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Abstract— The deployment of low-power small cells is enviged

as the main driver to accommodate the mobile broadind traffic

growth in cellular networks. Depending on the spaél

distribution of the user traffic, a densification o the small cells
may be required in confined areas. However, deplogg more and
more cells in given areas may imply an increase dfe inter-cell

interference among the small cells. This study aimsat

investigating if the inter-cell interference amongoutdoor small

cells may represent an impairment to the user exp@nce, and
evaluates if and in what conditions the interferene coordination

is worthwhile compared to the universal frequency euse. Results
show that the inter-cell interference depends on th small cell
deployment in the urban environment (e.g. streetsral squares)
and on the network load condition. In case of depijoment along

urban streets, the inter-cell interference does noaffect the user
throughput and no interference coordination is requred. On the

other hand, if deployed in open areas (e.g. city sgres) the
interference coordination enhances both average andoverage
user throughput in case of high network load condibn.
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channel. Examples of how to mitigate the inter-cell
interference among indoor small cells can be found in [5] —
[7]. The studies introduce automated coordination procedures
based on utility functions to switch on and off shared
frequency component carriers. The algorithms rely on the
channel sensing and the feedbacks sent by the user equspment
(UEs) to take either autonomous or cooperative decisions. The
results of these studies have shown that the interference
coordination is a useful tool to overcome the inter-cell
interference and provide gain in user throughput, especially
for those users at the cell edge. However in [8] the asitho
have demonstrated that the interference coordination is
worthwhile only in particular indoor environments.

The majority of the studies on the inter-cell interference
among small cells in the literature have focused on indoor
deployment scenarios. Such scenario is the most challenging
from an interference point of view since the installatbdrthe
small cells is not always controlled by mobile network and
might be completely unplanned. Nevertheless, the intér-cel

The expected traffic growth in mobile broadband [1] will interference may represent a technical issue also f@nae

require operators to upgrade their network capacity inrdode

deployment of planned outdoor small cells. In [9] théhars

maintain high user experience in the coming years. It igavg proposed a resource sharing method to mitigatetdre in
recognized that increasing the number of cells is the dargeCell interference among outdoor small cells and showrthieat
contributor to the network capacity [2]. Due to their high!nterference coordination provides gain in user throughpot al

installation cost and complexity, the amount of tradaio
macro sites is unlikely to increase in an urban séen@n the

in such scenario. However it was not investigated hiogv t
urban environment and the network load condition may affect

other hand, the deployment of heterogeneous network8e interference coordination benefits, as demonstratg8] in

(HetNets) where low-power small cells assist the ti@wmil

for the indoor scenario. Hence, this study aims at addgessin

macro base stations to provide capacity in areas with higipe inter-cell interference problem in a dense urban

traffic demand, offers a cost efficient solution to copthle
expected traffic increase.
Depending on the spatial distribution of the traffic #mel

deployment of planned outdoor small cells, and evaluates in
which urban environment (e.g. streets, squares) and network
load condition the interference coordination is worthwhile

minimum guaranteed user data rate, a densification of sm&Pmpared to the universal frequency reuse.

cells in confined areas may be required. However, packing

The investigation is carried out in a Manhattan grid-like

more and more cells within the same area may imply someEenario in order to assess the inter-cell interfergmoblem
technical issues such as the increase of the inter-cdll @n environment resembling a real urban deployment. For
interference among the small cells [3]. Thus, this stud his purpose, the grid has been modified in order to include

addresses the inter-cell interference problem among outdo8t9

igh traffic hot-zones in open areas, such as city squahes.

small cells in a dense urban deployment in order to uraetst Small cells are regularly placed along the streets artléein

whether the inter-cell interference causes any impaitno
the user experience.

In the literature the inter-cell interference managenient
small cells has been widely discussed. Two types ef-icel|
interference are investigated: Between macro and el
in case of co-channel multi-layer networks, as discussgy,in

open areas, and deployed on a dedicated channel at 3500 MHz
with 40 MHz bandwidth. The small cell deployment provides
full coverage over the whole simulated area. Thus, no Macro
layer is assumed. Unlike most of the studies in thealitee
where stationary users and constant load condition are
assumed, this study investigates the effect of the qatibr-

and among small cells when those are deployed on a dedicat8{erference on the throughput of users moving in an urban

scenario under different network load conditions.



The paper is structured as follows: Section Il presents amearby small cells. On condition of Line-of-Sight, timer-
overview of the scenario and the problem formulation; Sectiocell interference may increase and degrade the user
Il describes the frequency reuse planning; Section IMhroughput, in particular for those users at the cell edge
describes the simulation assumptions for the results shown in In order to understand how the deployment plays a role in
Section V; finally the conclusions are drawn in Section VI.  the inter-cell interference pattern, from the Manhaggd it

is possible to retrieve information about the UE Signal to
Il. SYSTEM MODEL AND PROBLEM FORMULATION Interference plus Noise Ratio (SINR) at the antennagioen

This section describes the chosen urban scenario affidll load is assumed. Figure 2 shows the UE SINR vettseis
introduces the inter-cell interference problem in a densdistance to the serving cell for UEs connected to a sredlll
deployment of outdoor small cells. in the street and UEs connected to a small cell isdoare. It
. is possible to observe that the interference within tharsgu
A. Small Cell Dense Deployment Scenario is on average ~5dB higher that in the streets. While mgowi

In order to assess the inter-cell interference problem in getween of two buildings the UEs in the streets are sield
scenario resembling a real urban environment the study ffom the interference of the nearby small cells in the
carried out in a Manhattan grid-like scenario. For thisopse  intersecting streets, whereas no big obstacle is tivees the
the grid has been modified in order to include open areas (e @ansmitters and the receivers within the open areas.
city squares). The size of the building block is 85x85m and thegonsequently the inter-cell interference on the squares is
street width is 15m. The size of the open areas is 115x115mjgher than in the streets. However, similar SINR igbiésfor
Furthermore, 60 outdoor Pico cells (i.e. type of smalsfale  the UEs at the cell edge (~45m) since the numberrofigt
regularly deployed on lampposts (6m height) along the streefsterferers in both street intersection and middle ofstneare
and within the squares with an inter-site distance of 100m. The similar.
assumed frequency band is 3500MHz with 40MHz bandwidth. Thus, the objective of the study is to investigate thecef
The Pico cells are able to provide full coverage over thelev  of the inter-cell interference on the throughput of users
simulated area. An overview of the deployment is illustta moving in a dense urban deployment of small cells, and to

in Figure 1. evaluate in which urban environment the interference
- coordination is worthwhile compared to the universal
. . . . . frequency reuse.
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Figure 1.Small cells deployment. User-Cell Distance [m]

As regards the signal propagation in the city environmentgg,re 2 signal to Interference plus Noise Rdto users connected

it was assumed that nearby Pico cells deployed along tie sa to a small cell in the street and a small celhia square.
street are in Line-of-Sight condition. Similar assuimptis
assumed for the Pico cells deployed in the same openlarea. lll.  INTERFERENCECOORDINATION

order to accurately predict the Line-of-Sight and the Non-  The interference coordination via the frequency reuse is a
Line-of-Sight propagation of the signal in the grid, the outdoogseful tool to mitigate the inter-cell interference amengll
path-loss is evaluated by means of a 3D ray-tracingb@sd  cells. The technique consists of splitting the overalilabke
on the dominant path model [10]. bandwidth into a certain number of orthogonal component
B. Problem Formulation and Objectives carriers and assigning those to each small cell sonteaty

e e small cells transmit on different carriers. Consequertiby t
The densification of the small cells offers a costcedffit 9 b

. . L . _|nter-cell interference is reduced, but at the costeofuced
solution to provide the needed capacity in given areas wit oIl bandwidth

high traffic demand. However as the small cells get cltse
inter-cell interference may increase. The increase irf)re
interference also depends on how the signal of thdl selés
propagates in the city environment. Depending on th
deployment, e.g. in line along the streets or at thedosrof a
square, it is likely that no big obstacles are in leetw of

The interference coordination can be realized statidadly,
quency planning, or dynamically based on e.g. autonomous
carrier frequency selection by means of Self-Organizing
RNetwork (SON) algorithms. In this study an optimized setati
frequency reuse planning for the Manhattan-grid is



considered. The bandwidth is split into either 2 or #iees  decreased from 12 sec to 1 sec as in Table 1 in order to
(i.e. frequency reuse 2 and 4). In the frequency reuse 2 temulate different offered load conditions (from low load to
same carrier is assigned every two Pico cells along time sa high load).
street, as shown in the example in Figure 3. - .

In the reuse 4 the assignment has followed two simplg' User MObI|ItyASSUprtI0nS . .
rules: the same carrier is assigned every four Pico alelig A detailed LTE-A user mobility framework for idle and
the same street; each cell facing a common streesaution ~ connected mode is modeled. Intra and inter frequency

is assigned to a different carrier. An example of the finahandovers are triggered by the A3 event [11] (targetisell
deployment is shown in Figure 4. offset better than the serving cell) based on Receigaas

Power (RSRP) measurements. Inter frequency measurements
-

performed by R-criterion [11]. In order to trigger idle aeo
-

are started by the A2 event [11] (serving RSRP goes below a
A

intra-frequency and inter-frequency measurements thwnger
o

»

B
»
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>
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>
N

threshold), and stopped by Al event (serving RSRP goes
above a threshold). Time-to-Trigger [11] for each of the
events is also assumed. For the idle mode, cell reeidst
A . .
. cell has to fall below respectively S-intraSearch and S-
Figure 3.Example of Reuse 2 deployment in Manhattan GrighEa  InterSearch thresholds.
color represents a different carrier frequency.

Table 1. Simulation Parameters.

60 LTE-A Pico cells @ 3500 MHz,

No Macro Layer

Reuse 1: 40MHz TDD (2 carriers of 20MHz)
Bandwidth Reuse 2: 20MHz TDD

Reuse 4: 10MHz TDD

Transmission Power Pico: 30 dBm per carrier

Transmission Mode 2x2 MIMO

Number of Cells

N g
|
>

>

u A.. Shadowing No Log-Normal Shadowing
3D Ray Tracing: Dominant Path Model
Path Loss Model LOS decay exponent 2.9

Figure 4.Example of Reuse 4 deployment in Manhattan GridhEa

: . NLOS decay exponent 3.2
color represents a different carrier frequency. y exp

1500 users moving along the streets;
200 users in hot-spot areas of 90x90m
Measurement Error Normal Distr. RSRP: 1.21 dB std.

Connected Mode: 5 ms meas. gap every 40|ms

User distribution

IV. SIMULATION ASSUMPTIONS

In order to assess the study on the inter-cell intemfo
L1 Inter-Frequency

problem, system level simulations were performed in the| yoasurements Idle Mode: 5 ms every Discontinous
in i i i ; i Reception (DRX) cycle (1.2 sec)
scenario introduced in Section Il.A. This section deserihe . 2) & :
main simulation assumptions L3 Filter Factor RSRP: 4; L3 filtering as defined11]
A3 Offset: 3 dB (Intra-Freq and Inter-Feq A3)
A. <cenario Assunptions User Mobility A2 threshold: -75 dB; Sinter-freq: -75 dB;

. Sintra-freq: -75 dB
The performance has been assessed with a system lev Intra frquency: 200 ms

simulator. The chosen radio access technology is the Long Inter frequency: 400 ms
Term Evolution-Advanced (LTE-A). Further simulation | yg executiontime | Mtra frequency: 150 ms
i i Inter frequency: 500 ms
parameters are listed in Table 1. — : e
Some of the users are initially placed randomly in the _Radio Link Failure F’_AS dEfI'(”'id_'" [13]000 =
. : _ IX packet size : )
stregts, and some are Con.ﬂned in 4 hot qut areas placecjTraffic Model Exp. Distribute packet inter arrival time: [12;
within the open areas. The size of the hot-spot is 90x90m. The 8. 5; 4; 3; 2; 1.2] sec.
users move with 3 km/h. Uniform turning probability is | Connected to/ffrom | Idle to Connected mode: 100 ms
assumed when a user in the street reaches the streetdle mode timing Release timer Connected to Idle mode: 1 sec

intersection. The users in the open areas are free t0 MOVe Ao the UEs are assumed Carrier Aggregation (CA)

along straight lines but confined in the hot-spot area. The UE;nahie [12]. Hence, the UE is able to aggregate more than
mobility relies on the Refferenqe Signal d Rgcewefd POWep e available component carrier frequency in order to receive
(RSRP) ~measurements for intra and inter-freqUeNCYais on 4 Jarge bandwidth and achieve high peak data rate.
handovers. At the beginning of the simulation the UEs are g ce all the UEs are assumed CA capable, in case of
conn_ected to the cell with the_ be_st RSRP. . .universal frequency reuse (reuse 1) the UEs are able to
Time variant bursty ”"?‘ff'c. IS "?‘SSU"‘E¢ as described '%ggregate the two available carriers of 20MHz per Pidlo ce
Table 1. A new packeg of fix size Sis created per user every ,ng receive data on 40MHz overall bandwidth. An ideal CA

t seconds after the user has completed the download of t%bility framework is assumed: The UEs are always
previous packep..;. The inter arrival timet is negatively _configured with two carriers. Thus, when the UE is in

exponential distributed. The packet inter arrival time s, nacted mode, the secondary cell [12] is immediately

el
Time-to-Trigger




configured and activated at the moment of the primary cell From the results it is possible to observe that theerdus
[12] change (i.e. handover from serving to target celfpildr  with CA shows the highest average user throughput
assumption applies for a UE switching from idle to connectegerformance and consequently the highest served traffic. In
mode. case of frequency reuse 2 and 4, the session throughput
As concerns the frequency reuse 2 and 4 deployment it tecreases while increasing the frequency reuse rahe. T
worth to recall that nearby Pico cells transmit on défé  worst average UE throughput performance is shown by the
carrier frequencies. From a UE mobility point of view, thisreuse 4 with a loss of ~73% over the reuse 1 with CAnn |
means that the UE has to perform inter-frequencyoad and ~90% in high load. Thus the gain in Signal to
measurements in order to detect nearby Pico cells. Bius, Interference plus Noise Ratio (SINR) provided by the
and SinterSearch thresholds are set high enough in order ftequency reuse 4 over the universal reuse is not suffitéen
allow the users to measure the closest small cell ofexetit  compensate the loss in bandwidth.
carrier frequency. If otherwise, the users moving towards Figure 6 presents the performance in terms of 5%-ile
new dominant cell would not be able to connect to itSession Throughput. Similarly to the average user timout,
Consequently the A2 and SinterFreq thresholds have bedhe reuse 2 and 4 show the worst throughput (~28% and ~64%
optimized in order to guarantee the highest UE throughput. loss respectively for reuse 2 and 4 compared to reuse 1 in low

. RO e
C. Key Performance Indicators load; ~65% loss for reuse 4 in high load).

The performance evaluation focuses on the effect of the

- 5%e-ile User Session Throughput: 5%e-ile of UE
session throughput distribution, i.e. the 5% worst users
may achieve equal or lower throughput.

inter-cell interference on the user throughput. Thus, the 60p------ . I; ****** ; = *11
following performance indicators (KPIs) are introduced: l redueney meuse |
: X 50F - - -\-----—- —»— Frequency Reuse 21,
- Average UE Session Throughput: average throughput | —=—Fre |
! quency Reuse 4},
necessary to download a packet of Sze 40 o oo |

|

|

|

w
o

N
o

V. SIMULATION RESULTS

In this section the simulation results are presentedhier
users moving along the streets and the users in the hot-spots

5%e-ile Session Throughput [Mbps]
S
|
|
|
|
|
|
|
|
|
|
|
|
|
il

for different network load conditions. The performance 0 ‘ ‘

o . . . 0 20 40 60 80
evaluation is based on the KPIs described in Section.IV.C Avg. Served Traffic Per Cell [Mbps]
A Sreet Users Figure 6.5%-ile UE Session Throughput vs. Avg. Served Teaffer

. . . Cell for different frequency reuses.
Figure 5 illustrates the average session throughput of the

street users versus the served traffic of the cells geglo B. HOt-Spot Users
along the streets (i.e. average throughput that a cablésto The average user throughput for the hot-spot users is
deliver given a certain offered traffic). The points in tueves presented in Figure 7. Unlike the street users, thiseret
are obtained varying the offered load (from low load to higlshows better performance than the other 2 cases in high
load) as described in Section IV.A. offered load conditions with maximum ~200% gain over the
reuse 1. A loss of ~70% is however visible in low load
| | compared to the reuse 1 case. In such load conditionAhe C
1 :E;ﬁgﬂiﬂg Egﬂzgil provides high peak data rate by means of wide spectrum
150} - - - :L, ___|==~Frequency Reuse 4 J: availability and low interference.
| |
|
|
|

200k ------ r--- == r——-—-—--- r——-—-—--- 1

Figure 8 shows the 5%-ile user throughput. It is possible t
observe that the reuse 4 also achieves gains of maximum
~200% at medium/high load over the reuse 1 with CA.

In order to understand the difference between the user
performance in the streets and in the hot-spots, it isritapt
to recall the small cells interference pattern in thg c

i | environment. As shown in Section Il.A, the inter-cell

| ; | interference increases for those users in the open ateas

2‘0 4‘0 6‘0 8‘0 more than 1 interferer is visible per each user.
Avg. Served Traffic Per Cell [Mbps] Figure 9 compares the SINR at the antenna port of the
street and hot-spot users in case of reuse 1, 2 and 4 in high
load condition. From the SINR distribution it is possible to
observe that the users in the hot-spot are severelytedfby
the interference in the case of reuse 1 and reuse 2dB12

100

]
o

Avg. UE Session Throughput [Mbp

OO

Figure 5.Avg. UE Session Throughput vs. Avg. Served Trgffc
Cell for different frequency reuses.



difference). Almost no difference is visible in the uS&XR in
case of reuse 4.

average and the coverage user throughput at high load
condition with gains up to ~200% compared to universal

Finally, comparing the street scenario with the hot-spofrequency reuse.

scenario, note that the system capacity is also affdnethe
inter-cell interference: Due to stronger interfereircéhe hot-
spot, the maximum served traffic of the cells in the opeasr
is lower than the one in the streets (Figures 5-8).
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Figure 7.Avg. UE Session Throughput vs. Avg. Served Trgffc
Cell for different frequency reuses.
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=o—Frequency Reuse 1
=»—Frequency Reuse 2

5%-ile UE Session Throughput [Mbps]

|
30
Avg. Served Traffic Per Cell [Mbps]

20
Figure 8.5%-ile UE Session Throughput vs. Avg. Served Tegbfer
Cell for different frequency reuses.

VI. CONCLUSIONS

The current study has been performed in a regular
deployment of small cells to allow easy fix frequency eeus
planning. As a future work, the study should be carriedrout i
a less regular deployment of small cells where the ararri
assignment is performed by means of dynamic spectrum
allocation.

1 ===FR1-StreetUEs |- - — — — S —
== FR2 - Street UEs : Ptag ’4’ :
——FR4-StreetUEs || o7 ¢ ‘

0.8H == === FR1 - Hot-spot UEs nf,,/,,,,\, _l
"7 || === FR2 - Hot-spot UEs || ,I I
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- '/ |
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] Vi ‘
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Figure 9.UE SINR at the antenna port of street and hot-jitst in
connected mode in case of high load conditionregdiency reuse 1
(FR 1), 2 (FR 2) and 4 (FR 4).
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