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Executive Summary

Femtocells deployment represents an answer toxpenentially growing demand in terms of mobile
services. Indeed, in addition to bring a betterezage for indoor users, they provide operators wilthw
cost means to offload traffic from a potentiallyeooaded macrocell network. However, their massive
deployment comes with a number of technical chgksn Notably, the most important and detrimental
problem facing femtocell networks is the preserfdaterference among neighboring femtocell netwoprks
and between the femtocell network and the macroeiork.

The Work Package (WP)3 of the BeFEMTO project, gsidhe means of mitigating this problem in the
context of standalone femtocells , as opposed tawarked femtocells, which are considered in WP4.
This report presents the innovative concepts alatiynesults of the research activities carrieddwing
the second year of the BeFEMTO project within Woaklkage 3.

Femtocells which operate in the same spectrum asrooell users (MUES) produce @oss-tier
interferencewhich degrades these latter users Quality of Serf@oS). Moreover, neighbour femtocells
which belong to the same operators, may interfétie @ach other. The latter interference is knownas
tier interference.

The innovations described in this report focus myasticross-tierinterference.

Several stati€requency portioning schemes for the overlay macro network are envisaged amdpared
w.r.t to their performance in the macro network anthe underlay femto network.

Another powerful tool to mitigate co-tier and ceer interference idynamic power control. Various
strategies are presented in this document. Ondexh tcombines partial spectrum splitting between
femtos and macro with a dynamic power control gratects MUEs from femtocells interference. Power
control is limited to those femtocells that are Warst interferers towards a given macro cell usbese
femtocells are identified via a Self Organized Nmtw (SON) type coordination procedure with the
victim MUE. This first strategy aims to proteohe given MUE, while the following protecany
potentially present MUE. Another strategy takes aadage of the specificities of femtocells
communications: they are short range, leading tigha quality downlink signal, and only few UEs
locally compete for a large amount of spectrum wes® A novel scheduler allocates each femto-user
(FUE) a larger number of spectral resources (ResoBlocks — RBs), with a reduced power per RB.
Thus, co-tier as well ascross-tier interference are reduced, while FUE Quality of &&rVQoS) is
maintained. In the third method, a power contrahigplied on the downlink of a femto cell in order t
maximize the femtocell throughput, while keeping thterference level while keeping the interference
level below a certain threshold. In addition, aalige FUEs use Successive Interference Cancellation
(SIC) to cancel out macro cell interference. Anotimethod is similar this time on the uplink, where
macro cell should be protected from interferenceaigd by FUEs. A FUE power control scheme is
proposed, that relies on minimal coordination fréme MeNB to operate. Then, a decision rule is
depicted, in which macro users may connect to abyefmtocell access point rather than the MeNB,
basically if it saves energy. SIC is used to alfemto and macro users to share a common chantiet of
HeNB.

Benefits of Multiple Input Multiple Output (MIMO)ransmission on the 3GPP LTE performance are
demonstrated by simulation.Results show that tHeERET O target value of 8bps/Hz is attainable with a
4x4 antenna configuration.

Finally, Appendix A presents calibration resultstod system level simulators used by each parthes,
enforcing the consistency and coherency of WP3utststatic calibration of macrocell-only resultasy
given in BeFEMTO D2.1 [29]. This appendix extendsstheesults by adding the static calibration of
different femtocell models. One dynamic calibratien also performed in a macrocell-only case,
validating in particular the spatial channel moakstd.
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1. Introduction

The emergence of new data and video services coufledn increase in the number of user equipments
such as smart-phones and tablets, has forced mopdeators to examine new ways for increasing
coverage, boosting data rates and lowering cagitdl operating expenditures (CAPEX and OPEX) of
their mobile networks. One approach for improvihg poor macrocell indoor coverage and boosting the
spectral efficiency has been the utilization of fecells. The potential cost reduction combined \tfith
prediction market growth make the femtocell cona@epicrative option for mobile operators. Recently
femtocells have been receiving a growing inteneshfboth academia and industry. Femtocells arelsmal
cellular base stations which can be deployed imdeesial, enterprise, or outdoor areas. Femtocells
connect several mobile phones to the operatoriwar&tvia an existing broadband connection (such as
DSL or cable). Among the benefits provided by ferattscinclude boosting the spectral efficiency o th
network, improving the poor macrocell indoor coggraand offloading the macrocell network. Although
femtocells provide several benefits for operatams asers alike, their massive deployment comes avith
number of technical challenges. Notably, the mogiartant and detrimental problem facing femtocell
networks is the presence of interference amonghbeigng femtocell networks, and between the
femtocell network and the macrocell network.

This report presents the innovative concepts alatiynesults of the research activities carriedawing
the second year of the BeFEMTO project within Worlckgge 3. This document consists of four
sections.

An introduction is given in Section 1 summarizitg tchallenges addressed in this interim reportgalon
with different contributions.

In Section 2, interference management approachaseee unplanned indoor standalone femtocells and
overlay macrocells are explored. The first methodedtigates the performance of different static
interference avoidance scheme in a heterogeneotugonkecomprising macro and femtocells: Soft
Frequency Reuse (SFR), Fractional Frequency RdtBR)(and Inverse Frequency Reuse (IFR) are
considered and compared with Frequency Reuse 1) (BRd Frequency Reuse 3 (FR3) as the main
benchmarking schemes. In the second method, tomis $tochastic geometry are used to characterize
aggregate interference from femtocells towards armaser (MUE). Then various strategies of power
control and/or spectrum reuse are compared vheir. impact on the MUE.

Section 3 deals with the impact of decentralizepra@ches for radio resource allocation. First, eeho
scheduler exploiting the wireless spectrum in a tiewenetwork is first proposed and evaluated shgw

its effectiveness in limiting interference to neiglir end-users in the downlink.This scheduler takes
advantage of the specificities of femtocells comivations: they are short range, leading to a high
quality downlink signal, and only few UEs locallyropete for a large amount of spectrum resource. The
scheduler reduces the downlink transmission poweiResource Blocks (RB) that is required to ob#ain
target bit rate in femtocells and subsequently eis® the overall generated interference. In thensec
algorithm, a Radio Environment map (REM) is usea& &adio Resource Management (RRM) tool for
the downlink of a femtocell: the Home evolved Nod@BNB) selects RBs, so as to satisfy femtocell
user (FUE) QoS while protecting MUEs in its vicinibly keeping the interference level below a
threshold. Cell-edge users are allocated RBs irorigt interference”, i.e. interference caused by the
MeNB can be cancelled out by Successive Interferé@ancellation (SIC). The third algorithm aims to
solve the dual problem of the previous one: thigetthe uplink (UL) of a macrocell should be proteict
from FUEs interference. A FUE power control schemeroposed, that relies on minimal coordination
from the MeNB to operate. Then, a decision ruleepicted, in which macro users connect to a nearby
femtocell access point rather than the MeNB. Sl@sgsd to allow femto and macro users to share a
common channel of the HeNB.

Section 4 presents the benefit of Multiple Inputlfidle Output (MIMO) transmission on the 3GPP LTE
performance. The MIMO scheme that is consideredased Loop Spatial Multiplexing (CLSM). Four
different antenna configurations are compared: 2x2, 4x2 and 4x4. Results show that the targeteval
of 8bps/Hz is attainable with 4x4 antenna configjara

Finally, Appendix A presents calibration resultstod system level simulators used by each parthes,
enforcing the consistency and coherency of WP3utsjstatic calibration of macrocell-only resultasy
given in BeFEMTO D2.1 [29]. This appendix extendsstheesults by adding the static calibration of
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different femtocell models. One dynamic calibratian also performed in a macrocell-only case,
validating in particular the spatial channel moastd.
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2. Interference Management for Indoor Standalone Femtocells

In order to successfully deploy the femtocell amstture, several challenges need to be addressed.
Interference management is one of these majords$emmtocells which operate in the same spectrum as
macrocell users producecaoss-tier interferencavhich degrades these latter users Quality of 8ervi
(QoS). Moreover, neighbour femtocells which beldaogthe same operators, may interfere with each
other. The latter interference is knowna@stier interferenceln order to avoiccross-tier interference
operators may (statically or dynamically) allocalifferent parts of the available spectral resouixe
macrocell and femtocell users. However, licensextspm is a scarce resource, and this solutioaris f
from the operators spectral reuse targets. In eowodl deployments, HeNBs should dynamically select
transmission power and spectral resource in ooderitigate bottco-tier and cross-tier interference®n

the other hand, the increasing number of to-beayepl femtocells (150 millions of worldwide customer
are estimated in 2012 [32]), coupled with their lanped roll-outs, makes resource allocation a more
challenging issue

In this section, mainly cross-tier interferencadressed, first in section 2.1 with a static coration of
frequency and power reuse, then in section 2.2 watious dynamic schemes of power control for the
HeNBs, thus protecting neighbouring MUE QoS.

2.1 Interference avoidance schemes

In this section, we investigate the performancealiferent static interference avoidance schemea in
heterogeneous network comprising macro and fenigodel particular, we evaluate the effect of two
main system parameters, i.e. the activation raki) (of the femtocells and inter-side distance (1$D)
macrocell network on the overall performance of sgstem. In this study, 5x5 grid has been used to
model the femtocell. Here, we use cell throughmd 40th percentile of user throughput (reflecting
deprived users’ performance) as the main performamgtrics.

Different static schemes are considered in thisnate including: Soft Frequency Reuse (SFR),
Fractional Frequency Reuse (FFR) and Inverse Fregu®euse (IFR). The aforementioned static
schemes are compared with Frequency Reuse 1 (RARIl)Feequency Reuse 3 (FR3) as the main
benchmarking schemes.

As a brief recap, in SFR, cell space is divided imner and outer regions. BS transmits with atgrea
power in the outer region as compared to the imegion. The available bandwidth in SFR is divided
between the inner and outer regions in a way thatwidth parts used in the outer regions of adjacen
cells are orthogonal as shown in Figure 2-1 (rigHfwever, there is no restriction that bandwidént p
used in the outer region of a cell could not beseelin the center region of the adjacent cell. [SKR,

cell space in FFR is also divided into two regianaer and outer. The available bandwidth is alleddo
inner and outer regions in such a way that the éorincorporates frequency reuse 1 while the latter
applies frequency reuse 3 as can be seen in Figlirgeft). As a result, this scheme does not meqainy
power coordination across adjacent cells (sectors).

10
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Tri-sectorized cell
Righ =3[P layout Rign = alP 3
-a
Cell PIow =P ROW - 2 P
Group F1 F1
1 FO FO
N 7 5 =B
B PR Y
Cell & ] g
Group % F2 % F2
2 & FO “1 [Fo \
-
B, 5 N
~ e B
Cell R (—)%
Group F3 F3
3 FO FO
Frequency Frequency
or Ry, = Row = P Eff. FR 5 b g
Eff.FR= Eff FR=_Meh -2~ ¢ l<a<3
B+B 1<Eff.FR<3 ) 2a

c e low

Figure2-1: Example of FFR (left) and SFR (right) techniques

Invert Frequency Reuse (IFR) was originally repabiite [18] for tri-sectorized sites and in [19] feix-
sectorized sites. This algorithm can be seen asnabioation of frequency reuse and power reuse.
Compared with other reuse techniques this schemgsés only on the strongest interference from the
neighboring cells. The key idea is to increase thannel quality in cell borders by restricting the
dominant interferer in each sub-cell (out of sir)d distributed way. Consequently, all surrounding
sectors are to reduce their corresponding poRgg,( on a certain frequency group leading to a better
radio condition in all overlapping cell areas. Tanpensate the power reduction, the remaining posver i
distributed on non-restricted bandwidth to the lewé P,,m This idea in tri-sectorized sites is
exemplified in Figure 2-2 with seven adjacent sabisovhere the centre one forms the sector of éster

Invert selective frequency/power re-use technique Exanfpihésore-use technique among four tri-sectorized sites
with the center sector as the sector of interest
R’wrm
Cell —
Group Pest FO
1 —
FO F1L F2 F3 F4 F5 F6
F1
cell gl )
Group ET
o

Cell
Group F_6

1
FO F1 F2 F3 F4 F5 F6

Frequency
Pewr = AP Pm,rm=7_'gEP Eﬁ.FR=7;’B 1<Eff FR<7/6

Figure2-2: Exampleof IFR

To evaluate the performance of different static @lgms, we initially model a system level simulatiof
2-tier hexagonal layout for macrocells comprisingSectorized eNodeBs with 500m inter site distance
(ISD). The statistics are collected for a totall®d snapshots assuming full buffer scenario wheeach
snapshot, a total of 10 UEs are uniformly droppedced. The femto blocks are deployed based on 5x5
grid model where different activation ratios ar@sidered per grid at this stage.
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Figure 2-3 and Figure 2-4 depict the performancmacrocell and femtocell, respectively in preseoice
static avoidance schemes as the AR (for femtoagiisjually increases from 20% to 60%.

As can be seen, in case of femto network, the twa#l throughput as well as 10th percentile user
throughput is severely reduced due to the sigmifigacrease in co-tier interference where the 10th
percentile user throughput reaches zero for ARshe¥$0%. However, the macrocell performance is not
affected as much due to little impact on crossitiggrference. It is worth noting that the numbgfeonto
grids per each cell is fixed (equal to one) acedsARs in this scenario.

Comparing different schemes in low AR regime, tRR Iperforms better in macrocell due to a better
utilization of radio resources in this hybrid scleemhereas the FR3 scheme outperforms the rest for
femtocell network. The superior performance of F&3femtocells is attributed to suppression of stro
cross-tier interference from other neighbouring maells on part of spectrum per cell. Howevetiigh
levels of AR, all schemes perform similarly for teentocell network and can not mitigate the impafct
co-tier interference. As a result, more dynamicesods are to be used along static schemes to raitigat
the effect of co-tier interference in dense fentensrios.

Figure 2-5 and Figure 2-6 show the overall perforoeaof system as the ISD of macrocell is reduced
from 500 m to 200 m. The AR is set to 50% acrossasks.

In this scenario, changing the ISD affects botltienand cross tier interference as not only thetdée
deployment but also the macro deployment becomrasedeTherefore, the total cell throughput along
with 10th percentile user throughput is reducedssboth networks.

Again, IFR scheme outperforms the rest in macrooeliwork while benchmarking FR3 leads in
femtocell network.

2.1.1 Conclusions and futurework

In this section, we evaluated the impact of somgtesy parameters on the overall performance of
different static interference avoidance schemesreviieR and FR3 outperformed the other schemes for
macro and femto networks in different cases, raspy. In future, more dynamic algorithms are séad
to identify feasible and efficient trade-offs betmeperformance gain versus complexity and sigreallin

Performance of Macrocell Network
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Figure 2-3: Performance of macrocell network in different ARsfor femtocell
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Performance of Femtocell Network
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Figure 2-6; Performance of femtocell network in different I SD for macrocell

2.2 Statistical Modelling of M acro-Femtocell Coexistence

2.2.1 Problem statement

We investigate coordination mechanisms for coritrgllthe co-channel interference generated by
standalone femtocells in two-tier coexistence sdesaconsisting of macrocells underlaid with
femtocells. The rationale for employing such mecsmsiis to opportunistically reuse resources without
compromising ongoing transmissions on overlaid weais, while still guaranteeing Quality of Service
in both tiers. Stochastic geometry is used to madéhork deployments, while the cumulants concept i
utilized to characterize the probability distritautiof the aggregate interference at the taggedvercd o
conduct our studies, we consider a shadowed fadimannel model consisting of lognormal (LN)
shadowing and Nakagami fading. In addition, varioeswvork algorithms, such as power control and
frequency (re)allocation, are incorporated into thealytical framework. We then evaluate the
performance of the proposed solutions in termsutdge probability and average spectral efficiendih w
respect to the tagged receiver.

2.2.2 Network Deployment M odel

We assess the DL of two-tier networks, wherein MaBase Stations (MBSs) are underlaid with
standalone HeNBs in closed access mode. The urdtléidais composed of HeNBs uniformly scattered
over the network deployment area, while we focusi@ngle reference eNB to address the overlaid tie
Each femtocell schedules a random FUE in every imess$on interval, whereas the serving macrocell
schedules a MUE during the same time — we assuateotily one MUE is active per macrocell per
transmission interval. Active femtocells constitatélomogeneous Poisson Point Process (FPRyith
densityA . Then, the number of active femtocells in an aabjtregion R of area A is a Poisson Random
Variable (RV) with parametetA. We assume that the fading effect as a random asskciated with
each point of® . By virtue of the Marking theorem[4], the resufiprocess corresponds to a Marked

Point Process (MPP) with intensitdf, (X) . A MPP @ whose points belong to the stationary point

process® , is defined as® ={(5, x);00 CD} where d is an element of the original PRP .
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Figure 2-7: The dynamic partial co-channel arrangement. In the priority part, MUEs have
precedence over femtocells, whereasin the shared part both tierstransmit with equal priority

The 3GPP standardization body defines in [3] théiglazo-channel configuration to accommodate two-
tier networks operating in the Frequency Divisiompl2zxing (FDD) mode whereby the available
spectrum is divided into clear ("priority”) and skd parts as illustrated in Figure 2-7. By this
configuration, the macrocell tier can operate omhbgarts, whereas the frequencies that standalone
femtocells can use are restricted to shared pdyt bierein, we introduce a dynamic partial co-chelnn
implementation which also splits the spectrum imto parts, but instead of preventing femtocellsrfro
transmitting in the clear part, assigns distingonities to potential transmitters such that thecroaell

tier has always precedence over HeNBs. In othedsyoio improve the frequency reuse, while still
protecting the macrocell tier, the underlaid ferattsccan operate in the clear part provided thatitiE

is detected in their vicinity. Hereafter, to betteflect the macrocell precedence over femtocellthe
clear part, we rename it as the priority part. Uin investigations, the interfered (“tagged”) MUEcoates

in this priority part and sends a beacon signalnuweperiencing high interference. Regular resemvati
busy tones are used to dynamically allocate oneures block in each consecutive frame as long as
previous packet is successfully received and ttended transmitter has still data to send. Redulay
tones also called busy bursts have been studiachiimber of works such as in [28]. During the nekwo

setup, it is assumed that HeNBs access the pripsty with probability?, and the shared part with
probabilityl — 3 .

2.2.3 SON coordination mechanisms

We discuss the SON strategies that allow femtotek®ordinate and mitigate interference. To sethudf
mechanism, we consider a triggering criterion basedhe co-channel carrier receiver signal strength
indicator (RSSI) measurement type: only if sensimgaggregate co-channel interference (CCl) above a
predefined threshold, the victim MUE issues an and requesting signal to advertise its presence to
surrounding HeNBs. Notice that to analyze the sysperformance it is sufficient to assume that the
coordination procedure has been triggered by tbgetd receiver and in order to maintain the analysis
simple we do not implement that mechanism. To aehibat, the victim MUEs momentarily suspend
their reception and transmit a requesting signal urrounding interferers detect. Note that aittve
performance indicators such as packet loss andepaehay are equally applicable as triggering dete
for the coordination mechanisms. By detecting thatina user's request, interfering HeNBs carry out
procedures to manage the CCI in a distributed marared as a result, they adjust their resource
allocation.

2.2.4 Discovery of victim users

The discovery of victim users plays a crucial raletie coordination procedures, so that interfering
HeNBs coordinate only if they sense the requestiggal of the victim receiver. For a given coordiioa
threshold, the victim MUE controls its referencgrsil transmit power to keep the coordination range
small in order to only coordinate the set of domiriaterferers, while still allowing interferingrigocells
that are located farther away to reuse the spectdennote that the victim user transmits the retijugs
signal for triggering the coordination mechanisnd grayload over the same radio channel (in-band
signaling). The event that interfering femtocellstatt the requesting signal above the predefined

coordination thresholgo,, is formulated as followsr,”“ X, = &, wherea is the path loss exponent, r
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the distance between the victim MUE and the i-tintéeell, x a scaling factordy, = 0y, / P,eqand

Preq is the transmit power of the requesting signal.

Based on the received power level of the requestiggal and a coordination threshold, femtocells
independently split into two distinct coordinatinmgoups, where each group can take distinct and
independent actions to reduce the CCI. By cooritinatit is always meant self-organization upon

overhearing the MUE beacon.. It is also worth notihgt any HeNB that has already triggered the
coordination procedure ignores further request$ thay occur while transactions related to the first
request are still ongoing. There is no loss of gaitg in assuming the macrocell users (MUES) tlaat\yc

out the coordination procedures are in the priguéyt. The following indicator function,

](r‘”x):{l it rix=é, 1)

0 otherwise

defines the first coordination region, which is dtl by R, and is composed of HeNBs that do detect
the victim receiver in their vicinity. Femtocellsithin this region constitute a MPP denoted by

ORS Z{(J, X)OP|réx= g‘th} Similarly, femtocells irR,, which do not detect the victim MUE,

form a proces®p.2 2{(5, X)OP|rex< gtth} Notice that the coordination regioRsandR, are
disjoint and statistically independent by constiuct therefore it follows immediately from the

Superposition theorem tha®p =P 1[0 P2 where @pis the process that represents the whole
observation region.

2.2.5 Statistical modelling of the aggregate CCI

We introduce an analytical framework to analyze délggregate CClI, and to assess how the proposed
coordination mechanisms perform in the two-tiewuteks under study. Stochastic geometry is used to
model the network deployments and the cumulantseqmnis used to recover the distribution of the
aggregate CCI [1][2] perceived by tagged receiverthe context of pure cognitive networks, the
cumulants approach is introduced in [1], and isendy revisited in [2]. To establish this analytica
framework, we begin by applying Campbell's theordinto determine the Characteristic Function (CF)

of the distribution of the aggregate interference the MPP&J . In view of this, the aggregate

interference is computed as viewed by a tagged Ntid&ted at the origin of the coordinates system. Fo
the network configuration introduced the CF of #ggregated interference is

W, (w) = E{e} (2-2)
wherel = z P, corresponds to the total interference from the dage femtocell tier. The
e
corresponding icumulant is obtained as follows,
1| 0"
Kn :_—n n |n LPl (W) (2'3)
J 6X w=0

where] =+/—1. The aggregate CCl is then approximated usingvetprit LN and shifted log-normal

(SLN) distributions. The SLN approximation is maied by the fact that the PDF of the aggregate
interference is positively skewed. The PDF of alNRY Z is given by,

_log(z-0)-4*
20?

1

f = -
2(2) o(z- J)\/Z're

z>3 (2-4)
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whered is a shifting parameterj/ is the mean an@ is the standard deviation of the parameterized
Normal distributionThe PDF parameters are computed as follows

2 _

o =logr,
1 Ky
== 2.
H Zog{r(r—l)} (2-5)
=k - | K2
0=k, m—k
where
2
C:(Kﬁ, v:1+%and7:(v + V2 -+ -2 -1)" -1
K2

Hereafter, this analytical framework is appliedriodel various macro-to-femtocell coexistence sdesar
and evaluate their system performance. Further,digeuss functionalities employed by HeNB to
autonomously adjust their utilization of radio resmes in each of those coexistence scenarios.

2.25.1 Fullinterference scenario
In this scenario, active femtocells transmit witie tsame fixed power lev@l. This configuration
corresponds to the worst case scenario in our figai®ns. We apply Campbell’'s theorem to determine

the distribution of the aggregate interference witbpect to the MPRP . The CF of the aggregate CCI
perceived by a tagged MUE at the origin is derigaed

W (w) = exp{zm Q exp(jwpr 9 x) —1)}/]fx (X)rdrdx (2-6)
X
after which we write thehcumulant as:

Kn =2AmT] [R p"rix" £y (x)drdx
X
n (2'7)

241D - _
= SRy - REM Ex (X7)

whereE, (X, ) yields the fi cumulant of the RV X corresponding to the chariading.

2.2.5.2 Full interferencewith power control (PC)

In this uncoordinated scenario, femtocells perfd*@ so as to compensate the desired users’ channel
attenuations. We assume a fixed number of FUEsommi§ distributed within each femtocell
transmission range. Further, a random user isteeldor transmission every transmission intervakhiat
case, the CF assumes the following form

Y, (w) = exp{zm jg‘rﬂnﬂ exp(jwpr ~?x) —1)}/1fx (X) fp (p)rdrdxdp (2-8)
X

wheref, (p) is the PDF of the distribution of the transmit powéinterfering femtocells. The resulting
n™ cumulant for this configuration is,

Kn=2A7] R p"rIx" £, (x)drdx
X

(2-9
2/]7EP(pn) 2-an 2-an n
=———(R -R Ey (X
(R - RIT Ex ()
whereE, (p,) is the M moment of the distribution of HeNBs’ transmit paw€onsidering that at each

transmission interval HeNBs schedule a random FUthiwtheir coverage, the"hmoment of the
distribution of femtocells’ transmit power is
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n 2+na _ q2+na
Z,B x dM dm

Ep(p") =
p(P") d,\z,, —dr% >t na

(2-10)

whered,, = (%)””defines HeNBs’ transmission rangd,, =1m is the minimum separation distance
between FUEs and their serving femtocells ghis the minimum power level of the received signal

2.2.5.3 Opportunistic power control with discretelevels

Herein, after hearing the tagged receiver’'s beafamtocells adjust their power based on their nedat
proximity to a tagged receiver. As a consequertoe,aggregate CCl is reduced by simply limiting the
power levels that coordinating femtocells can ashiéVith discrete power levels, HeNBs need less
signaling exchange, though link quality of alreathnnected users might be degraded. As explained
above, it is assumed that two regions are dynatyieatablished around a tagged MUE based on the
strength of its requesting signal and the coordigathreshold. Because of that, those HeNBs betangi

to R; reduce their transmit power to a ley®K p, while femtocells inR,, which have not sensed a
victim user, maintain the same transmit powgr. After incorporating the concept of coordinating

regions and discrete power levels into the mathiealdramework, the resulting characteristic fuons
for each one of the coordinating regions are ddrinehe following sections.

In the first coordinating region femtocells adjtis¢ir transmit power to a predefined valup {3dB) in
order to reduce the aggregate CCI at the requestieg Therefore, we can write the CF of the CCI
generated by femtocells iR, as follows,

W, (w) = exp{zm j&: exp(jwp'r "7 x) —1)}/le O)Lr x> ,;)th)rdrdx (2-11)
X

and the K cumulant is,

Ky =24 [Re(p)"rx" i (x)drdx +
0

M

24772 (@A ()" FEMO KN £ (xdrdlx (2-12)
y?

m

wherep,, = p, RY and p, = o, Ry
In the second coordinating region, HeNBs actually do not détectequesting user and hence keep

transmitting at the normal power level® (n dBm). The CF of interfering femtocells i, is expressed
as

W, (w) = ex;{erJ' I:: exp(jwp'r “x) —1)}/”X OA(r “x< ,bth)rdrdx (2-13)
X
The correspondinghcumulant is given by:

Ky = 2A71P% [Ru (p)"r " X" £y (X)drdx +
0

227 Fe ()" rENIX" £, (x)drdx (2-14)
Pm (X/pth)lla

Finally, since both regions are independently markide resulting process in each region is also
independent and still Poisson. Therefore, the adlgfiproperty of cumulants is respected, i.e.
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Kn(691+ (i)z) =K, (cbl) +Kn(<i>2) (2-15)

2.2.5.4 Dynamic exclusion regions (DER)

This strategy makes use of spectrum (re)allocatiaeduce interference. After coordinating, HeNE=fr
the priority part altogether. The exclusion regionserage are dynamically formed around a victier us
and controlled by both the power strength of thesting signal and the coordinating thresholdhén
first coordination region and in accordance witls thpportunistic strategy for spectrum usage, fesite
that have detected a victim user leave all frequdrands in the priority part currently assignedtte

tagged receiver. Therefore, after concluding therdioation procedure, femtocells fi§ydo not

contribute to the aggregate CCI experienced byabged receiver for the next resource block allonat
As a result, aggregate interference at the tagegeeiver is generated only by remaining femtocdiit t
do not detect the presence of a requesting usee #iiey belong to the second coordinating regisa

consequence, for a tagged MUE at the origin, thefQRe interference generated by femtocellfp is
computed and its corresponding cumulants. With #pecific configuration, only HeNBs IR,

contribute to the total interference at the taggmmkiver, since femtocells ifR, switch frequencies to
non-overlapping allocations. For that reason, ttre cumulant of the aggregate interference becomes

K, (&314‘ Cbz) =K, (&32)

2.2.5.5 Dynamic exclusion regionswith PC

This solution combines the benefits of PC with theerference avoidance provided by DER. Then,
femtocells located inside the DER switch to non-taping allocation, while remaining interferers
transmit at power levels that are just enough &xhetheir desired FUE. Since this strategy relies o
DERs to coordinate, femtocells in the first regioo kot contribute to the aggregate interference.
Femtocells in the second coordinating region dodetéct a victim user and only resort to PC totlitme
interference they generate. We can thus writ€Cfador this coordinated scenario as follows,

¥, () = xpl 22 59 expWP'T ) =Dl () fp (AT x> pyrdrdx  (2-16)
X m

The " cumulant can be found in [4]. With this specifienfiguration, only HeNBs iR, contribute to

the total interference at the tagged receiver esfamtocells inR, switch frequencies to non-overlapping
allocations. For that reason, the nth cumulant dfe taggregate interference becomes

K, (&31+ &32) =K, (&32)

2.2.6 Approximating the aggregate CCl at thetagged MUE

Figure 2-8 compares the complementary CDF of thé f@&®n Monte Carlo simulations with that from
the LN and SLN approximations. In this example,aammulus observation region is defined around the

tagged receiver witRR - =1m andR,, =100m. Additionally, we set a high density of interfesavith
A = 0.1 HeNB/nf. The radio channel is affected by path loss witt= 3and LN shadowing with
O4s = 6dB. In the full interference case, all HeNBs traitsan fixed power levelp =10dBm. In the

discrete PC case with fixed levels, femtocells dinglin the first coordination region transmit with
p'= p—6dB. To simplify computations, we consider that sraissions are affected by LN shadowing

1
wherein E, (X)) = eXp(E n°c?) . As can be seen from Figure 2-8, both LN and Shpraximations

match quite well with simulation results. PC indgedvides gains, because less power is radiateh ev

in uncoordinated scenarios where femtocells docnoperate with each other. By using discrete power
levels, dominant interferers lower their radiateowpr resulting in further aggregated interference
reduction. Self-organization procedures carriedoyutemtocellsare also depicted in Figure 2-8, maol

a coordination thresholdo,, = —40dBm and an MUE requesting powep, =0dBm are used.
Comparing the aggregate CCI of uncoordinated arwdomated scenarios, we observe that the main
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benefit of coordinating femtocells comes from awwid dominant nearby interferers. Likewise the
uncoordinated scenario, it is possible to achiaxnareater gains by employing PC in conjunctiothwi
DERs in the coordinated deployments.

1{}0 [ A ol
C B Simulation — |3
N ) SLN approx. --- |J
- ¢ 3} LN approx. o |
i o ¢
—1
107 4 ) Full CCI =
L ¢ & ]
. L i
8 w2 = 7 ¥ -
O - <> DER ]
B ® @ N
i Discrete PC 7
_].0_3 E [1)] ¢ —
L < DER + PC i
- 0] _
104 | | | | p
-35 -27.5 -20 -12.5 -5 2.5 10

CCI (dBm)
Figure 2-8: CCDF of the aggregate CCI experienced by the tagged M UE.

2.2.7 Numerical results

The analytical framework previously establishedssdito assess the benefits of coordinating starkal
femtocells. We evaluate the performance in termsoutage probability for increasing density of
interfering femtocells. The coordination mechanisans evaluated for the duration of a resource block
allocation (transmission interval). The probabitifybeing in outage is defined & (" < y,,) whererl is

the perceived Signal-to-Interference plus NoisédR&INR) at a tagged receiver any, is the detection
threshold. The SINR distribution is given by theotient of two independent log-normal RVs,

namely,Z, =e™ , which is the power received from the tagged tratier, andZ = e'is an equivalent
log-normal RV  approximating  the aggregate CCl at e th tagged receiver.
Hencel” ~ N(uy, — #y ,030 + 03) in the logarithmic scale. We are aware that in @na deployments a

victim MUE might be subject to less severe intafee (lower number of surrounding femtocells),
though the density of interfering HeNB is kept high highlight gains achieved by the proposed
coordination mechanisms.

Figure 2-9 shows the outage probability for increasiggseparation distance between a tagged receiver
and its serving eNB. The QoS experienced by a thdgE significantly degrades by considering its
serving MeNB increasingly farther. In the uncooedéd scenarios, PC has a pivotal role in maintginin
interference at tractable levels even in high dgrdéployments. For instance, a tagged user loded
meters away from its serving eNB undergoes an imgmnent of nearly 200% on its outage probability
when interfering HeNBs employ PC. By employing aboation procedures even greater gains are
attained, though for the discrete PC strategy @sestill to set a optimum transmit power so agtxh a
trade-off between spectrum efficiency and remainirtgrference. For example, discrete PC with -6dB
outperforms the standard PC, whereas with 6dB textuit does not.
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Figure 2-9: Outage probability experienced by a tagged MUE for increasing separation distances
between serving eNB ( ,,, =0dB)

Yet an MUE benefit most from coordinating througER) because dominant interferers that detected a
requesting message switch to non-overlapping resaaltocations. And DER with PC further improves

QoS of a victim user, since the aggregated corttabiof femtocells inR, is reduced. Figure 2-10 also

allows us to assess the performance of the codiimaechanisms in terms of the outage probalslity
the tagged MUE, but now regarding an increasingsitieiof interfering femtocells. When the density of
interfering femtocells within the observation ragiss increased, the aggregate CCl experienced by a
victim user also increases, which confirms the damtuformulations wherein the nth cumulant and
density of interferers vary directly. Owing to gdarones established around victim users, DER-based
solutions are less sensitive to higher densitielsranders greater gains.
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Figure 2-10: Outage probability experienced by a tagged M UE for increasing separation distances
between serving eNB (r,=10m, )y, =0dB)

2.2.8 Conclusions

In this section, we have modelled the coexisteratgvden macro and femtocell tiers using tools from
stochastic geometry. Self-organization coordinatstrategies were examined pertaining to different
scenarios. In future work we will extend the cutrigamework to femto-to-femtocell coordination.
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3. Decentralised Protocols for Resource Allocation

As prevously discussed, Interference managemendinsnone of the major issues concerning femto
cells deploymentcross-tierand co-tier interferenceaffect transmission in femto and macro cells.he t
previous section, mainlgross—tierinterference was addressed, via frequency pariitipand power use
schemes. In this section, the issue of interferemmeagement is addressed via RRM, taking advatfage
OFDMA flexibility in terms of frequency and poweesource allocation. Decentralised protocols
assuming the availability of local knowledge (tigtot necessarily gained by sophisticated cogmitiv
processing) may be an answer to it. These may eadl-optimal RRM solutions but nevertheless are
better than rather having a blind (ignorant of mawetwork) resource allocation policy. In the foling
sub-sections, novel RRM protocols are proposeddio resource allocation in the context of femlisce
to address aforementioned challenges in standé&om®cells. In section 3.1, advantage is taken ftioen
fact that in a femtocell only few users competeddarge amount of spectrum. This situation is akgudo

by a novel decentralized RRM, which maintains FUESSQwhile protecting MUEs from detrimental
interference. In section 3.2, a Radio EnvironmeapfREM) is used as a RRM tool: HeNB selects RBs,
so as to satisfy FUE QoS while protecting MUEs invitsnity by keeping the interference level below a
threshold. Cell-edge users are allocated RBs irorigt interference”, i.e. interference caused by the
MeNB can be cancelled out by SIC. Section 3.3 ésdhal of section 3.2, since it considers the same
problem (protection of the macro cell communicatignassigning a threshold to the interference etkat
by the FUES), except this time the uplink (UL) is siolered instead of the downlink (DL) like in 3.2.

3.1 A RRM Scheduling Algorithm for Self-Organizing Femtocells

Classically, researchers tried to develop bandwadficient schedulers to enable heterogeneous regste
to coexist within the same bandwidth, thus limitiog-tier and cross-tier interference. However, the
femtocell deployment requires a new paradigm berafstwo main reasons. First, femtocell users
(Femto UEs) can benefit from a high quality DL sigmemabled by short range communications
characterizing femtocell deployments. Second, daly users locally compete for a large amount of
frequency resource in a given femtocell. Theref@efemtocell benefits from a huge amount of
spectral/power resource. Hence, there is a needefigning a novel approach for reducing interfeeen
improving the spectrum usage and communicationginiess in face of undesired interference, and for
limiting power consumption

In this sub-section, we focus on achieving effectpectral reuse between macrocells and femtocells
while guaranteeing the QoS of users served by beitro and femto base stations. We propose a novel
resource management scheme that limits the ovatalference per RB generated outside the coverage
range of a femtocell while reducing the transmisgiower in each RB. This method does not involve
any message exchange neither amongst neighboueN@#inor amongst M-BS and HeNBs.

3.1.1 System Mod€

We concentrate on femto-to-femto and femto-to-maaterference in LTE DL scenarios [13]. We
consider a mobile wireless cellular network in whimobile terminals and base stations implement an
Orthogonal Frequency Division Multiple Access (OFBMair interface based on 3GPP/LTE DL
specifications. Each user is allocated one or skveBs in two consecutive slots, i.e., the Time
Transmission Interval (TTI) is equal to two slots.

We assume that femtocells are deployed accorditiget@GPP grid urban deployment model [20]. This
model represents a single floor building with 1m0 m apartments placed next to each other ix &5
grid. The block of apartments belongs to the saagen of a macrocell. Each HeNB can simultaneously
serve up to 4 users. To consider a realistic casgich some apartments do not have femtocells, sgee u
a system parametep, called a deployment ratio that indicates the peegge of apartments with a

femtocell. Furthermore, the 3GPP model includgsanother parameter called an activation rationgefi

as the percentage of active femtocells. If a femitas active, it will transmit with a certain powever
data channels. Otherwise, it will transmit over ¢oatrol channel.
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Information Theoretic Limitsin Non-Ergodic Block Fading Channels

We can characterize many delay-constrained commtioic systems such as OFDM systems as
instances of a block fading channel. Since the nmbang instance of the wireless channel has a finite
number of states, the channel is non-ergodic aadrtits a null Shannon capacity [21]. The informatio
theoretical limit is established by defining anane probabilityP,,, defined as the probability that the

instantaneous mutual information for a given fadingtance is smaller than the spectral efficiedty
associated with the transmitted packet:

Pout = R (1 (r,a) <R), (3-1)
wherel § @) is a random variable representing the instantayemutual information for a given fading
instancea and y is the instantaneous Signal to Noise plus Interfee Ratio (SINR). For an infinitely
large block length,R,,; is the lowest error probability that can be ackiby a channel encoder and
decoder pair. Therefore, when an outage occurs;ditect packet decoding is not possible, heRgg is
information theoretical bound on the packet eredeTo obtainP,, it is necessary to computey ¢ , )

associated with the current channel measuremeneaoh group of RBs (M OFDM symbols x N
subcarriers):

1A A
where L (|ai'k|2, Ukzj = |092(A)_KkzlEz{l‘)gz(zlAi,j,k,q ﬂ (3-3)
= q:

2 2
|a'ijak+z—aijaq| -1 | (34

and Aikg =exd- P

Note that Eq. (3-3) is derived from the work of éngoeck [22], whereS is the size of the M-QAM
modulation alphabeg is the real or complex discrete signal transmitteckor,z are the Gaussian noise

samples with variancer® and E denotes expectation w.rz.

3.1.2 Ghost Femtocells: the Proposed Resour ce Allocation Algorithm

In our vision, femtocells should be "invisible" farms of interference generated to neighbour @ellul
users. Nevertheless, femtocells deployment presantery challenging issue: while HeNBs power
consumption andhterference rangeshould besmall the coverage ranget which UEs can meet their
QoS constraints should terge. Based on this observation, we propose a novel RRpgrithm designed

to strongly lower HeNBs DL transmission power. lar @roposal, we take advantage of the unusual
communication context of femtocells for which Idgdew UEs compete for a large amount of resources.
We come out with a 7 steps RRM algorithm, @lgost Femtocell§ RRMy,,;) that reduces transmission

energy by using available frequency resources. déiailed description of the proposed algorithmds a
follows:

Step 1. [Feedback to HeNB] Each Femto UE feedbacks to the HeNB its QoS cainssr and the
instantaneous Channel State Indicator (CSI) measaurts.

Step 2: [Computing Scheduling Matrices] According to the CSI measurements and the selected
scheduler algorithm, each HeNB computes schedutiegics A/ for every attached useon every RH.
We assume thaRRMy,.; implements a Proportional Fair based schedulet,ish

A= S|NRJ'/§S|NF{<, (3-5)
k=1

where SINRj represents the instantaneous channel conditioth@fRB j observed at user and
SK_SINR is the sum of SINRs df RBs that have been already allocated to UsBRMgpos; Uses the

values of this metric as the entries of the sctiegumatrices M ™ and M R of dimensions
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f
>Ny xNgg where N; is the number of active HeNBs in the netwoi¥, is the number of users
k=1

served by the femtocek , and Ngg is the number of available RBs. In a first phamesed onM ™, the
scheduler allocates to each user the minimum nurmb&Bs that meets QoS and power constraints.

Then, in a second phase, the proposed scheduler mattix M "¢ to allocate to the served users
additional available RBs. These two phases areithescbelow in Steps 3 and 5.

Step 3: [Scheduling] For each user to serve, the HeNB selects the ramimumber of RBs that meets
QoS and power constraints. It schedules in thezative steps:

Step 3-a: The HeNB selects the best user-available RB(pgiwith the best metric itV ™.

Step 3-b: The overall available power at useserved by the HeNRis P = PT/N, , where PT
and N, are the power budget and the number of userseofH#NB k, respectively. The controller
equally spIitleA)i in the set of RBs allotted to usieIARBi . Then, according to f@Bi) and f} the algorithm
selects the highest possible Modulation and Co8iclieme (IQ/CS ).

Step 3-c: Then, the HeNB estimates the sum of the Mutuarmétionl given by setIAQBi and

MCS .
« When | =0, the selected user-RB pair cannot be served sdtiheduling period so the

values of thé-rowsin both M ™ and M R®P are set to zero.
* When| = Ry, useri is served. The values of tirow in M™ and M "*"{ ,j ) are set to

zero and the values of tieow in M =®° are updated according to the scheduler rule (f(£1.2)).
« If | <Ry, the usei is not served yet. The valuds (i, j) and M "*%(, j) are set to zero

and the values of therows in M R and M ™ are updated according to the scheduler rule (gf. E
(4.1.2)). MoreoverM ™ K} Yand M R¢P Kk i), wherek O V,, are set to zero.

Step 4: [MCS Scaling] Given the set of RBsI%Bi) allocated to each served usethe algorithm finds
the MCS' of the minimum order that meets the QoS targeM@S is different from N/CS , the MCS

of useri (MCS) is set equal thICS . The goal of this process is twofold. First, itpraves the
transmission robustness. Second, it reduces thaingathus improving the spectral efficiency.

Step 5: [Spreading] The HeNB allocates unused RBs to spread the atighessage and improve the
transmission robustness. Scheduling is done i titeeative steps:

Step 5-a: The scheduler selects the user-available RB(jpithat has the best metric M ReP.
Step 5-b: For each user-available RB péif), the algorithm checks the Mutual Informatidn
given by the entire set of RBs allocated to usend MCS :

* Ifl <Ry, additional RB would cause outage, hence the satfiche row corresponding to

userl in MR are set to zero.
* Whenl 2 Ry, the original message is spread in the additi&iland M RePi(j ) is set to

zero. Moreover the values of theow in M R®P are updated according to the scheduler rule.
Step 5-¢: The scheduler process terminates when no moreRBgairs are available.

Step 6: [Power Scaling] The algorithm estimates the SINR perceived at sached user and reduces the
allocated transmission power to meet the SINR tuolesgiven by the target packet error rate (PER) an
the selectedCS.

Step 7: [Message Reception] Finally, each user collects the information reediin each of its allotted
RBs and combines these RBs using the Chase comglsaireme [23]
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3.1.3 Simulation Results

In this section, we assess the effectiveness opttygosed scheme by comparing its performance avith
reference algorithm (RRMssid- In RRMassic@ims at maximizing the spectral efficiency of fegslls while
minimizing the probability that users that belomgdifferent cells access to same RBs. Thus,RRassic
attempts to limit the number of RBs allotted to ledeéUE; Moreover, RRMassic algorithm does not
implement MCS and Power scaling (Steps 4 and 6RMR.s:algorithm).

RRM algorithms are compared in terms of the follogvenergy cost function measured at both the macro
and the femto tiers

UE,
N>R

r=- [3/bit] (3-6)

U;Tm
]
where at TTh, UE, N;j, R;, and T;, are the number of active UEs in the (macro/feriér) the number
of RBs allotted to the us¢rthe DL power associated to each of these RB tlamgherceived throughput
at the usey, respectively.

We present simulation results for the system madel its parameters presented in Section 3.1.1. The
results are averaged over?1ins, each one made of *10TIs. At the beginning of each run, we
independently generate the channel Rayleigh fadagdficients and randomly place HeNBs and femto
UEs on the deployment grid. In each run, 2 blockapsrtments are randomly dropped in the macrocell
area. Moreover, indoor M-UEs are randomly distriduia the apartments where HeNBs are not
deployed. Note that in the presented simulatiosc@nsider that all deployed HeNBs are actpyge=(1)

with four femto UEs per HeNB.
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Figure 3-1 Averagetransmission cost at the macrocell versus power budget at each HeNB in
different femtocell deployment scenarios.

Figure 3-1 shows the performance at the macrocell as theggraast function previously introduced
versus the power budget’ Rt each HeNB. In the co-channel femtocell deplaytnéndoor MUE
performance is limited by femto-to-macro interfexenSome recent research introduced cooperation
within M-BSs and HeNBs in order to coordinate tlceess to the radio medium and avoid the cross-tier
interference [24]. However, following the 3GPP Rssle 10 baseline [25], we do not implement this
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coordination in our system. Hence, the M-BS schadid not aware of the RBs exploited by the
interfering HeNBs. When the M-BS assigns to an ardaser a RB that is used by a neighbour HeNB,
this MUE can be exposed to a high level of interieee We aim to evaluate the effect of this intenfee

on MUE when femtocells use the reference RRMand the proposed RRjMs:

To compare these algorithms, we have set the thpuigharget (T) of MUEs and FUEs respectively
equal to 300 and 600 kbit/s and considered thrféereint femtocell deployment scenarios:

Scenario 6. : low density — pg = 0.3, circle marked curves.
Scenario 6,: medium density — pg = 0.5, triangle marked curves.
Scenario &y: high density — pg = 0.8, plus marked curves.

Solid and dashed lines, respectively, corresportidedhroughput of RRissicand RRMqestSchemes.

Note that, M-BS power is fixed in each allotted RBerefore, differences of performance between the
two approaches are only due to the experiencedughmut (which depends on the perceived
intereference) at MUEs. The results show how RRVstrongly limits the impact of the femto-to-macro
interference in all scenarios. For instance, umigM,,ssicand considering a HeNB power budget of 20
mW, the proposed RRM,gains up to 11%, 16%, and 15% ScendripScenaridy, and Scenariéy,
respectively. This improvement comes from steps,4arel 6 of the proposed scheme (MCS scaling,
Spreading, and Power Scaling) that reduce the &haterference experienced in each RB by the M-UE.
Note that, cross-tier interference increases withdensity of femtocells; however, its impact mited

by using the proposed RRM algorithm. Nevertheledgn the deployment ratio is higher than a certain
threshold the benefit given by the RR@Mdecreases (cf. Scenaln, and Scenariéy); this is due to the
higher frequency reuse, which results in highesrierence.
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Power budget at each HeMNE [miy]

Figure 3-2 Average HeNB transmission cost vs. power budget at each HeNB in different traffic
scenarios

Figure 3-2 shows the average transmission cobedemtocell as a function of the radiated powelget
at the HeNB.
We consider four different traffic scenarios:

Scenario Traf 1. Femto UE throughput targ@g = 300 kbit/s, square marked curves.
Scenario Traf 2: Femto UE throughput targ&g; = 600 kbit/s, circle marked curves.
Scenario Traf 3: Femto UE throughput targéf; = 1 Mbit/s, star marked curves.
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Scenario Traf 4: Femto UE throughput targ@g = 2 Mbit/s, diamond marked curves.

As previously mentioned, the M-BS does not implenmower control scheme and its transmission cost
I' depends only on the interference perceived aMUEg; on the contrary, by using the proposed RRM
scheme, HeNBs are able to improve their transmissist by adapting their output power to the capaci
demand.

Therefore, performance at HeNBs depends on botbditier intereference and the used output power.
Figure 3-2 shows that transmissions at HeNBs arehnhess power consuming (in terms of irradiated
power) with respect to the M-BS transmissions alet fthere is nearly a factor oflifetweer” measured

at the M-BS and” measured at HeNBs.

Moreover, in Figure 3-2 we can observe that ogorhm limits the HeNB transmission cost in each
considered scenario.

For instance, considering a HeNB power budget egwal0mW, RRN,sgains to 94%, 90%, 85%, and
75% in Scenario Traf.1, Scenario Traf.2, Scenaraf.3, and Scenario Traf.4, respectively.

Simulation results show also, that such a gaireimses in lightly loaded scenarios, where lower M&S
required and our algorithm allow to strongly rechgcthe irradiated power.

3.1.4 Conclusionsand futurework

Future 3GPP/LTE femtocells deployment is expected dodbnse: a large population of potential
interferers will need to share scarce frequencpue®es while few users will locally have accesato
large amount of resources. Classical resource aiot and interference mitigation techniques cannot
address the challenge of limiting interference leefavneighbour femtocells and maintaining a higlellev
of reliability for macro UE communications. Even ievaave not completely made femtocaiigisible so
that the communications in neighbour femtocellsmdbharm any user in the network, we have obtained
some important results. We have designed RRMa novel radio resource management scheme that
efficiently uses the available wireless spectruna itwo-tier network. It limits the undesired effeatf
interference by reducing the radiated power (inheB8) required at femtocells to meet target QoS
constraints. We have evaluated the effectivenegheoproposed scheme for different femtocells loads
and different dense urban deployment scenariosdbasehe 3GPP/LTE specifications. Our simulation
results show that RR}Mus:Significantly improves communication reliability/siofor UEs associated with
both the macro base station and femtocells.

3.2 RRM in Femtocell Downlink Exploiting L ocation I nformation

In this sub-section, we focus on the reductionrofs-tier interference via appropriate RRM techegju
[33]. Due to fading and unplanned deployment, HeNiBed to change their transmitter parameters
dynamically to minimize interference at neighbogriacations. Therefore, femtocell management should
be distributed and self-organizing, so that HeNBre successfully react to changes of the traffic and
channel, and minimize interference [34].

In order to overcome the interference issues, sév@FDMA-based RRM techniques have been
proposed in literature [35]- [40]. In [35], auth@Bocate the available RBs to avoid interferencmmag
HeNBs and MBSs. Power control was used [36] for RRNhinimize the interference. [37] proposed a
learning based mechanism for femtocell. In [38thats proposed an adaptive interference management
technique of OFDMA femtocell. There are severappsal to overcome the interference issue using FFR
[41]- [45]. However, all these works minimize/avdlte interference among FUESs. In contrast to these,
the present work proposes a RRM technique usingnteeference information at every location within
the coverage area.

The main objective of this work is to allocate radésource among FUEs exploiting radio environment
maps (REMs) [46]. We propose an interference-awail | cartography-based RRM (LC-RRM)

technique for self-organized standalone HeNBs, atiee HeNB system collects interference values
measurements at FUEs locations for each RB. The pegptechnique consists in a joint power and
frequency RB allocation scheme that maximizes tH& Eapacity, while keeping interference created at
MUES within acceptable limit. In order to achievasthwe introduce the concept of interference
cartography (IC) for better resource allocation.e Timterference cartography (discussed in 3.2.2)
combines radio measurement data with user's lotatiormation and provides a complete view of the
environment for autonomous decision making [47]Jolm work, we use a spatial interpolation algorithm
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called Kriging interpolation, to estimate interfece values at the unobserved location and make IC
diagram for each RB of HeNB coverage area. Themattese RBs are classified based on their
interference values using classification technigudesired location. Then, appropriate transmit pagve
used on these classified RBs for transmission twimiae DL transmission capacity of FUEs, while the
interference introduced to the MUE remains withiolarable limit.

The rest of this section is organized as followtiBe 3.2.1 describes the system model of the mego
LC-RRM technique along with analytical formulatidection 3.2.2 presents the overview of interference
cartography and analyses its formation in the cdrdgépresent work. The interference classificatom
dynamic FFR scheme are described in Section 3rA8&.power and subcarrier allocation mechanism of
proposed LC-RRM technique is described in Secti@m3Section 3.2.5 presents the simulation results.

3.2.1 System Model and Problem Definition

We consider HeNBs, located within a hexagonal Mei¢Bvork that are using the same frequency band
for communication in DL. Since the position of MUEannot be known (due to mobility for instance),
we only assume that the positions of the MBSs dkasdhe position of the HeNBs are known.
In this work, the network is based on the 3GPP/LTEdSpEcifications [48]. Each user is allocated one or
several RBs during a time transmission interval JTThe overall channel gain is composed of a fixed
distance-dependent path loss, a slowly varying @orapt modelled by lognormal shadowing and
Rayleigh fast fading with unit power.
The received SINR on RB of k,,-th MUE of m-th MeNB can be expressed as
- Gir,T(m im
Bik, = VE R m (3-7)
o’+ Y GR R+ 1GNR"
a=l#m h=1

where Gi'fl‘(m(res"aa) is the channel gain between MUE, and serving MeNBm (resp. MeNB a) on

RB i, Gm the channel gain between MUE, and neighbouring HeNB on RBi . P™(®P s the

transmit power on RBi by m-th (resp. a-th) MeNB. Similarly, F’ih is the transmit power of

neighbouring HeNBh on RBi. M andH are the total number of MBSs and HeNBs respegtive?
is the white noise power spectral density.
In case of a FUE, it is interfered by all MBSs aujacent HeNBs. The received SINR of a FKE of

h-th HeNB on RBi can be similarly given by
Gy, P

Bl = (3-8)

M H-1
o?+XGWR™+ ¥ G PP
m=1 b=1#h
where Gihl'(‘:res"bb) is the channel gain between FU§& and serving HeNBh (resp.b), and G}’ the

channel gain between FUK, and MeNBm on RB i . In our channel model, the channel gain between
FUE k;, and serving HeNB h is given by

G, = PLy, (d¢) %77k, x i, (3-9)
where Pth , q,i‘h and Zihkh are the distance-dependant channel gain, the siagloand the fast fading

component that depends on the RBor k-th user ofh-th HeNB. In this work, we consider different
pathloss models for MeNB and HeNB.

From now on, we will concentrate on a particularNiBe h, and its associated FUEs. An FUE whose
serving femto ish, will be denoted by k to alleviate notations.

The transmission rate of FUE is given by

N
Cy = 28k R (GI%.R") (3-10)

where N is the total number of RBsg; , is the binary assignment variable amﬂk is the Shannon
capacity of FUEK ati -th RB, expressed as

Rir,]k =B |092(1+,3ir,1k) (3-11)
where B, is the bandwidth of the RB. As mentioned earlier, our objective is to allectite appropriate
RBs to meet FUE's QoS with power an interferenagesiraints. Thus, the optimization problem can be
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formulated as follows

—_ K _ KN h ;~hh ph
Optimize X C = % 28Rk (Gik,R") (3-12))
k=1 k=1i=1
: _ M1 L a, H hm ph m
Subject to li, = 2 Gk RP+X G B <y
m a=l#m " h=1 ™
and

M H-1
L = ZGIKR™+ X GYR’ <y
’ ma " b=lzh

K N
0< 3 Ya;, R" <Py, a5, 0{0,1}
k=1i=1

for any MUEK, belonging to MeNB m and for any FUE, belonging to HeNBI , with | different

fromh. K is the number of FUEs per HeNB.,  ~ (resp. Ii’kh) are interference terms (see

denominators of Eq (1) (resp. Eq. (2)); and |t'; are the interference thresholds for these intenigzs
terms.

Figure 3-3 shows the system model of the proposgeRRM technique. As shown in the figure, it
consists of two main functional modules: IC managed femtocell spectrum manager (FSM) with
spectrum allocation module. The IC manager consistseasurement collection module (MCM) and IC
database. MCM collects the available interferenakies for each RB at every current users. These
interference values for each RB are then storatiénC database. IC database adds interferencesvalu
for any new location and updates the value foraalyeexisting locations. With this process, IC dath

is up-to-date at any point of given time. By gaihgrthese interference values, IC manager makes the
cartography diagram for each RB of its coveraga.are

HUE 1 — - .
nterference  Cartography  Manager
HUE ;‘\\\
HUE 3 ="~ | Measurement Interference
™ Collection [ »| Cartography
ol Databas
HUE4 4 | Module atabase
.
.
o, ~
HUEN
HUE 1
_» HUE 2
Femtocell —
Spectrum [ Spc““_“ -
Manager Allocation —= HUE3
AV :L ‘-\--‘H— .
— R
-

L ]
HUEM
Figure 3-3: System model framework of LC-RRM technique

This IC diagram helps FSM module for resource alfimnn among FUEs. The FSM module, which can
control several HeNBs or a standalone HeNB, asdRi¥s with appropriate transmit power to users to
satisfy QoS. Here, we consider resource allocatemhnique for a standalone HeNB. The RBs and
transmit power are selected based on the intederent desired user location and the interference
threshold limit at neighbouring locations. The ifeeence threshold at a given receiver is the marim
interference level acceptable by the receiver fhaximum level of interference that does not carse
quality of service degradation). Moreover, knowledsd the locations of MUEs may help to determine
the corresponding interference threshold. It depeatthe particular user with specific QoS and migh
differ for different users. The threshold valuevesy sensitive for different worst case MUE, disac
more in [49].
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3.2.2 Interference Cartography and its Construction

The interference cartography [47] is based on thlygeagtion of the interference information, measured
by entities of several HetNet users at a centrdl @ihe central unit combines these aggregatedegalu
with geo-localization information, and performs adged signal processing techniques to render
complete and reliable information. It provides able picture of the environment for efficient d¢itec,
analysis and decision by updating this informatiora database, known as REM [50]. To achieve certain
level of accuracy and reliability in measured dédege amounts of measurement data may be needed in
constructing a cartography that relies only on reggb measurements. Furthermore, with the rapidly
increasing level of technological advances in digidignal processing, it is possible to implement
efficient signal processing techniques that achieigh levels of accuracy and reliability with a $ma
proportion of measurement data [46]

AE d: 10, HUE: 2 AE id: 30, HUE: 2
105
-80
0of g
o -85
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Figure 3-4: A typical interference cartography diagram for RB 1d 10 and RB Id 30 with different
FUEsin HeENB coverage area (10 X 10 meter). HeNB access point located at (90, 95). Star marks
represent the FUE locations. The unit of interferenceis dBm.

In our wireless network simulator, we use intenfeevalues of each RB at the current user's latat$o
REM information. These interference values are ueeirm the IC database, whose size is limited to
those RBs with characteristics provided by curresgrs. Using IC database, IC manager estimates
interference values at the desired location usipatial interpolation. The spatial interpolation is a
statistical procedure that estimates missing vaitiemobserved locations within a given area, based

set of available observations of a random fieldisThterpolation is mainly based on spatial
autocorrelation. One such interpolation technigueiiging interpolation technique [51], used insthi
work. In order to implement the interpolation, wansider the data set(1),...,y(n) are the realization of

a stochastic model with meap, ,(@nd (symmetric) variance-covariance matdix, Given a sample of

size n, the best linear unbiased predictor of any unsathploint on the surface can be obtained by
simple Kriging. To predict the attribute value d@esx, (x), which is not included in the sample,

compute:
¥(¥) = () +C'ZHy - Q) (3-13)
where CT = (cov(y(X), Y(1)),...coM¥(x), y ). £, as noted, is amxn symmetric matrix withi(j jth

element equal tocov y(i (¥, j( )) ¥ = (y(1),...y(m)", Q=(u(2),...u(n))" and u &) is the mean

evaluated at sitex. The second term in (7) identifies the simple Krigweights,C'=™, assigned to
each data point, that yields the BLUP of the unkm@atiribute value.

As shown in Figure 3-3, by accessing the interfeeevalues from IC database, IC manager makes the
cartography diagram for each RB using Kriging ipt¢ation of HeNB coverage ardsigure 3-4 shows
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the IC diagram for two different RBs of a partiauldeNB with two different numbers of FUEs. As
shown in the figure, the interpolation algorithntimstes more accurately at the unobserved locations
with larger database. The interference values ifflereht for different RBs at a particular locatiddsing

this constructed IC diagram, the RBs are split idifferent categories by interference classifiaatio
scheme. These classified RBs are then being uselibtate to FUEs based on proposed dynamic FFR
scheme, discussed in next section.

3.2.3 Interference Classification and Dynamic Fractional Frequency Reuse

In the literature, some theoretical investigatipnspose to classify perceived interference at igerfive
regimes, namelnoisy, weak moderately wealstrongandvery stronginterference regimes [52]. In [53],
the authors simplify interference classificationiethreduces the processing complexity in comparison
the other classification. These papers classifyrttegference into three regimes.

Noisy interference regimeThe noisy regime corresponds to the most convealtiovay for
processing interferencég. as thermal noise. If the perceived neighbour aigm too weak, then the
interference can be processed as additional noise.

Strong interference regimeHere, interference is so strong that it causedegradation in
comparison to a scenario without interference. Suokgime is known in the literature as tleey strong
interference regime. One main advantage of thismegs that the optimal scheme can be used to @ecod
the interfering data while treating information @ats noise, then subtracting interference to tbeived
signal and eventually decoding the information algcleaned from interference. Interference is then
cancelled out.

Jointly decoding regiméWith this regime, perceived inter-cell interfeceris not strong enough
to be decoded alone and not weak enough to bedreat noise; destination jointly decodes infornmatio
and interference for recovering the informationnsig This regime lies betweemoisy and strong
interferenceregimes. The bounds of applicability of the thrééedent regime with satisfaction the rate
and power constraints with macrocell as a knowerfater are given by (described in eq. (14) [53])

vi=Al+ )
1. Noisy v, S%
vi=A-f, 1,
2. Jointly decoding f_jjsyj S?_jj(1+%) (3-14)
Vi=A
3. StrongInterfererce v, Zﬁ(lﬂ/.)
]

where A, A, fi, fj,); and y; are defined in [53].

The above classification is valid in the case & orterferer to the HeNBserved FUE. We thus assame
the sequel, that the FUE is interfered by one Menlich is the dominant interferer. Interferenceatee
by other MeNB if any, will be considered as noise.

Having knowledge of the interference values, fagivgen location, RBs are classified according to the
above classification and allocated to user baseduomproposed dynamic FFR scheme. The general FFR
scheme is very suitable for OFDMA-based systemd,les been used for interference mitigation, where
the whole spectrum is divided into several subbandsequency and time scale [11, 12]. Each subdban
is differently assigned to center zone and edgmmegf the cell. While reuse factor of the centene is
one, the edge region adopts a larger reuse faksoa. result, interference in the centre zone nsoreed,

and interference in the edge region is substaptialiuced. At the same time, system throughpulsis a
enhanced. Most of the previous works are basedxed FFR. In this work, we propose a dynamic FFR
among femtocell users with reuse factor one, foh lsentral and edge zone.

In our proposed dynamic FFR scheme, we use the &Bsvo categories, noisy and interference
cancellation regime for allocation among users. @hecation of RBs are motivated by users location
within HeNB coverage area. In our allocation schewe divided FUEs into two categories based on
their location i.e. pathloss, central users and edge users. The mophsiamic FFR uses the RBs in
interference cancellation regime for edge usertardRBs in noisy interference regime for centrarss
for allocation. The RBs in interference cancellatiegime are used for edge user to mitigate higher
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pathloss and shadowing effect. The shadowing effanhot be anticipated by interpolation algorithm
during the formation of cartography diagram. Themefthere may be a possibility of incorrect estiorat

of interference values if a user is in the shadgwiegion, which will have a higher impact for high
pathloss. In addition to this, the effect of othlastruction can also be mitigated by this kind & R
allocation. Indeed, the wrong estimation of intexfece can affect the power allocation, which may
produce strong interference at the nearby MUEs. Tigaté this, we consider the RBs in interference
cancellation regime for edge users. Since the feremce will cancel out with an optimal decoding
scheme, these RBs can be used for communicatiedde users. Using this dynamic FFR scheme, we
will discuss the joint RBs and power allocationgedure in the next section.

3.24 RRM Technique among Femtocell Usersfor Standalone Femtocell

Based on the above-mentioned assumptions, we séllthie following procedure for allocating the RBs
with proper transmit power to FUEs. The flowchafttlee LC-RRM is described ifrigure 3-5. The
allocation module in Figure 3-3 uses location-baiseelference values from IC database and allocates
the RBs to FUE with the help of FSM. At first, ICamager collects the interference values at thesntrr
scheduled users locations on each RB and stores ihethe IC database. This operation happens
periodically and IC manager refreshes the valué€ idatabase. The refreshment happens whenever there
is an update on power allocation, user activatamditional resource allocation etc. Using theseies|

IC manager forms the cartography diagram for eaBh\Rhen a new user wants to join the HeNB, IC
manager uses IC diagram to determine the intedereralues of each RBs at user location. The
standalone HeNB then classifies the RBs based @in ititerference values. Having knowledge of user
location, the proposed dynamic FFR scheme chodeefBs for possible allocation. On each chosen
classified RB, HeNB selects transmit power in arative way. For each iteration, HeNB estimates
interference values by producing IC diagram on eactilable RB at the neighbouring areas. Durindneac
iteration, HeNB checks the interference values pced at the nearby area, which should be under the
threshold limit. The threshold limit is differentrfMUEs and FUEs. In both cases, it depends on durren
QoS condition. However, it also depends on the aepént scenario of MBSs and HeNBs and the
receiver sensitivity of MUEs and FUEs. Thus, for esalue of transmit power, IC manager forms IC
diagram for extended coverage area, so that theilppesnterference values after transmission can be
checked at the neighbouring HeNBs users and wast¢ &MUEs [49] for interference limit. By this
process, the RRM algorithm selects the transmitgudiar each available RB. The number of RBs are
selected with best modulation and coding value éetrmate and power constraints. In this way, FSM wi
allocation module selects the transmission parasdte FUEs as well as keeps the interference at
neighbouring area within the threshold limit.
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Figure 3-5: Flow chart of the proposed L C-RRM technique

3.2.5 Simulation Results

We benchmark the proposed algorithm by considettiegnetwork where MBSs and HeNBs share the
same spectrum. The maximum power of MBSs and HekBd&and 10 dBm respectively. The HeNBs
are deployed according to the 3GPP grid urban gepot model within a hexagonal structure of 19
MBSs with intersite distance of 500 m. Each MeHBhs$raits continuously and with maximum power.
As a consequence, only a particular HeNB is simdlaivhile others are used for down-link interfeenc
generation only. In this model, a single floor Hinly is considered, where 10 m x 10 m apartmergs ar
placed next to each other in a 5 x 5 grid. Each HehiB simultaneously serve a maximum number of 4
users. The activation ratio of HeNBs is 20%.

Before Transmission Afier Transmission
RE Id: 10, HUE: 2 RE o 10, HUE: 2
- - &0
; 40
2D
. I 4
ED =] 100
Before Transmission Afier Transmission
RB Id: 30, HUE: 2 RE Mt 30, HUE: 2
1|JE T - T i ]
100
L4 o
o0 . = -50
as o
a0 =100
EQ a0 100

Figure 3-6: Interference cartography diagram (25 x 25 meter) at before and after transmission for
two different RBs. HENB access point located at (90, 95). Star marksrepresent the FUE locations.
The unit of interferenceisdBm.
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Figure 3-8: Maximum average transmitted data rate of EUE versusinterferenceintroduced to the
wor st-case MUE.

Figure 3-6 shows the IC diagram of before and afsrsmission for two different RBs with two FUESs.
As shown in the figure, interference values chaatter transmission due to power allocation on tBe R
These values are different for different RBs at di@dar location. These estimated interferenceiesl
are being used for checking the interference tlodslmit at neighbouring location. Based on thé&Se
diagram, appropriate transmit power has been chfmsesach RB, while the interference introduced to
the MUE remains within a tolerable limit. Thus, witie help of IC diagram, LC-RRM technique selects
appropriate transmit power on each RB.

The average throughput of the proposed LC-RRM teckenisi shown on Figure 3-7 for central and edge
users. As expected, the throughput for edge ussligbtly lower than the central user at a partcul
HeNB transmit power due to the distance from Held8eas point. The figure also shows the comparison
between with and without the proposed LC-RRM techaidhe throughput gain is higher for edge user
than for the central user due to our dynamic FFRes®. In Figure 3-8, we plotted the average
achievable transmission rate of FUE versus intemfaréntroduced to the worst-case MUE. Since HeNB
does not have the knowledge of MUE location, we ictansa worst-case MUE, co-located with FUE

3.2.6 Conclusion
In this work, we proposed an interference-awareRRM technique for standalone femtocell. Power
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and RBs are allocated to FUEs efficiently by cormgnlocation information. It has been observed that
the proposed technique is notably effective to mmprthe throughput of FUEs. The proposed LC-RRM
technique provides the upper bound of the intenfezeat the MUES. In continuation to this study, we a
working on the impact of RRM for MBSs and HeNBsg anther practical model providing user mobility
with dynamic deployment of HeNBs etc. The proposeeRRM technique looks promising for femtocell
network as well as cognitive radio network to miizieninterference at the neighbouring locations. éMor
studies in this area are being investigated further

3.3 Successive I nterference Cancellation on the UL of Femtocell Transmission

3.3.1 Problem Statement

We develop a comprehensive methodology and evalbatperformance of the two-tier cellular network
overlaid with femtocells during the UL. We propaademtocell power control scheme that relies on
minimal coordination with the cellular base statimers. We use a simple interference sensing puoeed
in the femtocells to assign channels to femtocsdirs. We show that these two techniques alone yield
beneficial gains for users in terms of power saviagd for the network in terms of additional thropigt.

We then develop a decision rule in which macroaskrs should join a nearby femtocell. Successive
interference cancellation is used to allow a maaltoaser and a femtocell user to share a common
channel and UL to a femtocell access point. We stimat these two additional techniques significantly
improve the gains already realized from the poveatrol and channel assignment scheme developed.

We consider the network’s UL bandwidth to be diddeto N orthogonal channels that are fully shared

between the two networks. In the context of thiskyave consider a given channel to be a frequetaty s
as in a FDMA or ODFM system, however nothing présehe system from allocating resources as time

slots in a TDMA system. We further assume thdt= N so that there is one MUE per channel and
then a random number of FUEs sharing the UL chaasekell. For a MUE link to exist on a given
channel, we require a minimum SINR threshold8f, to be satisfied. A similar minimum threshold

B: must be satisfied for a FUE link to exist.

‘ VFxUs L5 U4

N
------ MU — s FAP,

R

Figure 3-9: Topology illustrating the numer ous distances and connections between nodes.

Finally, we assume that a given HeNB can only suppanaximum ofF links where each link must be
on different channels. Due to the nature of thiy fsthared spectrum, the two networks will interfeiith
each other. To account for the interference fromRWEs to the MeNB, we assume that there exists a

margin K, in the SINR at the MeNB which determines how mintarference is allowed at the MeNB.
We consider a similar margir to exist in the SINR at the HeNB. We assume th&Blean tolerate

more interference than a given HeNB and thus ma&essumption that,, >> K . Using our distance

based pathloss model, modeling the interferena@warious links is equivalent to varying the fadh
exponent. For FUEs communicating with HeNBs, we @sefor the pathloss exponent. We use an
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exponent ofy for MUEs when they interfere with the HeNBs or whibay connect to a nearby HeNB.

Finally, we useg¢ as the exponent for MUE links with the MeNB as Iveesl the FUE interference to the
MeNB and other HeNBs.

3.3.2 Joint Power Control, Channel Assignment and Handover M echanism

Femto user power control is managed by the HeNByeler the process is aided by the MeNB. The
value k,, controls how much interference is allowed at theN® and is incorporated into the power

control that the MeNB performs for each MUE on threspective channel. We can see the effects of the
power control in the MUE link by looking at the SNRRa given channeC, at the MeNB, where after

rearranging terms, gives a bound on the transmitpof MUESs as
Py, dus
> 2 2 KM ﬁM
g, (3-15)
2
PTM Z Ky, :BM Undr\(ﬁs
where d,,; is the distance between a MUE and the MeNB E#lMdis the transmit power of the MUE. If

we assume that MUEs transmit at the required mininushfound, then by looking at the SINR of a
given channelC, at the eNB and after rearranging terms

Pr, dvig _ 5
I +o2 M (3-16)

ol(ky -D =21,

we can upper bound the total amount of interfereiceved on that channel in terms &f, . We know
however thatl, is the sum interference from all femtocells onreteC, . If we divide |, by the

average number of femtocelé; , we can calculate the amount of interference atbywer femtocell.
Furthermore, each channel in a given femtocellardy be used by a single FUE. Thus, the interfezenc
at the MeNB from a given FUE on chanr@]< is simpIyPTF d;g. The amount of overhead for the MeNB

to learn dFB for every FUE in the network could be quite higlle can make a close approximation

however by assuming a worst case location for a R&/Being on the edge of the femtocell, closestdo
MeNB. We illustrate this in Figure 3-9 where we wha femto user FU3 on the edge of HeNB2. Due to

the relative small size of the femtocell, we campragimate each FUE distance W,z — I, , the

difference of the distance from the HeNB to the NBedhd the femtocell radius. Because the HeNBs are
stationary, the overhead to know the distance & HeNBs is low. Thus for any FUE in a given

femtocell, its own distance to the MeNB will alwagatisfyd; = d,; — I, . We can combine all of
these concepts with the interference bound ana writ

2
o5 (ky =D(d s —r
(kK —1)(d g f)¢2PT (3-17)

which is an upper bound on the transmit power @heUE in the network for alC, channels. We

assume that the MeNB knowsgdfor each femtocell and it knovlh?lf , and thus can set a maximum

transmit power for each femtocell. Due to the fiaett the total interference at the MeNB from ak th
FUEs is constrained bx,, , each MUE will always be able to satisfy its reqdi SINR threshold when

connecting to the MeNB. Thus in terms of outagdgeerance, a MUE has no reason to connect to a
HeNB instead of the MeNB. However, depending ondperating point of the network, a MUE can
achieve gains in terms of power savings if it wereonnect to a nearby HeNB. We can define a d&tisi
rule in which each MUE can decide whether to actiesdMeNB or a nearby HeNB. With power savings

as the end goal, we can say that a given MUE onrieC, should connect to a nearby HeNB if the
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transmit power needed to connect to the HeNB, cdamhbyPA, is less than the power needed to connect

to the MeNB, PTM . If we write the SINR at a femtocell access pointa given chann€l, and rearrange
terms, we get:

Prad, /s

LM? > K lBM

I +oq (3-18)

Pra =k By (1 +U§)d|5|A

which is a lower bound on the power needed to conioethe HeNB. Note that the bound is proportional
to the distance from the MUE to the HeN#,,, , as well as the interference observed by the HeNB
channel C, . Furthermore, the bound is scaled Ky for further robustness against any additional
interference the MUE-HeNB link may encounter. Thfuse define the decision rule for which a MUE
should connect to a HeNB £rM > F:’TA and use the minimum powers derived above, aftaraneging
terms we get:

_ Ke(hcrom)dl,

KMU,f

4
dMB

(3-19)

which gives the decision rule in terms of the nekymarameters, the interference at the HeNB onrmdlan
C, . and the path-loss of the two different links. Agsume that there is a mechanism in place in which

MUEs can either learn the distances of the twosliok the path-loss of those links. Using the denisi
rule, MUEs can coordinate with a nearby HeNB taabmitted to the femtocell and be power controlled
as if it were just another FUE. Recall however thateNB can only support F links and those linksldo
be in use by the FUEs in the femtocell. As a sofytive propose that the MUE share one of the chsinne
actively in use by a FUE. We intend for the shatimdgpe made possible through successive interferenc
cancellation at the HeNB. We will give more detaifsthis in the following sections.

Each HeNB manages the channel assignment foFthiemto users within its own femtocell. It is in the
best interest of the FUEs in terms of power congion@and link outage to use the channels with ¢ast
amount of interference. To achieve this, we asstima¢ if there is a MUE who wishes to join the

femtocell on a given chann@] , and if the SINR requirements for a FUE can be onethat channel, the

MUE should be assigned G, . In doing so, the high power signal the MUE usegét to the MeNB,

which causes high interference to the HeNB, calowered to a level that is manageable by the HNB.

is important that HeNBs exploit the sharable chémméenever possible as the number of non-shared
channels available for use in the femtocell maydss than the number of FUEs who desire a link. If
there are FUEs who cannot be serviced by a shaathel with a MUE, we assume that HeNBs measure

the interferencel , on a given channeC, . We assume each HeNB measures the interferenadt oh

the N, channels and orders them with respect to theerfitence powers. Thus without loss of
generality, we consider each HeNB to maintain a afetchannels C, >C, >...>Cy_such that
I, <I,<..<ly . Each HeNB can then assign the best non-sharagnets to any of the users still

requiring a link. If there are no channels in whicRUE can establish a link with its HeNB, then diser
does not receive a channel and is considered ito dngtage.

3.3.3 Successive I nterference Cancellation

We utilize successive interference cancellatiorCjSds the means in which a MUE and a FUE can
communicate with a femtocell access point in a ipleliaccess manner. SIC has been shown as a feasibl
technique in OFDM networks for both uncoded andedodystems. The performance of SIC depends
largely on the channel estimation of the interfgréignal so that it can be successfully subtrafrimu

the received signal. For our system, we intendntlaerocell user to be the primary user and the femto
user to be the interfering user. The FUE is locateq close the HeNB and is often slow moving or
stationary. Thus channel estimation for a femtor us& should be highly accurate. Following the
methodology in [54], both the FUE and MUE transsiinultaneously and the femtocell access point
regenerates the interfering signal and subtractoih the received signal. After decoding the FUE's
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signal, the femtocell access point can then dettoglenacro user’s signal. Using this strategy, veeadile
to achieve the joint decoding and both the MUE Bbi& can achieve their desired SINR threshold while
sharing a single channel.

3.3.4 Numerical Results

We now present the simulation results for the &echire described above with the network parameters
in Table 3-1. As a comparison, we show resultsviar schemes. The first scheme we consider is one that
uses the femtocell user power control and charssijament described above but does not allow a MUE
to handover to the femtocell. We denote this schasnBC. The second scheme we consider is one that
incorporates the macrocell to femtocell handoveabéed by the successive interference cancellation i
addition to the power control and channel assigrirasrin the PC scheme. We label the second scheme
as SIC for convenience. In Figure 3-10 we showpireentage of macro users that handover to a nearby
femtocell versus the average number of femtocedls rpacrocell. We can immediately see that as
femtocells are added to the network, a percenthgeeoMUES does handover to the femtocells. When
the average number of femtocells reaches ten, wesea that the percentage of handovers levelst off a

about 30% and remains constant for the rangBlofshown. Recall that the decision rule that deteesiin

whether a MUE should handover to a FUE is a functibthe interference at the HeNB as well as the
pathloss between the MUE and the HeNB. Ns increases, the number of femtocell users causing

interference in the network also increases whiduiin should decrease the threshold of the decisilen
However, due to the constant value the handoveeptge maintains suggests that the dominatingrfact
of the threshold is not the interference but ratherpathloss of the channel. Due to the distarsed
pathloss model and the uniform distributions of tisers, there will be an average pathloss reafieed
link in the network which will upperbound the prdiilily of a handover occurring. If we were to chang
the value of )y , the pathloss exponent for the MUE-HeNB link, weuld be able to realize different

values in the handover probability.

Table 3-1 Smulation Parameters

| System Parameters || Value |
Average number of femtocells (N ) [0, 50|
Number of channels (N) 25
Number of macro users (M) 25
Number of tfemto users per femtocell (F') 2
Minimum macro user SINR (35,) 20 dB
Minimum femto user SINR (37) 25 dB
SINR margin at the BS (ky) 3 dB
SINR margin at the FAP (s ) (.5 dB
Noise power (72) -103 dBm
Macrocell/femtocell radius (ry,. r¢) 400m, 30m
Pathloss exponents (e, 5. @) 2.5 35
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Figure 3-10: Average number of macro user handoversand their corresponding aver age power
savingsvs. the average number of femetocells per macrocell. SIC isused to allow for a macrocell
user and femtocell user to sharea common channel.

We mentioned above that as macro users accesslay éaNB rather than the MeNB, they will be able
to lower their transmit power. Also in Figure 3-2¢ plot the average transmit power savings for a
macrocell user in the network versus the averagebeu of femtocells. We can immediately notice that
the shape of the power savings curve is identicathe curve for the percentage of macrocell user
handovers that occur. Intuitively, this makes sehaéthe percentage savings will be proportioaghe
number of handovers. What is interesting to noteewer is the amount of savings that are realized. F
the 30% handover probability, a corresponding 98%owver savings is realized. Thus, even though only
a small percentage of the MUEs actually handover,reduction in their transmit power is significant
enough to realize large savings as a whole fonéteork.

We have just shown that allowing MUEs to accesgaby HeNB rather than the MeNB can result in
significant gains from the perspective of a giveacrocell user. Gains are also realized from the FUEs
perspective as well. As MUEs lower their transnatver to connect to a nearby HeNB, the amount of
interference they cause to other femtocells alsoedses. This will in turn increase the likelihoafd
FUEs in those other femtocells being able to esthldilink. In Figure 3-11 we plot the average numbe
of femtocell users who are able to maintain a hhkhe required SINR with their corresponding HeNB.
We show curves for both the PC scheme without #ralbver process and the SIC scheme that allows
the handover to occur. We can clearly see thattliescheme outperforms the PC scheme and at high

values of N, large gains in the number of users served atzedaWe also note that at smaller values

of N, , the PC scheme’s performance decays at a faseeth@n SIC. Then arould; =25, the two
schemes begin to decay at the same rate. As motedell users are served in the network, we wil se
additional gains in terms of network throughputc&ethat the M macro users are always guaranteed a
channel of at least an SINR level 4, from either the MeNB or a nearby HeNB. Thus, themaiser

component of the sum rate will always be equalNblog(l+ f3,,) whether or not the femtocell

network is present. Any gains in the sum rate wdline from the additional FUE links that are being
added to the network. Due to the interference mamagt in the femtocells, femto user links are power

controlled to SINR levels ok - 5- . When calculating the rates of the links howewve,consider that
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the additional power used in the power control dugtscontribute any extra rate over the link. Thus,
can formally write the rate for a given femtocedeui as:

Ry = {Iog(l+ﬁp), it B SSINRy, <kef (3.20)

0, otherwise

where FUEs are considered to be in outage if theypatameet their required SINR. Having defined the
rate per femtocell user, and knowing that therecaraveragel ; femtocells per macrocell and F femto
users per femtocell, we can write the sum rate ggin

1 FN¢

R .=~ s R, 3-21
gain M|Og(l+ﬁM)i§1 FU i ( )

where the gains from the femtocell component ofdine rate are calculated as a percentage of the sum
rate of the macrocell user only network. We carivéean upper bound on the sum rate gain from the
scenario that all FUEs in each femtocell are ablesatisfy their required SINR threshold with their

corresponding femtocell access point. We know thate are on averag&N, femtocell users per
macrocell, thus it is easy to show that the maxinsum rate gain satisfies the condition:

Rgain < FNf |Og(1+ IBF) = Rmax (3'22)

where the upper bound is linear in the average rumbfemtocells per macrocell. In Figure 3-12 Vi@t p
the average sum rate gain of the network for thee sehemes considered above. In addition, we péot th
upper bound on the sum rate gain. We can immegigex that the SIC scheme outperforms the PC

scheme in terms of the sum rate gain achievedNAdncreases, we see that the amount of gain of the
SIC scheme over PC scheme also increases. Werfadteethat the SIC scheme is significantly cldser
the maximum sum rate gain than the PC schemelfoalales of N; >10.

A SIC
m PC

100 +

|

o
L
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Percentage of Served FUs (%)
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Figure 3-11: Average number of femtocell userswho are served by their corresponding femtocell
access points ver susthe average number of femtocells per macrocell.
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Figure 3-12: Average sum rate gain of a power control (PC) schemethat does not allow macro user
handover versusthe same schemethat does allow macrocell user handover using SIC

3.3.5 Conclusions

We have analyzed practical femtocell architectung guantified both user level and network levehgai
that can be achieved. We developed a femtocell pserer control scheme that relies on minimal
coordination from the macrocell MeNB to operate.channel sensing scheme was used to assign
femtocell users with channels that exhibit low ifégence levels. Simulations show that this scheme
achieves good performance in terms of sum rate gathin the number of femto users served in the
network. We then developed a decision rule in whi@rcro users could connect to a nearby femtocell
access point rather than the MeNB. We utilize ss&ige interference cancellation to allow femto and
macro users to share a common channel and corimedtaseously to the femtocell access point. Using
this second scheme, we show that even more gains foth the user and network perspectives can be
realized over the first scheme. Taking; =35as an example, 30% of macro users joined a nearby

femtocell which in turn yielded an average powerirsgs of 90% per macro user, 30% more femtocell
users being served by femto access points, andsabnb00% increase in the sum rate gain. Thus, avith
relatively small change to the structure of the meell network, significant gains for both macrdeaid
femtocell users as well as the network as a wharebe realized.

42
Public Information



B&em IR3.3Vv1.0

4. Performance of Spatial Multiplexing for Heterogeneous
Macro/Femto Network in Sub-urban Environment

Spatial multiplexing is a prominent feature of MIM@stems in 3GPP LTE networks. In order to achieve
higher number of spatial layers (for a given angenonfiguration), higher SINR (signal to interfecen
plus-noise ratio) values are required. The wall ratien losses between a macro base station (MeNB)
and an indoor user significantly affect the radialigy of these users. On the other hand, a fertitoce
network is equipped with low power base statiorsd #re located indoor. Hence indoor users served by
HeNBs are expected to experience higher SINR vahnelscould be more probable to achieve higher
number of spatial layers if configured with MIMOatfal multiplexing modes. In this section, we study
the performance of heterogeneous femto/macro nktalwaracterized by a MIMO spatial multiplexing
mode for various antenna configurations. We preseatvalues of two key performance indicators
(KPIs), namely average cell throughput and avesgpgetral efficiency with full frequency reuse inttbo
the macro and femto networks. We show how the tibeof 8 bps/Hz spectral efficiency could be
achieved in femto network by exploiting MIMO spatiaultiplexing.

The enhancement in performance as a result of spatifiplexing in macro LTE networks has already
been demonstrated in existing literature. Somereaftes on the subject are: [5]-[8]. As for the
performance analysis of spatial multiplexing indregjeneous macro-femto network, some recent agticle
could be spotted. For example in [9], results forBIMO (single user-MIMO) mode of LTE (which is
one of the spatial multiplexing modes of LTE) areegivAuthors have assumed reuse 1 in both macro
and femto networks and have considered maximumvofféemto cells per macro cell area. Authors of
[10] have developed analytical models for the cagerevaluation in a two tier macro/femto network.
Two spatial multiplexing modes, SU-MIMO and MU-MIMMulti-User MIMO), have been considered

in this study. However, to simplify the analytiGgbproach, authors have not considered shadowing in
their model. Furthermore, they consider flat Ragleilading per subband.

In this work we rely on Monte Carlo simulationsamalyze the performance of spatial multiplexing sod
(SU-MIMO) of LTE in a reuse 1 macro network with uddgrfemto network for different antenna
configurations. The rest of the section is struciwas follows. A brief introduction of closed loopagial
multiplexing mode of LTE (Rel. 8,9) is given in subsee 4.1. Details about wireless channel model,
interference calculation and effective SINR compataare presented in section 4.2. In subsecti@n 4.
overall system description and simulation campaigrameters are introduced. Monte Carlo simulation
results are discussed in subsection 4.4 followeddmglusion in subsection 4.5.

4.1 Close-Loop Spatial Multiplexing (CL SM)

Among the multiple spatial multiplexing modes sfiedi in LTE (Rel. 8,9) [11], we focus on CLSM
which is transmission mode 4 of LTE. In this transioisamode, independent data streams could be
transmitted from each transmitting antenna. The mawi number of spatial streams is defined by
min(N,,N,) whereN; andN, are the number of transmit and receive antenrsectively. The UE sends
the following three feedback (reflecting its radiovironment) to the BS:

e CQI (channel quality indication)
e PMI (precoding matrix indicator)
¢RI (rank indication)

where CQI specifies the modulation and coding s&hd?MI refers to the index of the codebook (a §et o
precoding matrices [12]) and RI indicates the maximnumber of spatial layers that the UE could
support. CQI and PMI are sent by the UE with theesgeriodicity, whilst Rl is fed back with a period
which is multiple of that of CQI/PMI. Furthermorine CQI and PMI both could be frequency selective
with a possible granularity to the level of a sulbavhereas RI is measured over wideband [12]. The
elements of the transmission chain that involve 02Nl and RI feedbacks are shown in Figure 4-1.
According to [12], whatever the antenna configumratmay be, the maximum of two codewords can be
transmitted simultaneously.
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Codeword 0 ‘—» > —T
Codeword-to-layer : Precoding :

Fm——————— | mapping .
: Codeword 1 —»
J

_______ A J A J
Channel Quality Rank Indicator Precoding Matrix
Indicator (CQI) (RI) Indicator (PMI)

Figure 4-1 The elementsin thetransmission chain that implicate CQIl, PMI| and RI feedbacks at
different stages.

4.2 Interference and Channel Model

4.2.1 Channel Realization
The radio channel between a UEand a (H)eNBb suffers from long-term as well as short-term
variations. The long-term propagation loss encomsplas path Ios$§,b'”) and the lognormal shadowing

|(b,u)~ﬁ(0 U(b)). These components are computed according to thelmoaf [13]. Since the antenna
Sk 4

gain of the UEgY and that of (H)eNBg® are also fixed entities, we subtract the two frdme
propagation loss and the resultant long-term viariatioss.®* can be written as:

10Ioglo(L(b'“) ) =g +g® 1O -1 HV (4.1)

where all the terms on the right hand side of tingaéion above are in dBs. The short-term part repitss
the fast fading. It is generated by using the MIMMGOME (spatial channel model extended) channel
introduced in [14] which supports bandwidths higllesan 5 MHz (since the bandwidth used in our
system simulations is 10 MHz). For Doppler effextyelocity of 3 km/h has been considered. As for
power and delay profile, the urban macro (UMa) nhddes been taken into account. From the temporal
representation, the frequency domain responserigedeusing FFT of siz&r-r. The number of useful
subcarrierdN is bandwidth specific and can be referred fronj.[15

4,2.2 Subcarrier SINR

Minimum mean square error (MMSE) receiver is apptiaceach subcarrier to detect each layer. Ignoring
the fast fading gain associated with interferinge[NB, post-receiver SINR of subcarriefor a UEu is
calculated over every spatial layer transmitted.

4.2.3 Effective SINR

Channel gains experienced by subcarriers are likelye different over the whole band due to thellsma
coherence bandwidth (inversely proportional to tteday spread) of the multipath channel. Hence,
different subcarriers (and subbands) may suffemfrdifferent SINR and the error rates on these
subcarriers may not be the same. Therefore, black exte (BLER) of the coded block (transmitted over
multiple subcarriers) cannot be obtained througbatliaveraging of these error rates. In order taioka
single SINR value of multiple subcarriers that cocbrrespond to this BLER, certain physical absivact
models are used. The resultant single value isct#le effective SINR. In our System Level Simulagio
(SLS), we have used the physical abstraction mod=rMnstantaneous Capacity (MIC) [16]. As for
CQI, we have chosen “higher layer configured subbaeporting [12], so that the CQI for subband s is
computed based on effective SINR. Each subbandnpiised ofNs; subcarriers. The set of subbands
for which a UE has to send CQI reports back to (HBédNconfigured by Radio Resource Control (RRC).
The instant of these reports is also set by RRCoun simulations, we have considered a periodic
reporting every five Transmission Time Interval (5ms)

44

Public Information



B&em IR3.3Vv1.0

4.3 System Model and Simulation Details

We have carried out simulations with four differemitenna configurations: 1x1, 2x2, 4x2 and 4xA4.
Simulation parameters are summarized in Table 4-dnt®l Carlo approach is used with a significant
number of runs where in each run (lasting severak)IUEs are randomly dropped across a macro
cellular network of 7 sites with 3 sectors per.shi®@ macro UE is dropped inside the blocks that host
femtocells. Deployment of femtocells is carried ath the help of house model [13]. A femtocell is
hosted by a 12 mx 12 m block representing a hotike. position of HeNBs inside a block follows
uniform random distribution. The transmission power subcarrier is different for an eNB and HeNB.
However, within the macro and femto networks thdwese this value is kept constant. To obtain the
value of the subcarrier transmission power, thal tsnsmission power of (H)eNB is divided by the
number of useful subcarriers per (H)eNB.

Table 4-1 Simulation Parameters For Macro/Femto Networ k

L TE Parameter Value
Carrier frequency 2 GHz
BandwidthwW 10 MHz
Subcarrier spacing 15 kHz
Number of subcarriend 600
Number of subband§]|associated witklV 9
Thermal noise density, -174 dBm/Hz
eNB Parameter Value
Inter-site distance 1732 m
Transmission power 46 dBm
Antenna gairg® 14 dBi
Antenna 2
pattern _ min{lz(g] 20}dB
70
whered is in degrees
Shadowing standard deviation 8 dB
Shadowing correlation 0.5 inter-site
1 intra-site
HeNB Parameter Value
Model House
Number of house blocks dropped per macrocell 1
External wall attenuation 20dB
Internal wall attenuation 5dB
Transmission power 10 dBm
Antenna gairg® 0 dBi
Shadowing standerd deviation 4 dB
Shadowing correlation 0
Number of UEs served per HeNB 1

MUEs are dropped into a macro cell using uniformdman distribution such that a certain number of
MUEs are attached to the serving eNB according édo#kst link criteria. The number of MUESs dropped
per macro cell is equal to the number of subbasdigaed to each cell. As per the parameter vaisiesl |

in Table 4-1, 9 MUEs are dropped per cell. This isedtmhave equal humber of subbands (one in this
case) to be allocated per MUE. For HeNB deployn@miaverage, one house block is randomly dropped
per macro cell. HUEs are uniformly dropped inside fock near their serving HeNB and attachment is
forced toward it. The drop is performed until aliNH2 have a given number (one in our case) of HUEs. It
is considered that there is no MUE present insiclester.

Attached UEs report their CQIls/PMIs every 5 TTls dfsabbands configured by their serving (H)eNB.
The reporting period of RI is twice (i.e. 10 TTIs) tth PMI/CQI (as mentioned in subsection 4.1, the
reporting period of Rl is a multiple of that CQI/PMThe RI is reported over wideband. The selectibn
PMI and RI is carried out through an exhaustiva@dearhe combination of PMI and RI that delivers
maximum throughput is fed back by the UE. Basedhasé received reports, the (H)eNB allocates its
resource to the users based on equal resourceatalocscheduling scheme for the next TTI. The
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minimum scheduling unit is one subband. The sclieglaf MUESs is carried out in a way that a subband
is allocated to a UE which has the best channeltyual that subband while satisfying the condittbat
every UE gets equal number of subbands. Howevegl egaource allocation is not of that importance
for the femto cells given the fact that each HeNBres only one HUE at an instance and allocates all
available subbands to it. We consider full buffeaffic model for both the HUE and MUE. The
throughput calculation is derived from the effeeti8INR for each scheduled UE by using truncated
Shannon bound, in adequation with the approachtadap [17].

4.4 Analysisof Numerical Results

In this subsection, we present and discuss thdtsesiotained through simulations. Since the amaint
resources allocated per user is different for feamd macro networks, user throughput can not be ase

a metric of comparison. In order to fairly compaliethe scenarios, in Figure 4-2, we have presetited
CDF of average spectral efficiency in bps/Hz thaegl not depend upon the amount of allocated
resources per user. Comparing the results showheirfigure, it becomes evident that for all antenna
configurations, average spectral efficiency of fenusers is higher than that of macro users. This
difference becomes more prominent when number t#naias at two ends (i.e. base station and user
equipment) increases. The reason is that becausettef radio conditions for femto users, they aahie
higher number of spatial layers as compared ta tminterparts in macro networks. The average values
of spectral efficiency for different antenna configtions are given in Table 4-2. It can be obsethadl
only CLSM, with 4x4 MIMO, results into an averageestral efficiency value (the only bold number in
the figure) of more than 8 bps/Hz (target valug@eBeFEMTO project).
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Figure 4-2 CDF of spectral efficiency (bps/Hz) of both the macro and the femto under different

antenna configurations
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Figure 4-3 CDF of cell throughput (Mbps) of both the macro and the femto under different antenna

configurations

Table 4-2 Comparison of Average Values of Different Key Performance I ndicators (KPIs)

Antenna Macro cell Femtocell
Parameter - .
configuration
Average cell throughp 1x1 12.8 34.6
(Mbps) 2x2 20.5 62.6
4x2 24.3 68.1
4x4 36.5 123.5
Average spatial spect| 1x1 1.3 3.8
efficiency (bps/Hz) 2x2 2.2 7
4x2 2.6 7.6
4x4 3.9 13.7

Thus, CDFs of average cell throughput for all anéeconfigurations are given in Figure 4-3. This figu
provides the benchmark values for different antenoafigurations for the femto as well as macro
network. However, it should be kept in mind thatsh values correspond to suburban environment of
macro and house model of femto. The average valdieselb throughput for different antenna
configurations are also given in Table 4-2.

45 Conclusion

In this section, we have shown the performance m&aro/femto network equipped with MIMO spatial
multiplexing mode in a suburban environment. Weehslvown that for house model of femto, the target
value of 8bps/Hz is attainable with 4x4 antennafigomation. We have also provided the benchmark
values of spectral efficiencies and cell througHputabove mentioned scenarios. However, the fdigib

of 4x4 antenna configuration is quite optimisticeride in the future, our objective is to reach trgdt
value with lower antenna configurations througleiférence mitigation.
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5. Conclusion

In this deliverable, various methods targeting riet®nce mitigation in the context of heterogeneous
network with femto cells and a macrocell networleiday are presented.

The impact of several statfcequency portioning schemes applied to the overlay macro network are
compared in terms of performance as well for themmaetwork as for the underlay femto network.
System parameters were studied, such as the feiat@otivation rate, and the macro cell inter site
distance. In all cases, IFR and FR3 outperformedther schemes for macro and femto networkshdn t
future, more dynamic algorithms will be studiedidientify feasible and efficient trade-offs between
performance gain versus complexity and signalling

Another powerful tool to mitigate co-tier and crdigs interference islynamic power control. Various
strategies were presented in this document.

In the first one the macro and femtocell coexistewas modelled using tools from stochastic geometry
with which the aggregate interference is charazteli Self-organization strategies were then exasnine

leveraging on the concept of cumulants. The propssatiktical model approach matches very well the
Monte Carlo simulations. Future work will look infarther optimizing the transmission strategies in

terms of power levels and frequency allocation.

The second strategy consists in taking advantadieeo$pecificities of femtocells communications:ythe
are short range, leading to a high quality downBidnal, and only few UEs locally compete for a éarg
amount of spectrum resource. A novel radio resoararagement scheme was proposed that limits the
undesired effects of interference by increasingniinaber of RBs while reducing the radiated power (i
each RBYequired at femtocells to meet target QoS condtairhe effectiveness of the proposed scheme
was evaluated for different femtocells loads arftedint dense urban deployment scenarios baseldeon t
3GPPI/LTE specifications.

In a third method, power control is applied on ttevnlink of a femtocell in order to maximize the
femtocell throughput, while keeping the interferehevel below a certain threshold. In addition| edbe
FUEs use Successive Interference Cancellation 8l€ancel out macro cell interference.

The fourth method considers an uplink strategy, wt@emacrocell should be protected from interference
created by FUEs. A FUE power control scheme is pegpothat relies on minimal coordination from the
MeNB to operate. Then, a decision rule is depictedwhich macro users may connect to a nearby
femtocell access point rather than the MeNB, b#lgidat saves energy. SIC is used to allow feratad
macro users to share a common channel of the HéNBire work will look into the impact of
imperfection of SIC on the overall performance.

The benefits of Multiple Input Multiple Output (MIMQransmission on the 3GPP LTE performance are
demonstrated by simulation. Results show that #eEBATO target value of 8bps/Hz is attainable with a
4x4 antenna configuration.

Finally, Appendix A presents calibration resultstod system level simulators used by each parthes,
enforcing the consistency and coherency of WP3utststatic calibration of macrocell-only resultasy
given in BeFEMTO D2.1 [29]. This appendix extendsstheesults by adding the static calibration of
different femtocell models. One dynamic calibratien also performed in a macrocell-only case,
validating in particular the spatial channel moakstd.
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6. Appendix A: System Level Calibration

In order to facilitate the comparison between tlagtrers’ contributions, WP3 decides to trigger a
calibration of the system level simulators useddagh partner, thus enforcing the consistency and
coherency of WP3 outputs. Static calibration of roeell-only results was given in BeFEMTO D2.1
[29]. This section extends those results by adthegstatic calibration of different femtocell mosleDne
dynamic calibration is also performed in a macreosly case, validating in particular the spatiahonel

model used.

6.1 Static Calibration

This subsection recalls the common deployment pti@gensed for the static calibration as well asiltes
from the WP3 partners. These assumptions are atdmm 3GPP TR 25.814 [13] and TR 36.814
(Model 1) [30] to meet BeFEMTO constraints.

6.1.1 Configuration Parameters

6.1.1.1 Layout and Deployment

Table 6-1: Macrocell layout

Macr ocell network layout

3-sector sites

either 19 of 7 sites (57 or 21 xells

Siteto site distance R=500m
Sector boresight 30,150,270°
eNB
Carrier frequency f. =2GHz
Wrap-around Yes
LTE-like macrocell map
1500 \ \ \ \
L= 2cm]
1000 -~~~ - s~ e
500 -~ - -
&a
S
-500f - - -
1000~ o
-500 0

159250 1000

|

1
0
meters

5

0

1000 1500

Figure 6-1: 19 sites (3 sectors) layout
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LTE-like macrocell map

1000—————— e e
! ! ® 2GHz
500F - -~~~ Yy 2 o - .
2
(O]
T OF - - - - — s — — — -
=
5001 - - - - - - QRN - - :
109%0 -500 0 500 1000

meters

Figure 6-2; 7 sites (3 sectors) layout

The following models are assumed for femtocell dgpient.

Table 6-2: 5x5 Grid deployment

Femtocell model 5x5 Grid cf. Figure 6-3
Block dimensions 10m x 10m 25 blocks
Deployment distribution 1 per sector
HeNB deployment probability | 0.2 Probability that a block contains a HeNB
) Inside a block, the HeNB is dropped according
HeNB deployment distribution | uniform )
to a uniform law

meters

-600 -580 -560 -540
meters

Figure 6-3: 5x5 Grid model
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LTE-like macrocell map
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:
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Figure 6-4: 7 sites (3 sectors) + 21 5x5 Grids (drop example)

Table 6-3. Dual-Stripes deployment

Femtocell model Dual-Stripes cf. Figure 6-5
Number of floors 6
Block dimensions 10m x 10m 40 blocks per floor

Deployment distribution

1 per sector

HeNB deployment probability

0.1

Probability that a block contains a HeNB

HeNB deployment distribution

uniform

Inside a block, the HeNB is dropped accordin

to a uniform law

400

380

360

340

meters

320

300

2§800 -580

-560  -540
meters

-520 -500 -480 -460

Figure 6-5: Dual-Stripes model
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LTE-like macrocell map

1000 . - ‘
; ; m 2 GHz
O #2000 = - .
2
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5 = - I U N R -
£
500F - - - - - - QU P .
-109%0 -500 0 500 1000
meters

Figure 6-6: 7 sites (3 sectors) + 21 Dual-Stripes (drop example)

6.1.1.2 Base Stationsand User Equipment

Table 6-4: Macrocell Base Station (eNB)

TX 1
Rx 1

Boresight Antenna Gain G, =14dBi Include coupling loss
Antenna Front to Back Ratio Gyp =250B

Angle spread for 3dB attenuation | @z = 70°

Antenna Gain GeNB(dB) cf. (6.1)

43dBm when BW< 5MHz
Total Power Pr, =46dBm

46/49dBm when BW > 5MHz
Forbidden Drop Radius R; =35m No mobile inside this radius

Let © be the angle between the sector and the mobilB-¢H) line of sight and the sector boresight,

the antenna gain in dB is given by:

2
. C] .® UE
GeNB(e):Gmax_mm 1{—j Gt d

3dB

-180° <© <180 -7\ © (6.1)

eNB Boresight
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Table 6-5: Femtocell Access Point (HeNB)

Include coupling loss

Maximum power investigated inside
BeFEMTO

No mobile inside this radius

Table 6-6: User Equipment (UE) parameters (both Macro and Femto)

1

2

Gue = 0dBi Include coupling loss

NF =9dB

0.0 Only for FUE deployment

6.1.1.3 Propagation Model

Table 6-7: General parameters

BW =10MHz 5/10/20/100MHz

N, = -174dBm/Hz

A, = 2008 Attenuation to consider when an external
B

wall is between a (H)eNB and a UE

A = 50B Attenuation to consider when an internal
N

wall is between a HeNB and a UE

Table 6-8: Macrocell parameters

UE is outside
PL(dB) = 153+ 376log,,(d) dis the eNB-UE distance
UE is inside in metres

PL(dB) =153+ 376l0g,,(d) + A,

The shadowing follows a

SD=8dB log-normal law
SF(dB)~ N(0, SD

1.0 Sectors from a same site
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Correlation 0.5 Sectors from different sites
Shadowing ]
: 50m Optional
Autocorrelation

Table 6-9: 5x5 Grid parameters

UE is inside the 5x5grid

PL (dB) =37+ 30log,,(d) dis the HeNB-UE

Pathloss . )
UE is outside the 5x5grid distance in metres
PL(dB) =153+ 376log,,(d) + A,
Shadowing The shadowing follows a
Standard SD=10dB log-normal law
Deviation SF(B)~ N (0, SD)
Shadowing
: 0 Between HeNBs
Corréation
Shadowing ]
3m Optional

Autocorrelation

Table 6-10: Dual-Stripes parameters

UE is inside the same stripe
PL(dB) = 3846+ 20log,,(d) + 0.7d 55 ;ng00r

n+2_

+ 1&3n[m “) 9A,

UE is inside a different stripe
PL(dB) = max{ 3846+ 20log,, @ )153+ 37.610g,,(d)} + 0.7d 5 jngoor

(E—OAGJ
+1830' " +gA, +2A,,
Pathloss UE is outside the stripe
PL(dB) = max{ 3846+ 20log,, @ )153+ 37.610g,,(d)} + 0.7d 5 jngoor
(o
+1830' ™ +gA, + A,
d is the HeNB-UE distance in metres
Uap.indoor 1S the HeNB-UE indoor distance in meters
n is the number of floors between the BS and the UE
q is the number of internal walls between the BS thedJE
Shadowing )
SD=dB The shadowing follows a log-norma
Standard B law SF(dB)~ (0, SD)
Deviation
Shadowing
: 0 Between HeNBs
Correlation
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Shadowing
Autocorrelation

3m Optional

6.1.2 Methodology

Table 6-11: Methodology parameters

Number of Runs 50

Number of femtocell cluster
1 In average.

per sector

In average. Attachment to a cell based on the best

Number of MUEs per Sector | 10 )
received power

Number of HUEs per HeNB 1 Only for active HeNBs

For a given run:

e« Macro UEs (MUESs) are dropped across the 2D-plan #éadhed to a sector (according to the
pathloss or the receive power). The drop is peréarmntil all sectors have a given number of
MUEs. MUE can be dropped inside a 5x5 Grid or a [&téjes.

Run O - Mobile drop: v=indoor, o=outdoor

800

600

400

200

meters

-200

-400

-600

meters

Figure 6-7: MUE attached to eNB according to the receive power without wrap-around (drop
example)

* Home UEs (HUES) are dropped near their serving HeMB avgiven probability to be inside or
outside the HeNB’s block. The drop is performed luali HeNBs have a given number of
HUEs. For calibration purpose, the outside blockphility was set to 0, so a HUE will always
be dropped inside its HeNB’s block to reflect tl@RP TR 36.814 assumptions [30].
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Run O - Mobile drop: v=indoor, o=outdoor

meters

490 500 510 520 530 540 550 560 570
meters

Figure 6-8: HUE attached to HeNB (drop example: Grid 5x5, 1TUE/HeNB)

The metrics of interest are collected every runstatistics are obtained accordingly.
6.1.3 Metricsof interest

6.1.3.1 G-factor

Let PL be the pathloss (including wall attenuation) in l@ween a UE and a BS afd be the BS

antenna gain.

BS = eNB G =Geys(0)

BS = HeNB G =Gpens

The long-term power received by a UE from a BS;(BSexpressed in dB as

P(BS - UE)=R, +G, +G-PL-SFKFBS - UE) 62)

6.2
where Ois the angle between BS-UE line of sight and théosdmresightd is the BS-UE distance and
SK(BS - UE) is the (correlated) shadowing in dB between theaB& the UE. The G-factor is then
given by:
P(BS - UE)

Z I:)(BSJ - UE) + I:>therm (6.3)

j#i

G - factor=

where P(BS, - UE)is in mW andP,,is the thermal noise power given in mW by:
Ng+NF
P

therm =BW10 *° (6.4)

Note that the G-factor is independent of the nunab@ntennas at both emission and transmission side

6.1.3.2 Expected satistics

Mean, Median, 5-percantile and cumulative densitycfion (cdf) of the G-factor in dB for MUEs and
HUESs across the different runs.
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6.1.4 Results

The following tables depict the calibration resuleamong WP3 partners for co-channel
macrocell/femtocell deployment network based omaxagonal 7 3-sector layout with wrap-around and
a 10 MHz bandwidth. The results are presented 55 Grid and the Dual-Stripes thus covering the
classical femtocell models.

6.1.4.1 5x5Grid

System-Level Simulator Femtocell Calibration
Layout Hexagonal 7 3-sector sites with wrap-around - 21 5x5 Grids (20% deployment)
Bandwidth 10MHz

Transmit power 46dBm (Macro)
10dBm (Femto)

Macrocell G-factor (dB)

CEA DOCOMO  Sagemcom UoLU uniS AVERAGE
Average 5,88 5,29 4,54 4,44 5,31 5,09
Median 517 4,01 3,63 3,21 5,02 4,21
5-percentile -4,17 -2,44 -3,48 -4,04 -3,99 -3,63

Femtocell G-factor (dB)

CEA DOCOMO Sagemcom UOLU UniS AVERAGE
Average 3,85 4,59 4,02 3,46 3,46 3,88
Median 3,38 3,54 3,81 3,07 2,53 3,26

5-percentile -17,32 -18,56 -20,27 -20,07 -17,67 -18,78
Macrocell

1,0

0,8 -

— CEA

06 — DOCOMO

—— Sagemcom

L
Q 0 UoLU
© A —_unis

02 | ‘

0,0 T | T T T T T T T T T T T T

-70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70
-0,2
G-factor (dB)

Figure 6-9: CDF comparison of the macrocell G-factor among WP3 partners
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Femtocell (5x5 Grid,20%)
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Figure 6-10: CDF comparison of the femtocell G-factor among WP3 partners

6.1.4.2 Dual-Stripes

System-Level Simulator Femtocell Calibration
Layout Hexagonal 7 3-sector sites with wrap-around - 21 Dual-Stripes (10% deployment)
Bandwidth 10MHz

Transmit power 46dBm (Macro)
10dBm (Femto)

Macrocell G-factor (dB)

CEA DOCOMO  Sagemcom UoLU uniS AVERAGE
Average 5,52 4,64 4,37 4,84
Median 4,57 3,37 3,16 3,70
5-percentile -2,83 -3,09 -3,99 -3,30

Femtocell G-factor (dB)

CEA DOCOMO  Sagemcom UoLU uUniS AVERAGE
Average 12,28 12,23 11,38 11,96
Median 12,21 12,05 11,16 11,80
5-percentile -6,18 -5,50 -5,19 -5,62
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Macrocell
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Figure 6-11: CDF comparison of the macrocell G-factor among WP3 partners
Femtocell (Dual-Stripes,10%)
—— DOCOMO
—— Sagemcom

0
O ——uoLu

G-factor (dB)

Figure 6-12: CDF comparison of the femtocell G-factor among WP3 partners

6.1.5 Conclusion

The results seem to be inline among the partnetislatiag the layout and deployment assumptions as
well as the pathloss equations for the various desit models: 5x5 Grids presents a high level oitte
to-femto interference, while the Dual-Stripes aties this effect due to the explicit modellingtiod
exact number of walls separating two HeNBs.
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6.2 Dynamic Calibration

For dynamic system-level simulation, the fast fgdover the time and the scheduling at each time
transmit interval (TTI) are considered. These kiridsinulations allow the testing and performance
assessment of radio resource management algoriffimassame network configuration parameters as the
ones used in the static case apply here. The difdyahce is that wrap-around can be turned-ofpeed
simulations. In such case, the 3 sectors of thealarell will be of interest, while the other sexd will be
assumed to be fully loaded (maximum transmit power)

The following parameters are given for an easy catifn phase within a simple SIMO context. Full
buffer traffic model, truncated Shannon bound amadii®Rl-Robin scheduling (in a TDMA fashion, no
need of feedback) have been preferred in ordeintid the possible causes of misalignment among the
partners.

6.2.1 Additional Configuration Parameters

6.2.1.1 Channel Model

Only the serving link channel should be accuratebdelled using the following parameters:

Table 6-12: Channel Parameters

M odel SCM cf. 3GPP TR 25.996 [31], table 5.1
Deployment Urban Macro UMa

Mean angle spread at BS 8°

Number of paths N=6

Number of subpathsper path | M =20

Chip interval T, = 1/384e™° In second

Quantisation factor Q=16

Line of sight Not considered

Antenna polarisation Not considered

6.2.1.2 Base Stationsand User Equipment

Additional parameters are needed for the base@ata(scheduling) and the user equipment (receiver).

Table 6-13: eNB and HeNB additional parameters

Scheduling Round Robin Time dimension for the allocation
Resour ce allocation per user Total Bandwidth 50RBs are allocated to one UE per TTI
Time transmit interval 1ms

Table 6-14: UE additional parameters

Antenna spacing 0.5 In wave length

Speed 3km/h

Receiver MRC / MMSE Perfect CSlI at the receiver
Throughput estimation Truncated Shannon Bound  cf. (6.5)

Traffic Full Buffer

60

Public Information



B&em IR3.3Vv1.0

6.2.2 Methodology

The same methodology as previously is kept for eacthregarding the drop method of the users. For one
run, consecutive TTIs are generated and the chaifiredah serving link is updated accordingly to the
SCM model, based on the user velocity.

6.2.3 Metricsof interest
When wrap-around is used, metrics should be gadieraall users.

6.2.3.1 Throughput estimation

Based on the SINR obtained through compressiohefT| t, the spectral efficiency (bits/s/Hz) of a
scheduled user can be obtained using the trun&tadnon bound given by:

_ | min@7,a0alog, 1+ SINR  SINR > SINR,;,
= 0 SINR < SINR,,

wherea = 0.6,/ = 44and SINR,;, (dB) = —10for the DL.

(6.5)

5 ; T T T T T T
— || — Shannon bound | | / | | |
T —— truncated Shannon bound (DL) ! ! ! I
== 4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
7 | | | | / R |
'_a | | | | | / | |
~ | | | | | \/ | |
S VT T P A TTTTT T n
2 l l l l T l l
g 2 | | | / /\// | | |
= 2r————-— - = I—— === - F---—= Al - F--——- T I—= === —
i | | I | | |
Sl o s I D SR I |
g l Bl l l l l
n | | 1 | | | | |
| _— | | | | | |
—_— | | | | | | |
15 -10 5 0 5 10 15 20 25 30
SINR(dB)

Figure 6-13: Truncated Shannon bound in DL

The mobile throughput in bits/s is easily derivednbltiplying the spectral efficiency by the alloedt
bandwidth B (in Hz).

mthpt =7,B (6.6)
Regarding compression, the Shannon capacity carséutto ease the computation SINRn) denotes

the SINR computed on the subcarnghen the compressed SINR is given by:
4 1Y
SivR=17( 131 (sivn) -
n=1

with the following compression function:

| (SINR =log, (1+ SINR) .

6.2.3.2 Mobilethroughput

The mobile throughput of the user equipment u ignedf as the ratio between the sum of all the
instantaneous throughputs computed using 0 anauimder of TTIs per run T.

lT
mmmm=?§;mmum (6.9)
t=

The average mobile throughput is defined as the Imdbroughput averaged over all mobiles U and
averaged over all runs R.
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1 U
tI‘]prUE,avg = m Zl mthpt(u) (6.10)

6.2.3.3 Average cell throughput

The cell throughput of the base station c is defia&the sum of all mobile throughputs of all equepits
attached to the base station c{u}.

ofu}
cthpt(c) = ) mthpt (u) 6.11)
u=1
The average cell throughput is defined as the besighput averaged over all cells C and averaged ov
all runs R.

1 C
thptBS,avg = E Z; Cthpt(C) (6.12)

6.2.3.4 Expected statistics

For the cell and the mobile throughput metrics, tiean (or average), the 5-percentile and the @lf ar
expected.

6.2.4 Resaults

The following tables depicts the calibration resdtaong WP3 partners for macrocell network only
based on an hexagonal 19 3-sector layout with \arapnd and a 10 MHz bandwidth.

System-Level Simulator Dynamic Macrocell Calibration

Layout Hexagonal 19 3-sector sites with wrap-around
Bandwidth 10MHz

Transmit power 46dBm (Macro)

Channel Model SCM

UEs per cell 10

Scheduler Round Robin, 1UE per TTI

Macrocell Throughput (Mbps)

CEA DOCOMO Sagemcom uoLuU UniS AVERAGE
Average 13,81 13,84 16,29 14,30 14,56
5-percentile 9,01 9,58 10,34 9,61 9,64

Mobile Throughput (Mbps)

CEA DOCOMO Sagemcom uoLU uniS AVERAGE
Average 1,33 1,38 1,63 1,43 1,44
5-percentile 0,41 0,42 0,39 0,43 0,41
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Figure 6-14: CDF comparison of the cell throughput among WP3 partners
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Figure 6-15: CDF comparison of the mobile throughput G-factor among WP3 partners
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6.2.5 Conclusion

Alignment in the CDF of the dynamic results is aetclear as for the static ones for the cell thinpug,
while the mobile throughput results seem to be nialiee. Regarding the average values, they do not
present a big deviation on both statistics amoegptirtners. More particularly, 3 out of 4 are vediined

on average while one partner does present mormisfit values.
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