whereUysee = 51 pp £ 3o, pr = py — (m — 1) - Pl and Gy(t) £ F, (t) + [, fi, ,(t =
y) In (F7 (y))dy.
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Proof: See Appendix V. [ |
For a given Ny, Theorem 4 computes thiargest N. which ensures the SIR thresholidis
satisfies for a fractionl(—¢) of the time. Furthermore, the lower bounﬁt}ljﬁ_yc(-) was shown to be
tight, hence the computedl. is not overly optimistic. Using Theorems 2 and 4, the OCs ler t
two-tier network with interference avoidance can now belilgabtained. The following section
studies using a femtocell exclusion region around the ntatl@®S and a tier selection based

femtocell handoff policy, in addition to the interferenceomlance strategies discussed hitherto.

IV. FEMTOCELL EXCLUSION REGION ANDTIER SELECTION

Suppose the reference macrocell BS has a femtocell exolusgionR* C ‘H surrounding
it. This idea is motivated by the need to silence neighbofgmtocell transmissions which
are strong enough to individually cause outage at a madrB&l similar schemes have been
proposed in [21] and adopted in the CSMA scheduler in thel80&andard. The tier 2 femtocell
network then forms a heterogeneous SPPR{onith the average number of femtocells in each
cell-site equaling\; - (|| —|R5"|). The following theorem derives a lower bound on the ccdf of
the cross-tier femtocell interferendg; considering the effect of a femtocell exclusion region.

Lemma 2 (Femtocell exclusion region): With a femtocellesion region of radiugz}* around

the reference macrocell BS, the ccdf of cross-tier femt@€l I ; is lower bounded as:

Fr(y) > 1—eml1®) (10)

__ 2 _ (Rj‘u)w(s A Qf ) ) ) I exc)?2

whered = 2, u =y - —5—, H(y) = (1) (B[] — Fy(u)E[W* | U < u]) — Fo(u)(RF)*,
U2 W, 10log,, Ui ~ N(0,202;) andU ~ X|X > 1, X ~ Poisson(Uy).

Proof: See Appendix VI. [ |

Fig. 5 depicts the macrocell outage performance as a fundfithe femtocell exclusion radius,
assumingN. = 1, P//P: = 1. Notice that even a small exclusion radii§* results in a
significant decrease i, ,. The implication is that a femtocell exclusion region cacr@ase the

out "

number of simultaneous active femtocell transmissions|ensgatisfying the macrocell outage

constraintP¢

out

that only the nearby dominant femtocell interferers infeeputage events at the macrocell BS.

< e. Once again, the close agreement between analysis andationushows

Corollary 2: With no femtocell exclusion(*™ = 0), the ccdf of the cross-tier femtocell CCl

I..; at a macrocell is lower bounded &, (y) > 1 — e~ ™M QFBI 0
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Corollary 2 is the two-tier cellular network equivalent ohdorem 3 in Webeet al. [20],
which derives a lower bound on the outage probability for ad hetworks with randomized
transmission and power control. Finally, this paper comsdhe influence of a femtocell tier
selection based handoff policy wherein any tier 1 macratalluser within the radiugz; of
a femtocell BS undergoes handoff to the femtocell. In essetie CCl caused by the nearest
macrocell users is mitigated, as these users now employrpmverol to the femtocell BS.
Lemma 3: With a tier selection policy in which any user withimadius R; of a femtocell
undergoes handoff to the femtocell BS, the intensity ofltieisers within after handoff is
given as\”5(r) = \,-e~»78* whenever > R§*, whereR§™ is the femtocell exclusion radius.
Proof: See Appendix VII. [ |
Remark 3:For smallA; andr > R¢™, a first-order Taylor approximation shows theft® ~
Ae - (1 — AwafC). The interpretation is that tier-selection offers margibanefits for small
femtocell sizes B; < R.). Intuitively, a small sized femtocell does not cover “eghuspace”
for significant numbers of macrocellular userstinto accomplish femtocell handoff. However,
Theorem 1 shows that a small femtocell size does lead to arloplenk outage probability.
Remark 4:The network OCs considering the effects of a femtocell esiolu region and tier
selection can be obtained by applying Lemmas 2 and 3 in Theo2 and 4 respectively. In

doing so, we approximaté ; as a Poisson SNP whose cdf is described by (1).

V. NUMERICAL RESULTS

System parameters are given in Table |, and the LabVIEW enmient was used for numerical
simulations. The setup consists of the reginsurrounded byl8 macrocell sites to consider
two rings of interferers andx/3 sectored antennas at each BS. In (10), the statistics of the
shadowing gainl were empirically estimated using the MATLAB functioRgdensity and
ecdf respectively. The OCs were analytically obtained usingoféms 1-4 for an outage
constrainte = 0.1 in (4). The following plots compare the OCs for a shared spettnetwork
with interference avoidance against a split spectrum nétwath omnidirectional femtocells.

Figs 6 and 7 plot OCs for a macrocell and interior femtocetl & /P = 1,10,100 and
Nnop = 1. The femtocell uses a sectored receive antenna With = 3,6 = 2 /3. The close
agreement between the theoretical and empirical OC cundésates the accuracy of the analysis.

Observe that the outage constraints oppose one anotherasiiegP/ / P¢ decreaseshe largest
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N, sustainable for a givery, from the macrocell BS perspective. From the femtocell stain,
increasingP/ / P¢ increaseshe largestV. which is sustainable for a giveN;.

Figs 8 through 10 plot the performance of the shared speateimork employing interference
avoidance for a corner and an interior femtocell, as a fonatif N, and P/ /P¢. Fig 8 shows
that with P//P¢ = 1 and a lightly loaded tier 1 network, the corner femtocell eaieve
greater than 7ximprovement inN, relative to the split spectrum network. Intuitively, with
P//P¢ =1, amacrocell BS tolerates a large cross-tier CCI; the dateniseing that the femtocell
BS experiences higher macrocellular CCI arising from tiemskrs transmitting at maximum
power near the cell edge. This explains wNy decreases rapidly with increasifg. in the OC
curves for a corner femtocell. Witk//P¢ = 10, the OCs for corner and interior femtocells in
Figs 9 and 10 offegreater than 2.5xmprovement inN; relative to the split spectrum network.
Additionally, a greater degree of load balancing is actdewéth an interior femtocell location,
a maximum of N, = 45 tier 1 users can be accommodated. The inference is that imr@dh
spectrum two-tier network, interference avoidance offepssiderable improvement itier 2
femtocell densityV, at low N.; to achieveload balancingby increasing/V, at the expense of
Ny, anorder wise difference in receive power rat®required. We aver that a practical wireless
system use a largeP/ / P¢ closer to the corner femtocell relative to the interiorsthiill ensure
that both the interior and corner femtocells can sustaintidal number of tier 1 users.

Fig. 11 shows the two-tier OCs when users in each tier empli@raocell exclusion region
and a tier selection policy for femtocell handoff. We obsean increase inV, by up to 10
additional femtocells (o0 * U; = 50 users) forN, < 30 users. Both femtocell exclusion and
tier selectiondo notlead to a higherV.. The reason is that a femtocell exclusion region does
not alleviate tier 1 CCIl at a femtocell. Furthermore, an argtion for the conservative gains
in Ny is that there is a maximum tolerable interference to sudtanoutage requirements at
a given femtocell, that prevents a substantial increaséénntumber of actively transmitting
femtocells. Next, owing to small femtocell sizes, a tiereséibn policy succeeds in curbing tier
1 CCI mainly for a largeN,, which is sustainable wheRN, is small (to satisfyP , < ¢). This
explains the dominant gains iN; at a low-to-moderatéV..

A relevant question is to askHow does the system capacity with randomly placed users
and hotspots compare against a two-tier network with a gigenfiguration?” Due to space

limitations, our paper does not address this question tiijréd/e refer the reader to Kishomt
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al. [7, Page 1339]. Their results agree with ours’ in that thera decline in the system capacity,
because the configuration contains high levels of cross=@.

Kishore proposes to alleviate cross-tier CCI by varyingrttaerocell coverage region, through
exchanging the pilot channel strength with the microcellir @model assumes that femtocells
(placed by end consumer) operate withinimal information exchangwith the macrocell BS.
Due to reasons of security and scalability—there may be fiegiscof embedded femtocells within
a densely populated macrocell- handing off unsubscribedsusom macrocell to a femtocell
hotspot may not be practical. Moreover, femtocell hotsgwge a small radio range<(50

meters). This necessitates an interference avoidandegstra

VI. CONCLUSION

This paper has presented an uplink capacity analysis amdferénce avoidance strategy
for a shared spectrum two-tier DS-CDMA network. We derivaaxoutage probability at a
macrocell BS and tight lower bounds on the ccdf of the CCI atmtbcell. Interference
avoidance through a TH-CDMA physical layer coupled withtegzed receive antennas is shown
to consistently outperform a split spectrum two-tier netwavith omnidirectional femtocell
antennas. Considering the worst-case interference atreerce@mtocell, the network OCs show
a 7x improvement in femtocell density. Load balancing usersach tier is achievable through
a orderwise difference in receive powers in each tier. Add#l interference avoidance using
a femtocell exclusion region and a tier selection based deelit handoff offers conservative
improvements in the OCs. The message is clear: Interferamoglance strategies can make

shared spectrum two-tier networks a viable propositionraciical wireless systems.
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APPENDIX |

Consider the Poisson field of interferers as seen at any r@atsector (either macrocell or

femtocell BS) with antenna alignment andle(Fig. 2). Assuming a perfect antenna radiation
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pattern, the interfering Poisson field forms heterogen&RRPS), ande with intensities given

o) = 0 € .0+ 400 = g -l e b0+ ) @)
wherel(-) represents the indicator function. The following obseorat rigorously explain (11).
Hopping slot selection: The set of macrocell users and femtocell BSs transmittingr ov
any hopping slot is obtained by independent Bernoulli thigrof the SPPP<,., 2;) by the
probability of choosing that hopping slot namélyN,,,,.
Active femtocell selection: The factor(1 — e~Ys) arises because the set of femtocells with

at least one actively transmitting uses obtained using independent Bernoulli thinning{of
Uy

1—e Uf"

The event consisting of marking femtocells by the probsbilhat they contain at least one

[17]. Observe that a femtocell withh > 1 actively transmitting users satisfi@SU| =

actively transmitting user and the event of marking femiledey the probability of choosing

a common hopping slot are independent; this implies thatélalting SPPF@f has intensity

N*hf;p -(1—e7Yr). Finally, using the Mapping theorem [17, Section 2.3] foisBon processes, one
can map the heterogeneous SPPRsand Qf over one antenna sector to homogeneous SPPPs

®. and @, over R? with intensities), = andny = - (1 —€e7Yr) respectively.

Af
N Naec N}op Néec

APPENDIX I

From (2),1.; (and I; ) are distributed as a Poisson SNP= >icq, @r¥i| X[~ over an
antenna sector of widthr/N,... Next, the Mapping theorem [17] is used to prove (5).

1) Invoke Lemma 1 for mappin@f to a homogeneous SPRP on R, This implies thatt”
is distributed identically a8” = ;. Q7 W:| X[

2) Map the planar SPPP definidg with intensityr; to a 1D SPPP with intensityn; using
Proposition 1, Theorem 2 in [16]. For doing so, rewrlteas, Y = Zi@f QY (| X;[%) /2
which represents a SPPP on the line with Poisson arrivalstiptg|> and intensityrn, =

TAs -U
Nhop‘Nsec(l —€ f).

Consequently}” is identically distributed as a 1D SPPP with intenstty;, which represents

a Lévy-stable distribution with stability exponedt= 2/« [22] and a characteristic function
given by Qy (s) = exp [—mn,T(1 — §)E[V°](Qys)°], wherel'(z) £ [[* t*~'e~'dt is the gamma

function. In particular, whemx = 4, Y follows a Lévy-stable distribution with stability expamte

0 = 0.5, with statistics (5) obtained from Equation (30) in [15].
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APPENDIX I

At the macrocell BS, the interference denoted/by,, /. ... andI. ; are mutually independent
random variables. The macrocell outage probabitity, defined in (3) can be computed by the
probability of the complementary event, correspondinghe probability that the cumulative
interference does not exceed the SIR threshpld PG /( Ny, - 7). The cdf of (1., + Leour +
I. ;) can be computed using a three-fold convolution. Observethigaevent that the intra-tier
macrocell CCI from(k — 1) in-cell tier 1 interferersl. ;, equals(k — 1) - P¢ given at least one
active tier 1 user (user of interest) is equivalent to thenetieat®. (Lemma 1) has: elements
within H. The probability of this event is given by,

e UL,
1 —e—nlHl k!
The total interference caused by thie— 1) interfering macrocell users equals — 1) - P¢ ;

Prll.in=(k—1)-P|k>1] =Pr[|®| =k | |P.] > 1] = (12)

there is no outage if the residual interferenicg,, + 1. s is less tharp. — (k — 1) - P¢. Using
independence of,. ,,, andI. ;, Theorem 1 and Gaussian distributed,,, the result follows.

APPENDIX IV

The interference experienced at a femtocell BS antennarseet ¢ < 6 + 27 /N, is lower
bounded by the macrocellular CCI arising withify... If the femtocell BS is located at distance
R, from the reference macrocell, then any macrocell user éacat polar coordinate§-, ¢)
w.r.t the femtocell BS causes an interference equalifig R, + re?|/r)* at the femtocell BS.
Corresponding to the heterogeneous SPRHsee Definition 3), outage events at the femtocell
BS arising from macrocellular CCI;. can be categorized into two types: In the first type,
outage events arise due to CCI caused by a single udér.ihe second class of outage events
occur due to the macrocell interferers whaganulativeCCl causes outage [19]. This class
precludes all interferers falling in the first category. Kemnatically, for an outage threshold
at the femtocell BS, splitl. into two disjoint heterogeneous Poisson SPPRs= 1., U Hgy

corresponding to the set aiominantand non-dominantmacrocellular interferers:
ey £ {(ri, ;) € e : PEU(|rie’® + Rol/ri)* > y}, 1S, = T\ 11, (13)

At any point(r, ¢) € H, the intensity ofll., denoted by\.,(r, ¢) is given as,

B Nhop v

yre
Pelrei + Rol®

Aey(T: 9) 1[0 < ¢ < 0+ 21/N,..] (14)
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In the event oflI. , being non empty, the femtocell BS experiences outagengrisom the CCl
f

out

caused by a user ifl.,. Therefore,P,,, is lower bounded by the probability thék,. , has at
least one element. Equation (7) results from the Poissath panbability of the complementary
event namelyPr (|II.,| = 0) [17]. This completes the proof for the first assertion.

To prove (8), recognize that a corner femtocell with an onmealional BS antenna encounters
macrocellular CCI from the three surrounding cellsitese Tominant macrocell interferer set
II., can be expressed &k , = Ule IT. ., wherell’ , denotes the dominant macrocell interferer
set in neighboring cellsité The heterogeneous SPPIRs, are non-intersecting with an intensity
expressed by (14). The ccdf 8f . is then lower bounded by the probability Bf. , being non

empty, which can be deduced from the event ﬂﬁ@g,i =1---3 are empty.

3 ' A,
FIl;c(y) — H Pr(|II,| = 0) = exp{—3 N, / / S(r, ¢; y)rdrdgb} (15)
=1 op 7‘[

To complete the proof, use pairwise independence of thetsa\lbatﬂi,y and Hg’ﬁy are empty
and S(r, ¢; y) in (7) to show that, (-) is lower bounded agy, (y) > 1 — F} (y) in (15),

APPENDIX V

The number of femtocell users within a femtocell BS antensetas is Poisson distributed
with meanU;/N,... The overall CCl is composed of three terms namély,, I; and Iy,
which are mutually independent. Given actively transmitting femtocell users including the
user of interest/;;, = (m — 1) - P/; consequently, the outage threshold for; + 1. equals

pr=p;—(m—1)-Pl ps 2 GP! /(N - ) using (3). A lower bound oi/,, is obtained as,

out

f
—Us see \_pf/P'r' J m
e Uf,sec

flb 1 ) ~
€ Z IIEDout - 1 1 _ 6—Uf,sec Z_l m] FI}I”C-l-If_’f (pf) (16)
_ log/PL] rm
U
e f,sec Uf,sec 5
=1- 1o 2 o f 1) (17)
m=1
e_Uf,sec \_Pf/Pva Um
~1- T TUrme Z ;;Js!ec (1 + ln(F}?c)) * fr, :1(py) (18)
m=1
s
e_Uf.,sec Lpf/PTJ U}?SGC

i G > o Grlpy) (19)

m=1
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Equation (16) uses the lower bound on macrocell Clgl arising from the set of dominant
macrocell interferers (13). (17) uses pairwise indepeoéesf I, ; and /. for performing a
convolution of the respective probabilities. Finally, YI8llows from a first-order Taylor series

approximation ofF}JIj_c in (7) usinge” ~ (1 + x) for small \. in the low outage regime.

APPENDIX VI

For an outage thresholgd, the SPPPQf comprising the tier 2 femtocell CCI can be split
into the set of dominant and non-dominant femtocells dehbge(QM, Qﬁy) respectively. The
heterogeneous SPR®;, = {(r;, ¢;) € Q; : QW77 > y} consists of actively transmitting
femtocells which are capable of individually causing oetad a macrocell BS. At anyr, ¢)
w.r.t macrocell BS, the intensity &t;, is given by, (r, ) = As(r, ¢)- Fy(yr*/Q;). The ccdf
of the femtocell CCl/;, is lower bounded by the probability that the S%;,y iS non-empty.
For if s, contains at least one element, then the macrocell BS antswuter is in outage (by

construction offzﬁy). Using the void probability oﬁf,y, the lower bound is given as:

= = o 27T>\f < [ yr®
Fr, (y) > lebf(y) =1- eXP{—m /?u Fy (Q—f> dT} (20)
=1- exp{—ﬂ'”r]fQ‘}y_é / h Fy (t)d(t5)} (21)

} (22)

Equation (21) follows by substituting= yr/Q) in (20), while (22) is obtained using integration
by parts. Using[ ™ ¢° fy(t)dt = E[U°] — Fy(u)E[¥° | ¥ < u] in (22) completes the proof.

=1- exp{—ﬂﬁfovy_é [/00 t° fy(t)dt — Fy(u)(R§™)?

u

APPENDIX VII

In the region) < r < R$" around the reference macrocell, actively transmittingtéeralls are
absent, so that there are no femtocells for handoff to oaouary user irt2.. Consequently, the
intensity of the tier 1 macrocellular users(n< r < R$™ equalsA.. Forr > R, the intensity
of the macrocell users is found by computing the probabiligt any point inQ. (prior tier
selection) does not fall withif?; meters of a femtocell BS. This is equivalent to computing the

void probability of 2, within a circle of radiusR; of every point in€2., which equaISe‘Af”R?”.
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This paper assumes amdependenBernoulli thinning of each point ifi. by the probability
that a tier 1 user falls with?; of a femtocell. Strictly speaking, this statement is notreot:
Given two closely spaced tier 1 users(n, the event that the first user undergoes femtocell
handoff is correlated with a nearby user (i undergoing handoff with the same femtocell.
However, we justify that this assumption is reasonable avbdnsidering the small size of each
femtocell. Then, the intensity of tier 1 users following teentocell handoff is obtained by iid

Bernoulli thinning ofQ2. by the void probabilitye‘Af”R?‘ [17], which completes the proof.

TABLE |

SYSTEM PARAMETERS

Symbol Description Value
H Region inside reference cellsite N/A
Qec, Qf SPPPs defining Tier 1, Tier 2 users N/A
Rc, Ry Macro/Femtocell Radius 500, 20 meters
Uy Poisson mean users per femtocell 5
Nsec Macrocell/Femtocell BS antenna sectqrs 3
Nhop CDMA Hopping slots 1,2,4
a, B Path-loss exponents 4,2
G Processing Gain 128
~ Target SIR per tier 2 [C/I=3 dB]
€ Target Outage Probability 0.1
0aB Lognormal shadowing parameter 4 dB
Pf Macrocell receive power 1
224 Femtocell receive power 1,10,100
doc, doy Reference distances 100, 5 meters
fe Carrier Frequency 2 GHz
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