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ABSTRACT
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Over the last decade, mobile communication netwbekge evolved tremendously with
key focus on providing high speed data servicesaddition to voice. The third
generation of mobile networks in the form of UMTSalready offering revolutionary
mobile broadband experience to its users by depipySDPA as its packet-data
technology. With data speeds up to 14.4 Mbps anduitbus mobility, HSDPA is
anticipated to become a preferred broadband aeunedsum for end-users via mobile
phones, laptops etc. While majority of these enetsisire located indoors most of the
times, approximately 70-80% of the HSDPA traffies&imated to originate from inside
the buildings. Thus for network operators, indooverage has become a necessity for
technical and business reasons.

Macro-cellular (outdoor) to indoor coverage is auna inexpensive way of
providing network coverage inside the buildings.wedwer, it does not guarantee
sufficient link quality required for optimal HSDPAperation. On the contrary,
deploying a dedicated indoor system may be faretquensive from operator point of
view. In this thesis, HSDPA performance improvemantypical indoor environments
is studied by repeating outdoor signal to indoostributed antenna systems via
analogue WCDMA repeater. An extensive measuremeambpaign with varying
network configurations was executed in differerdaor environments analogous to
easy, medium and hard radio conditions.

The results indicate how significant increase irD3 throughput can be achieved
if outdoor-to-indoor signal strength is raised to adequate level via repeater.
Additionally, increasing the antenna density intriisited antenna system can further
improve the network performance. Furthermore, ghewn that too high repeater gain
settings and erroneous repeater installation cawersly deteriorate network
performance. Finally, the thesis attempts to previttoor deployment guidelines for
network planners by identifying optimal configuoats related to repeater and
distributed antenna system.
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Viimeisen vuosikymmenen aikana matkapuhelinverkatt d&ehittyneet suunnattomasti
tavoitteenaan tarjota &aanipuhelujen lisdksi sup@odsisia tietoliikennepalveluja.
Kolmannen sukupolven UMTS matkapuhelinverkot targigo vallankumouksellisen

likkuvan laajakaistan kokemuksen kayttgjilleen jgamalla HSDPA:n osana
pakettidata teknologiaa. Jopa 14.4 Mbps nopeudalladydellisella liikkuvuudella

varustettuna HSDPA:n odotetaan tulevan péa&aasiadiiselaajakaistayhteydeksi

matkapuhelinten ja kannettavien tietokoneiden jaidew vastaavien laitteiden
kayttdjille. Koska suurin osa loppukayttajista aséasloissa suurimma osan ajasta,
keskimaarin 70-80% HSDPA liikenteesta arvioidadewan rakennusten sisalta. Siten
sisétilojen peitto on tullut operaattoreille vait@ttomaksi teknisistd ja kaupallisista
syistéa.

Ulkona sijaitsevien matkapuhelinmastojen peiton tiK#ay sisatiloissa on
luonnollisesti edullinen tapa tarjota verkon peittakennusten sisalla. Tama tapa ei
kuitenkaan tarjoa riittdvaa hyvalaatuista yhteytfitimaaliseen HSDPA:n kayttoon.
Toisaalta varta vasten sisatiloihin rakennettuegiglma saattaa olla operaattorin
kannalta lilan kallis ratkaisu. Tassa tutkielmaskaDPA:n toimivuuden parantamista
tyypillisessa sisatilassa on tutkittu toistamallkkoa tulevaa signaalia sisétiloissa
toimivaan antennijarjestelmaan analogisella WCDM#Atimella.

Kattava mittauskampanja erilaisilla verkkokonfigatiailla suoritettiin erilaisissa
sisétila ymparistdissd yhdenmukaisesti: hyviss&kiké&ertaisissa ja huonoissa radio-
olosuhteissa. Tulokset osoittavat kuinka merkittdigdys HSDPA suorituskykyyn
saadaan jos ulkotiloista sisatiloihin tulevan sajma voimakkuutta kasvatetaan
sopivalle tasolle toistimen avulla. Lisaksi antemitiheyden lisadaminen kaytetyssa
suuri vahvistus ja virheellinen toistimen asennw$vat vakavasti heikentdd verkon
suorituskykya. Lopuksi tutkielmassa pyritddn antamahjeita verkon suunnittelijoille
sisétilojen toteutuksen suunnittelussa esittamgbarhaat kokoonpanot liittyen
toistimeen ja kaytettyyn antennijarjestelmaan.
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1. INTRODUCTION

Since the advent of telecommunication industry atel 1§' century, several
advancements were made to commercialize the wimdnwnication globally. A
decade later, technological revolutions in the teled and telecom industry made
wireless communication possible with the launchficft generation (1G) analogue
cellular networks focusing on the real-time spesehvices. The concept of digital
transmission was soon realized and in 1991 secemgrgtion (2G) digital cellular
network called Global System for Mobile (GSM) commuations was put into service.
GSM was designed to support voice as well as dat@nwnication yet data
transmission capabilities of GSM were rather ligitémprovements to enhance data
transmission rates and reliability in GSM resuliadtechnologies like High Speed
Circuit Switched Data (HSCSD), General Packet R&#ovice (GPRS) and Enhanced
Data Rates for GSM Evolution (EDGE) promising dai@s up to 236 kbps.

Over the last decade or so, Internet has becommkmlgphenomenon and an
integral part of everyday life. It has emerged awsaor delivery platform for e-mail,
information and multimedia content like music, \odetc. Wireless internet connectivity
is already in step with wired access offering elyuedmpetitive data speeds in homes
and offices with limited mobility. Furthermore, milgb broadband has joined the
competition by becoming a widespread service ewjogg the users ubiquitously.
Already the third generation (3G) of mobile netwsyrkn the form of Universal Mobile
Telecommunications System (UMTS), is offering itsers a revolutionary mobile
experience with speeds far exceeding than the affesed by its predecessors.
Nevertheless, the mobile market is growing rapatig customer requirements in terms
of data services are expanding continuously. Sesvike multimedia messaging, video
telephony, multimedia content streaming, positignservices, and internet style news
and information portals have become a driving fonceshaping operator service
portfolio and major source of revenues.

Consequently, UMTS has met the challenge of coatisly improving the end-user
experience and service interaction by evolvingpiégsket-data technology with high
speed downlink packet access (HSDPA). Offering daieds up to 14.4 Mbps and
added value of‘anywhere anytime” mobility; HSDPA is expected to become a
preferred broadband access medium for end-usesm-rhiobile phones to laptops.



In UMTS, coverage and capacity are interdependaainsmit power in downlink
(cell coverage) is shared among users whereasusacladds to the overall interference
that decreases the cell capacity. Moreover, théopeance of HSDPA link depends
exclusively on the radio channel conditions surcbng the mobile device. The better
the channel conditions the higher the throughpoivéler, higher power levels needed
to service indoor HSDPA users also draws out tipacéy of outdoor cells.

UMTS radio network planning (RNP) aims to maximizetwork coverage and
capacity and guarantee service quality despitedshm@amic affects of radio channel.
While the UMTS RNP processes are well proven irdookt environments, they fail to
address sufficient link quality required for HSDRferation in typical urban indoor
environments. For mobile network operators nowadeytoor coverage has become a
necessity both for technical and business reas®imee most of the end-users are
located indoors most of the times, approx. 70-8@% e mobile traffic is expected to
originate from inside the buildings. With more amtbre of these users enjoying
multimedia services via HSDPA, operators get arimss opportunity they can profit
from by improving their network’s indoor performanand efficiency.

This study exploits outdoor-to-indoor coverage widpeater as a deployment
strategy to enhance and optimize HSDPA coverageud¢imput and performance in
typical indoor environments. The research is basedetwork measurements with and
without repeater as part of the network topologke Tpurpose is to provide indoor
deployment guidelines for network planners and tifieptimal configurations linked
to WCDMA repeater and indoor distributed antenrstesys.

This Master of Science thesis is organized in thigzal and measurement parts. In
Chapter 2, UMTS system architecture along with WGDHIr interface and HSDPA
technology is explained. Chapter 3 describes tké rpropagation phenomenon and
different radio propagation environments. UMTS oadétwork planning is discussed in
Chapter 4 while antenna line equipment and WCDMgegaders are outlined in Chapter
5. Chapter 6 discusses measurement setup and awtasurement scenarios followed
by the results and their discussion. Finally, #&utts are concluded in Chapter 7.



2. INTRODUCTION TO UMTS/HSDPA

Universal Mobile Telecommunication Systems (UMT8)dngs to the third generation
(3G) of mobile networks and is already deployedlgkeide. From the first commercial
launch of its services in 2001, UMTS has undoulytei@livered its promise to provide
a whole new mobile multimedia experience and sesvio its users and therefore has
proved to be the fastest growing cellular techngliogthe history with over 550 million
subscribers by the end of guarter of 2007.

This chapter describes the development and staimd#ioh process of UMTS along
with the system architecture and radio access tdobn followed by a detailed account
of High Speed Downlink Packet Access (HSDPA).

2.1. Evolution and Standardization

The evolution of mobile telecommunication spansrdkiece generations with research
and development for so called fourth generation)(4Beady underway. First
generation (1G) or analogue cellular systems, ¥attus on voice, were deployed in
early 1980s and were commonly known as Nordic Mobglephony (NMT) in Europe
and Advanced Mobile Phone Service (AMPS) in USAthNhe development of digital
transmission techniques, in 1990s, these analogsterss were replaced by second
generation (2G) digital cellular systems well knoas 1 GSM in Europe, PCS in USA
and PDC in Japan. The Global System for Mobile Comications (GSM) was based
on time division multiple access (TDMA) and freqagndivision multiple access
(FDMA) schemes. In TDMA, user data is multiplexedshort consecutive time slots
whereas in FDMA user data is divided into narrowb $tequency bands [1]. Data
transmission capabilities of GSM were further emeahby introduction of HSCSD
(circuit switched technology), GPRS (packet switthechnology) and EDGE offering
data transmission speeds up to 236 kbps. The emnaptperformance of these
enhancements, often referred to as 2.5G techniguade GSM the most successful 2G
mobile communication system [2, 3].

However, already by the end of the decade, 3G UM&S developed to keep up
with the growing demands of higher speeds and ntpbwith Internet based
applications and data centric services. UMTS s ighesl for multimedia
communication and it offers business users anduwnass an evolution of their current
mobile experience; faster, more efficiently andhwmitew possibilities [4]. Initially,
UMTS offered high bit rates up to 384 kbps (theicedty up to 2 Mbps) yet already
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enhancements to UMTS in the shape of High SpeekiePéaccess (HSPA) offers data
rates beyond 10 Mbps (in downlink) [1]. These emeaments are often referred to as
3G evolution or 3.5G. The evolution path driventbg services demanding higher and

higher data rates and bandwidth is presented uw&ig.1.

<
5 Video-on-demand
% Video conference
c £ Video telephony Video telephony
32 Push-to-talk Push-to-talk Push-to-talk
o ] Infotainment Infotainment
>
Z8 o MMS MMS
S w Data Data Data Data
% SMS SMS SMS SMS
O Voice Voice Voice Voice
I Evolution
2G 2.5G 3G 3G Evolution
GSM GPRS EDGE UMTS HSPA/LTE
Figure 2.1: Evolution of mobile telephony.
ITU
IMT2000
3GPP
I I I I
GSM GPRS EDGE UMTS
FDD TDD

Figure 2.2: 3GPP mobile network family [2].

The development and standardization of 3G systenearried out by International
Telecommunication Union (ITU). ITU specification ggested International Mobile
Telephony 2000 (IMT-2000) as a common name for @&esns and a Third Generation
Partnership Project (3GPP) was formed to carry tbat standardization. 3GPP is a
collaboration of standardization bodies from Eutrqlsan, Korea, USA and China [1].
In Europe, European Telecommunications Standardstute (ETSI) is involved in
3GPP for the development and standardization ot@@monly known as UMTS. In
1998 ETSI decided upon Wideband Code Division Nbidti Access (WCDMA)
technology as UMTS air interface and since thehadg appeared as the most widely
adopted technology in Japan and Korea as well. iWRBGPP, UMTS is referred to as
Universal Terrestrial Radio Access (UTRA) Frequemiyision Duplex (FDD) and
Time Division Duplex (TDD) [1]. The standardizatigmocess of UMTS continues as
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new techniques to enhance data rates and impratensyperformance are deployed.
The process spans over Release 99 (initial rele&ssddase 4, Release 5 (HSDPA),
Release 6 (HSUPA), Release 7 and Release 8 (Lamg Eeolution - LTE). The 3GPP
mobile network family is shown in Figure 2.2.

The work in this thesis has been carried out on ATFHDOD and 3GPP Release 5
network.

2.2. UMTS Architecture

A UMTS network consists of three subsystems: Usquifinent (UE), UMTS
Terrestrial Radio Access Network (UTRAN) and Coretwbrk (CN). Each subsystem
has several logical network elements with a defituedtionality and all these elements
interact with each other through different integfacFigure 2.3 illustrates an overview
of UMTS subsystems and interfaces.

PLMN, PSTN,
ISDN...

Figure 2.3: UMTS network architecture.

UE consists of Mobile Equipment (ME) and UMTS Suliser Identity Module
(USIM). ME is the terminal that contains the opergtelements for the user interface
e.g. keyboard, display, multimedia features etd edio equipment to communicate
with UTRAN over Uu interface. USIM is a chip carbat contains user specific
information, network authentication and securityséor data encryption [1, 5].

The main purpose of UTRAN is to manage data comeend resources between
the UE and the CN and to encapsulate all radio tiomalities from the CN. The
UTRAN consists of one or more Radio Network Sulmyst (RNS) connected to CN
through the lu interface. Each RNS further consadta Radio Network Controller
(RNC) connected to one or more radio base statraub interface [1, 6]. In UMTS
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the base station is referred to as a Node B. A NBbHandles the radio transmission and
reception between UE over radio interface (Uu) awine basic radio resource
management tasks such as inner loop power coitnel RNC, as the name suggests, is
the control node in RNS and is responsible forr#ttBo resource management tasks like
load control, admission control, congestion contpmwer control, handover control,
code allocation to name a few. These tasks araideddn detail later in this chapter.
The RNCs can be interconnected to each other viaranterface. For each connection
between UE and UTRAN, one RNS is the serving RN®&ekVrequired, drift RNSs
support the serving RNS by providing macro divgrsambining and splitting. The role
of an RNS (serving or drift) is on a per connecti@sis between UE and UTRAN [1,
6].

The Core Network (CN) in UMTS corresponds to thaG&M and is responsible
for managing subscriber information and transpgrtuser data to its respective
destination. CN is connected to UTRAN via lu inéed and depending on the type of
data service it can be separated into two domainsuit switched (CS) and packet
switched (PS). Thus, the lu interface can alsodpamated into Iu-CS and Iu-PS for
connecting respective CN domains with UTRAN as shawFigure 2.3. The network
entities that handle CS services are Mobile Sesvieeitching Centre (MSC)/Visitor
Location Register (VLR) and Gateway MSC (GMSC). M&Ca switching node
responsible for serving UE connections with exte@& networks e.g. Public Land
Mobile Network (PLMN), Public Switched TelephonetiNerk (PSTN) etc. VLR is a
dynamic database integrated with MSC that storgiing user’s service profile for the
purpose of location management [5]. GMSC is theway node that connects UMTS
PLMN to external CS networks. All incoming and aitggy CS connections pass
through GMSC. For PS transmission, Serving GPRS&upNode (SGSN) performs
similar tasks as MSC/VLR and Gateway GPRS SuppodeNGGSN) acts as a routing
gateway to external PS networks e.g. Internet. Atraé database, Home Location
Register (HLR), is also present in the CN whichtaors master copy of subscriber’s
service profile, roaming areas, authorization infation and current location
information (MSC and/or SGSN level). HLR interaati$h all the CS and PS entities of
core network as illustrated in Figure 2.3.

2.3. WCDMA for UMTS

In any mobile communication system, coverage apadaty are key parameters which
are mainly dependent on the signal to interferaat® (SIR) and bandwidth of the
access technology used to share the transmissidiuméradio interface). 2G systems
used TDMA and FDMA techniques for radio interfaceeneas Code Division Multiple
Access (CDMA) technigue was employed by 3G systdm$DMA, all users transmit
using the same frequency but the data is multiplereshort consecutive time slots. In
FDMA, the frequency spectrum is divided into snwlb frequency channels and user
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data is multiplexed on these channels at the sanme th CDMA technique, all users
transmit simultaneously in the same frequency célbat are separated by different
orthogonal codes. These multiple access schemgsesented in Figure 2.4.
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Figure 2.4: Multiple access schemes for air interface (a) COMATDMA (c) FDMA.

Channel 3

Frequency

Channel 2
| [suueyy
¢ |suueyp
€ [suueyp

Frequency

Channel 1

S

2
6&

As part of 3GPP standardization, Wideband CDMA (WA) was selected to be
the radio interface for UMTS. The key parameterSMEDMA are given in table 2.1.
WCDMA is based on Direct Sequence CDMA (DS-CDMAgQheology which has two
modes of operation and as mentioned earlier onlRAFDD mode is considered in
this thesis. Frequency bands allocated for UTRA F® 1920-1980 MHz in uplink
and 2110-2170 MHz in downlink direction. The nonhiraarrier spectrum of a
WCDMA signal is 5 MHz with the centre frequencytbé channel in the raster of 200
kHz. However, practical WCDMA signal bandwidth i68 MHz (3.84 MHz xa)
wherea = 1.22; is the raised cosine filter roll-off facto

Table 2.1: WCDMA air interface parameters for UMTS [2]

Parameter Value

Modulation DS-CDMA with QPSK

Chip rate 3.84 Mchips/s

Bandwidth 4.68 MHz
Centre frequency in raster of 200 kHz

Duplexing FDD and TDD

Frame length 10 ms frame, 15 time slots

FDD frequency band 2110-2170 MHz (DL)
1920-1980 MHz (UL)

TDD frequency band 2020-2025 MHz (DL)
1900-1920 MHz (UL)

The wideband nature of WCDMA comes from generaéirgpread spectrum signal
for transmission where the bandwidth of informatigignal is spread over a wider
frequency bandwidth. This spreading at transmiténg (and de-spreading at receiving
end) is done by multiplying user data sequence wipreading sequence that has a
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symbol (or chip) rate much higher than the usea date. The ratio between the chip
rate and user data rate is called spreading f§&jor

SF="m. (2.1)

ser

A constant chip rate of 3.84 Mchip/s and spreadaogor range of 4 to 512 is used
in WCDMA system for spreading the signal. An exaenpl spreading and de-spreading
process is shown in the Figure 2.6. The spreadirspeanodulation is a fundamental
aspect of WCDMA since it allows the possibilityadmbining different data services in
the same radio channel and also provides high adéer and robustness against
narrowband interference added by the transmissianreel. At WCDMA receiver, the
wideband spread spectrum signal is de-spread tlmusasing the power density of the
carrier signal and at the same time narrowbandfernce is spread to wideband which
makes it undetectable as compared to the cargaakiThis is illustrated by Figure 2.7.
The amount by which power density of the carrignal is increased in the receiver is
calledprocessing gaiffPG) [5]. PG is the same as spreading factordrgpresented in
dB by equation (2.2):

PG =100og,,( SF). (2.2)
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Figure 2.6: Spreading and de-spreading in DS-CDMA [1].
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Figure 2.7: De-spreading and filtering of WCDMA signal.
2.3.1. Code Allocation

In a WCDMA network, two different types of code® arsed. Channelization codes are
Orthogonal Variable Spreading Factor (OVSF) codebare used to separate different
users in downlink (within one cell) and to sepamdta & control channels of a single
user in the uplink. Additionally, Scrambling coda® used to separate different base
stations (or cells) in downlink and to separatded#nt users in the uplink direction.
Channelization codes increase the transmission widtid (spreading) however,
scrambling codes have no affect on the bandwidth [1

2.3.2. UTRA Physical Layer: Channels and Signalling

Signalling and data flow in WCDMA happens in thiganes: transport, control and
user plane. The transport plane is UTRA (air) fiaig® that provides connection
between UE and UTRAN [15]. Transport plane is fartklassified into three layers:
physical (L1), data link (L2) and network (L3). Ll&hd L3 are further divided into
sublayers. The overall communication takes placseweral different channels which
are divided among the three layers. Logical chanpebvide data transfer within the
Medium Access Control (MAC; L2 sublayer) while tsport channels carry data from
logical channels over the physical layer. Therediiferent types of transport channels
with different characteristics that are mappedhgsiral channels in the physical layer.
Common transport channels (FACH, RACH, DSCH, BCH &CH) are shared by
multiple UEs whereas dedicated transport chanfsRH) are allocated to a single UE
at a time. The services provided by physical lagelude macro diversity combining,
channel coding and interleaving, multiplexing o&nsport channels, mapping to
physical channels, modulation and spreading, cks®g power control and much more

[9]

The transmission at physical layer is split intdioaframes of 10 ms duration. Each
frame consists of 15 slots and each slot consis26@0 chips which correspond to one
power control period. Moreover each slot in theioddame carries a set of common
and dedicated channels. The channel coding cahdw®ed in every radio frame which
provides flexibility in offering variable bit raf, 16]. In addition to data traffic, a lot of
control and signalling information also needs teeRehanged between Node B and UE
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for proper functioning of the network therefore tblgannels are also classified into
traffic and signalling channels.

A complete listing and mapping of logical, trandpamd physical channels are out
of the scope of this thesis but they are presemetthe specifications [9] and [16].
However, few relevant L1 and L2 sublayers and chEnare described later in the
following sections.

2.4. Radio Resource Management

UMTS is typically an interference limited systermcg all users are using the same
frequency over the whole network. Therefore raé®ource management (RRM) plays
an important role for efficient utilization of tlehared radio resources and to guarantee
Quality of Service (QoS) for the planned coveragel a&apacity. UMTS RRM
algorithms can be classified into handover contpolver control, admission control,
load control and packet scheduling functionalifitk Accordingly UE, Node B and
RNC actively participate in these functionalities.

The concept of power control (PC) is very criticalUMTS as it has a great impact
on the capacity of the network. Since all usersidade Bs are transmitting in the same
frequency, it is important to keep the transmisspmwer in uplink and downlink
adequately low enough for the receiver to detecthdreby keeping the overall
interference at an acceptable level and savingnérpower resources. This means the
power of transmitter should be tuned based onghgce being used and location of the
transmitter (to avoid near-far effect in uplinkn UMTS, PC is done by several
algorithms known as open loop PC, closed inner BGpand closed outer loop PC.

The idea of mobility in cellular networks is to prde constant service to the user
while on move which may require a cell change dwpek change in case the user is
moving from the service area of one base statidhdgmther. This concept is known as
handover. In GSM the handovers are done as hamokan (HHO) i.e. old resources
and connections are released before acquiring mes. dHowever, UMTS introduces a
new concept of soft handover (SHO) where one UEstay connected to two or more
Node Bs simultaneously. This usually happens onctie boundaries (called SHO
areas), where UE is able to detect two or mores adl the serving cells. The data
received from multiple connections in SHO situatisrcombined in uplink (at RNC)
and in downlink (at UE) which provides link divegsi SHO provides benefit against
fading since the UE is always connected to the bester and also improved radio
performance due to diversity [2]. Softer hando\&iHQO) is similar to SHO except that
in SfHO, the UE is connected to the adjacent seatbithe same Node B. In UMTS,
handovers can be intra-frequency (SHO or HHO),rififequency (HHO) and inter-
system (HHO).
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Admission and load control functionalities work Haim hand with each other to
optimize and maximize the UMTS network capacity aogerage. When a new UE
connection is requested, admission control enghsaccepting this new link will not
result in interference to the required QoS for Exgsconnections. Load control on the
other hand tries to maximize the throughput of nleéwork without endangering the
quality or coverage of the network and ensures that network doesn’t become
overloaded.

2.5. High Speed Downlink Packet Access (HSDPA)

One of the significant improvements in the develeptrof 3G systems was the support
of high packet data throughput to improve the esekiexperience of multimedia and
data centric services on mobile. Release 99 WCDMA already able to provide peak
data rate of 384 kbps with a latency of 100-200whg&ch is quite close to a low end
digital Internet connection [17]. High Speed Dowili Packet Access (HSDPA)
technology is a result of continued WCDMA evolutitsm support even higher data
throughput, lower latency and improved downlink acify for packet data services.
HSDPA was standardized as part of 3GPP Releaseeéifisption and its uplink
counterpart, High Speed Uplink Packet Access (HS)JRA3GPP Release 6. Together
both these technologies form WCDMA evolution gehlgréermed as High Speed
Packet Access (HSPA) or sometimes 3.5G. This septiovides necessary background
information about HSDPA technology along with theygical layer structure as well as
few key performance indicators (KPI) which are impaot to understand this thesis
work.

2.5.1. HSDPA Technology

The HSDPA concept is designed to facilitate peaka dates beyond 10 Mbps
(potentially up to 14.4 Mbps) in downlink utilizingethods known already from EDGE
evolution in GSM [1, 17]. In principle, the throymlt is increased with the introduction
of several new technical enhancements to the UTRIh are briefly listed below

and explained thereatfter:

The use of a new common transport channel; Higle@pownlink Shared Channel
(HS-DSCH) which can be shared by multiple usersikameously.

e A shorter Transmission Time Interval (TTI) of 2nmsthe physical layer to reduce
end user delay and enable high transmission speeds.

* The use of fast scheduling by MAC high speed (MASJ{hyer in Node B.

« The use of higher order modulation and link adamtatermed as Adaptive
Modulation and Coding (AMC) in HSDPA.
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 The use of fast retransmission techniques basedHybrid Automatic Repeat
reQuest (HARQ) with soft combining.

* The use of multiple (up to 15) SF-16 channels fog aser.

25.1.1 High speed downlink shared channel (HS-DSCH )

HSDPA exploits the concept of shared-channel trasson which means that a part of
total downlink radio resources (transmission powaead channelization codes) are
dynamically and efficiently shared between userstime domain. A new shared
transport channel, HS-DSCH, is implemented in HSO¥Ach enables the UTRAN to
rapidly allocate a significant portion of downlimesources for bursty packet data
transmission to a specific user for a short penbdime. This time and code sharing
transmission is illustrated in the Figure 2.8.

10 channelization codes used for HS-DSCH transmission

(@) Code sharing
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(b) Time sharing
Figure 2.8: (a) Code and (b) Time domain structure of HS-D3T3H.

HSDPA employs a constant spreading factor of 16 {&Fwith a maximum of 15
parallel configurable codes available for a shoifl Tof 2 ms for HS-DSCH
transmission. During each TTI (2 ms), all theseesodre rapidly allocated to a specific
user or split among several HSDPA users. The ussuoh short TTI provides a
significant improvement in end user delay as coegdo 10 ms TTI of Release 99
WCDMA and is also important for supporting rapidkiadaptation to varying channel
conditions. Codes not allocated to HS-DSCH transioiis are used by other related
control signalling, circuit-switched services orl&ese 99 packet-switched services.
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In addition to code sharing, a part of total traission power also needs to be
allocated for HS-DSCH transmission. In WCDMA, tisstypically achieved by power
control. However, the concept of power control & applied in HSDPA. Therefore to
efficiently utilize the Node B power, either a fekgoart of total available power is
allocated for HS-DSCH transmission or after allogafpower to common control and
dedicated channels, remaining power is used foDI3&H transmission. On the other
hand, modulation, coding and number of codes anamycally and rapidly changed to
adapt to the variations in radio conditions [17). 18his link adaptation will be
explained under adaptive modulation and coding@ect

At physical layer, HS-DSCH is mapped to high-sp&é&ysical Downlink Shared
Channel (HS-PDSCH). Associated signalling inforimatis carried via two control
channels. In downlink signalling, high-speed Shafaohtrol Channel (HS-SCCH)
carries UE identity, type of modulation and coditrgnsport format and HARQ related
information. In uplink, signalling related to HAR&cknowledgements is carried on
high-speed Dedicated Physical Control Channel (HF&0DH). Moreover in HSDPA,
Node B requires information about the instantanead® channel conditions of the UE
for rate control and link adaptation. ThereforeheblE also measures the instantaneous
downlink radio channel quality and transmits a CGlenQuality Indicator (CQI) in
uplink on HS-DPCCH [18, 19]. This reported CQI walis not related to the Signal to
Interference Ratio (SIR) at UE rather it is a fumctof multipath environment, terminal
receiver type, interference ratio of own cell te tithers and expected Node B HSDPA
power availability [17]. CQI has a significant rale HSDPA operation and its affect
will be further studied in the measurements chapter

Additional signalling required for normal UMTS opéion and data for CS services
is still carried in parallel by downlink Dedicat&hysical Control Channel (DPCCH)
and Dedicated Physical Data Channel (DPDCH) resmdgtfor each UE. The overall
channel structure of HSDPA is illustrated in thgufe 2.9.
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Figure 2.9: HSDPA channel structure.

2.5.1.2 Adaptive Modulation and Coding

Typically in mobile communications, the radio chahoonditions between Node B and
every UE vary significantly due to UE position, erference from surroundings and
other propagation phenomena. To neutralize thectetiethese instantaneous channel
conditions, the so called concept of link adaptatgapplied in WCDMA in the form of
power control to ensure sufficient energy per infation bit for all communication
links [18]. HSDPA also exploits the concept of lialaptation rather deeply using rate
control. However, as mentioned earlier, this is dohe using power control but by
dynamically adjusting the coding rate, modulatiehesne and number of codes used
for HS-DSCH according to the varying channel cadoddé of HSDPA users thus
leading to a higher data rate for users with faable radio conditions. This link
adaptation, also known as adaptive modulation amting, is applied by Node B in
every 2 ms TTI based on physical layer CQI repobigthe UE.

It is sufficient to mention here that, fundamentalHSDPA usesl/3 rate turbo
coding with additional rate matching for HS-DSCHopgosed to convolutional coding.
Rate matching is applied to adapt to the desiretingorate and is typically done using
either puncturing or repetition [17, 18]. Moreoveo, facilitate higher data rates,
HSDPA uses higher order 16-Quadrature Amplitude Mattbn (QAM) in addition to
Quadrature Phase Shift Keying (QPSK) modulatior usestandard UMTS Release 99.
When the instantaneous radio link is sufficientbpust, the use of 16-QAM and a
higher coding rate leads to higher bandwidth wtlan and a significant increase in
HSDPA throughput. The selection of an effective mation scheme and channel
coding rate is referred to as Transport Format ResoCombination (TFRC) [19]. An
effective TFRC recommendation well suited to thdigachannel conditions is reported
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by UE as part of CQI measurements which Node B atapt for next TTI. Table 2.2
shows an example theoretical bit rates achievapliifterent TFRCs.

Table 2.2: TFRCs and corresponding user data rates at phytayar [21].

TFRC | Modulation | Eff.code | Datarate Datarate Datarate
rate 5 codes 10 codes 15 codes
1 QPSK % 0.6 Mbps 1.2 Mbps 1.8 Mbps
2 QPSK % 1.2Mbps | 2.4Mbps | 3.6 Mbps
3 QPSK y 1.8 Mbps 3.6 Mbps 5.4 Mbps
4 : : :
4 16QAM % 2.4 Mbps 4.8 Mbps 7.2 Mbps
5 16QAM % 3.6 Mbps 7.2 Mbps 10.8 Mbps

In addition to the instantaneous channel conditioggorted TFRC also depends on
UE’s ability to handle the higher order modulatias well as multiple parallel codes.
This dependency is typically limited by UE receiachitecture and has a significant
impact on the peak data rates that a UE can acleiese in best possible conditions.
Table 2.3 lists the different UE categories andrtiepported data rates as defined by
3GPP specifications in [20] and in reference [1].

Table 2.3: HSDPA UE categories and supported data rates (1., 2

UE M odulation Scheme | Nr. of Nr. of Soft | Peak Data
Category HS-DSCH Channéel bits Rate
Codes
11 QPSK 5 14400 0.9 Mbps
12 QPSK 5 28800 1.8 Mbps
1 QPSK or 16 QAM 5 19200 1.2 Mbps
2 QPSK or 16 QAM 5 28800 1.2 Mbps
3 QPSK or 16 QAM 5 28800 1.8 Mbps
4 QPSK or 16 QAM 5 38400 1.8 Mbps
5 QPSK or 16 QAM 5 57600 3.6 Mbps
6 QPSK or 16 QAM 5 67200 3.6 Mbps
7 QPSK or 16 QAM 10 115200 7.2 Mbps
8 QPSK or 16 QAM 10 134400 7.2 Mbps
9 QPSK or 16 QAM 15 172800 10.2 Mbps
10 QPSK or 16 QAM 15 172800 14.4 Mbps
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25.1.3 Scheduling

The use of fast data scheduling in HSDPA enablesXRRAN to quickly respond to

the changing user or radio conditions and allowsIdN®& to allocate adequate cell
capacity to UE(s) for a short time. Consequenttynbined with link adaptation, the
users are able to receive as much data with hgeseds as radio conditions will allow
thus ensuring effective channel utilization andramease in total cell throughput.

Round Robin (RR) and max C/I scheduling are ama&vgral scheduling strategies
used in communication networks. In RR, radio resesirare allocated to radio links in
sequential order but without any channel qualitystderations experienced by the UE.
On the other hand, max C/I tries to achieve maxintbroughput by scheduling as
much data as possible for UEs with best instantamebannel conditions. Apparently
neither of these strategies is able to supporHBBPA operation since RR is not smart
from max cell throughput point of view becauseaeétats all communication links in the
same way and max C/I is unfair since users withinaous bad channel conditions, e.g.
at cell edge, may never get any data scheduldtkto.t

A proportional fair resource scheduling technigaiesed in HSDPA which operates
in between RR and max C/I. In this strategy, thHeedaler tracks the fading behaviour
of the radio channel (reported in CQI) and sertesusers on top of their fades that is
when their instantaneous data rate exceeds theirage data rate. The underlying
principle is illustrated in the Figure 2.10.
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Figure 2.10: HSDPA scheduling based on instantaneous radio roélaguality.

To ensure fast scheduling decisions per TTI for R8Dthe packet scheduling
functionality has been moved from RNC to a newtgntMAC-hs, in Node B. In
addition to scheduling MAC-hs is also responsiblegriority handling, rate control and
HARQ mechanism of HSDPA.

The exact implementation of and HSDPA schedulaotsspecified by 3GPP and is
vendor specific.
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2514 Hybrid ARQ with Soft Combining

To compensate for errors in data transmission iakdaldaptation process, HSDPA uses
HARQ mechanism for retransmission which is based Sdop and Wait (SAW)
protocol. Moreover, in order to support fast HSD&#eration, HARQ is implemented
in MAC-hs and physical layer which enables NodeoBjtickly respond to multiple
retransmission requests of UE without involvinghag layers thus resulting in lower
retransmission roundtrip delay - as low as 12 ni$. [2

In a typical SAW, Node B keeps the current transadiblock in its buffer and holds
off further transmission until it receives a sugtasacknowledgement (ACK) from the
UE. However, to utilize the radio link during thagiting time, HSDPA configures up
to N (max. 8) parallel SAW transmissions for thenedJE in separate TTIs.

The probability of successfully decoding the tramspblock is increased by
combining the retransmission(s) with the origimahsmission at UE. This is known as
soft combining. HSDPA supports Incremental RedunggiR) and Chase Combining
(CC) retransmission strategies for the purposefifcdmbining. The principle of IR is
based on non-identical retransmissions of the eowos block, that is, every time a
different rate matching (redundancy pattern) isduse retransmission(s) of the same
block. UE buffers the bits from erroneous transiigs) of a block and soft combines
them with the bits from retransmission(s) thusmfieng to decode the combination.
On the contrary, CC uses identical rate matchimgefery retransmission of the same
block. The decision to use IR or CC for retransmrssies with Node B [18].

The use of HARQ with soft combining increases tbwaltreceived energy per
information bit (E,/1,). Moreover, in order to achieve high spectral cificy in

HSDPA, UE attempts to keep the transport Block iERate (BLER) at 10% by varying
the CQI values.

A more detailed description on HSDPA physical laygreration, modulation,
coding schemes and HARQ functionality can be fouritie references [17] and [18].

2.5.2. Mobility and Handovers

Mobility management or more specifically handovesinagement in HSDPA differs
from that of Rel’99 WCDMA mainly because SHO is ragiplied and HS-DSCH is
always transmitted from a single Node B to the Biewever, associated DCH may
continue to perform SHO as normally [17]. Alternaty, a direct handover is
performed between the HS-DSCH of the serving argkétaNode B by physical channel
reconfiguration. The key idea is to continue HSD®P&nsmissions regardless of UE
position in the network.
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The handover decision is triggered by RNC and sedan measurement report sent
by UE after it detects a stronger P-CPICH othenttiee serving cell (measurement
event 1D). The reconfiguration process can be dsgnous, that is, involved network
entities respond to the reconfiguration messagmas as it is received; or synchronous
which implies that an activation time is sent te thvolved entities ensuring that all the
reconfigurations are done at the same time. SisgacAronous reconfiguration may
result in potential data loss therefore synchroreqsroach is typically applied in HS-
DSCH handovers between Node Bs. During the handamaresponding MAC-hs
protocols are reset in serving Node B and UE inalgidinfinished HARQ processes;
therefore, possible packet losses are handledangatd RLC functionality.

2.5.3. HSDPA Performance

Peak HSDPA performance revolves around its capyldiadapt itself to the changing
radio conditions by efficient combination of allettfeatures introduced in previous
sections. Additionally, accuracy of RRM algorithmgE receiver performance and
demodulation capability, interference levels based propagation loss, mobility
patterns, QoS requirements, and hardware limitatedso affect HSDPA performance.

Qualitatively, energy per bit over noise spectensgity (E,/ N, ) is typically used to

determine an acceptable bit error rate for a aedata rate. Since HSDPA bit rates are
changed in every TTI with link adaptation therefgoerformance is typically affected
by effective Signal to Interference plus Noise BafBSINR) which is defined by
equation (2.3) [17] as:

P
SlNR: S HS- DSCH '
ES (1_ a) [R)Wn + I:)other-'- I:>noise (23)

where SE, is the processing gain for spreading factor Bg, ..., IS the received
power of the HS-DSCH channedy is own-cell orthogonality factorP,,, represents

own-cell interferenceP,, .. is other-cell interference ang, ., is the receiver thermal
noise.
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3. RADIO PROPAGATION IN UMTS

Radio propagation in cellular communications hagpenthe air interface where radio
waves travel between the transmitters and receivdeally, taking a direct path (free
space propagation). However, the propagation ic€ajly affected by the environment,
natural phenomena and man-made obstacles, whialitsreg for example signal
attenuation and multipath propagation. This chaptescribes some basic radio
propagation phenomenon, channel characteristics aliiflerent propagation
environments that affect the behaviour of the UMy/Stem.

3.1. Radio Channel and Signal Propagation

The characteristics of a typical radio propagatbannel can be defined by parameters
like propagation slope, signal fading, multipatrogmgation, angular spread, delay
spread and coherence bandwidth.

3.1.1. Propagation Slope

The propagation slope defines the amount of sigtiahuation between transmitter and
receiver as a function of distance (in dB/dec). Simeplest case of signal propagation is
free space propagation where the radio wave isohstructed by any obstacles and
signal attenuation depends only on the frequency atistance travelled.
Mathematically, Friis’s transmission equation (3&fines free space propagation as:

2
%:GtGr (ﬁj , (3.1)
TT
t

where B, is the transmitted poweF, is the received powel, is transmitter gainG,

is the receiver gaind is the wavelength and is the distance between transmitter and
receiver.

3.1.2. Multipath Propagation

In a typical mobile radio channel, the signal pggteon undergoes different
phenomena like reflections, diffractions etc. daemultiple obstacles present between
the transmitter and receiver. Consequently, theivec receives multiple delayed
components of the signal with different amplituded aphase attenuations. The
components are known as multipath components aed ptienomenon is called
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multipath propagationlf the transmitted signal takes a direct pathetach the receiver

then the propagation is callddne of Sight(LOS) propagation. All other multipath

components ar®on Line of Sigh{NLOS). An example of a multipath propagation
environment is presented in Figure 3.1.
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Figure 3.1: Multipath propagation.

The deviation of received signal incident anglée$ined asangular spreadlt can
be calculated using equation (3.2):

S, :\/lego(q:—&:)2 P(®) ao | (3.2)

where @ is the mean incident angleF,’(CD) is the angular power distribution, and

P» tor I the total power.

In a multipath environment, the multipath composetravel paths of different
lengths and thus arrive at different times at #geiver. This time variation is defined as
delay spread S, ) and can be calculated from the received power fasiction of delay

(P.(7)):

f(r=) P (r)er 59

where 7 is average is delay an® .,; is the total received power () is also

known aspower delay profile(PDP) and is typically presented as impulse (pdwer
response of the channel.
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When observed in frequency domain, different fregues attenuate differently.
This is known asrequency selective fadingihe bandwidth over which two frequencies
of a signal experience the same fading is caltgterence bandwidtpAf,). In order to

have uncorrelated fading between two multipath comepts, the frequency separation
needs to be equal or higher than the coherencentidthd It is represented as a function
of delay spread in equation (3.4):

_ 1
A.I:c _ﬁ' (34)

Moreover, in multipath propagation, the motion i@nismitter or receiver typically
causes frequency dispersion of the received sigias is known aPoppler spread
(f4) and is expressed by equation (3.5):

f, = fc\—écose, (3.5)

where f_ is the carrier frequency is the velocity of motionc is the speed of light
and @ is the angle between direction of motion and dio@acof incident signal.

It is important to mention here that a cellularteys is considered wideband when
the signal bandwidth is much larger than the calmédandwidth of the channel. On
the contrary the system is narrowband if the sigpaaldwidth is less than the coherence
bandwidth.

3.1.3. Fading

Multipath propagation and moving receivers (UEsutein random changes in the
amplitude, phase and angle of arrival of the resstigomponents. These components
are combined in the receiver using constructive asebstructive combining
(superposition principlethat result in rapid fluctuations in the receivadnal level.
This is calledast fading In a NLOS situation, when there is no direct pamponent,
the amplitude variations are quite large and thesph of the components have random
uniform distribution. In such a fading channel, dmpe is modelled by Rayleigh
distribution and, therefore, is also referred toRagyleigh fading. However, in a LOS
situation, the amplitude has Ricean distributioe do the presence of a direct strong
component and such a fading is known as Riceanddd].

The received signal also experiens&sv fadingwhich is caused by the shadowing
due to large obstacles e.g. buildings, mountaiosSdbw fading is the variation of the
local mean value of fast fading signal over a wideea and has a log-normal
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distribution, therefore, it also known &sy-normal fading Slow fading results in the
reduction of average received signal level [10]picglly, in UMTS, a slow fading
margin of 8-9 dB is taken into account for pathsloalculations [2].

The relationship between fast and slow fadinglsitated in the Figure 3.2

Amplitude
[dBm]

fast fading
—-—-- slow fading

iftiett

Figure 3.2: Fast fading and slow fading [7].

3.1.4. Propagation Models

The performance a cellular network depends on ghprediction of parameters that
define the behaviour of radio wave propagation ircemtain environment. These
predictions later become an input to the netwoanping proces$ath lossis one such
critical parameter that is necessary to predicafbpossible paths between a transmitter
and a receiver in different environments. Propagathodels are usually used to make
such predictions. There are several models aveilbbt generally they are classified
into Empirical, Physical or Semi-empirical and Dataistic models.

Empirical models are based on equations typically derived fextensive field
measurementsPhysical models rely on the analytical approach towards agert
propagation mechanism e.g. diffraction whalemi-empiricalmodels provide empirical
corrections to the analytical approadeterministicmodels use ray optical methods
and numerical solutions of electromagnetic waveagqos to make predictions. Since
all of these models consider different phenomernthagproach therefore their accuracy
and complexity differs and they are not effectivgtedict all environments.

3.2. Propagation Environments

The characteristics of radio wave propagation ficamtly depend on the surrounding
environment. The propagation environment can singdydivided intooutdoor and
indoor classes. On cellular network level, these ardéurtlassified as illustrated in the
Figure 3.3 and explained in the following sections.
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Indoor /— Urban
Prqpagatlon Macro-cellular Sub-urban
Environments \
Outdoor Rural

Micro-cellular Urban

Figure 3.3: Classification of propagation environments.
3.2.1. Outdoor (Macro- and Micro-cell)

Outdoor environment is typically classified intoacro-cellular and micro-cellular
environments. Generally, macro-cellular correspdndie environment where the base
station (Node B) antenna height is above the aeemapftop level. Accordingly
microcellular corresponds to the environment whtwe antenna height is below the
average rooftop level. Macro-cellular environmeah ®e divided into urban, suburban
and rural area types based on varying characteyisfi obstacles and terrain structure
(buildings, trees, mountains etc.) surrounding Nede B and UE. In urban areas,
building dimensions and density obstructs the pgapan path significantly therefore
microcellular environment is typically built in ducareas to avoid shadowing and
improve coverage.

3.2.2. Indoor (Pico-cell)

Pico-cellular environment corresponds to the indsmanario when the Node B antenna
is located inside a building. Since most of thersisge located indoors for most of the
time therefore, pico-cells are usually createdeiwes such high traffic areas e.g. inside
office buildings, shopping malls, airports etc.ekhatively, a radio signal from macro-
cellular and micro-cellular systems penetratingo ithe building also contributes
towards indoor propagation; acting either as ieterice or as means of providing
extended coverage without capacity [11].

3.2.3. Indoor Propagation Channel

The special characteristics of WCDMA propagationndoor (compared to outdoor)
channel are presented in Table 3.1 and discusshisisection since the measurements
for the thesis were carried out in an indoor envinent.

Radio propagation in indoor environment differsnreghe outdoor mainly due to
close proximity of reflecting structures (wallspdrs etc.), mobility of UE, usage of
different construction materials, density of peogtel furniture; all resulting in random
behaviour and strong fluctuations in average rexksignal level (higher slow fading).
Large reflective surfaces surrounding the Node &®rama causes wide angular spread
thus compromising antenna diversity reception tephes. Delay spread is very critical
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because WCDMA uses a special receNRAKE) whose performance depends on the
multipath propagation and channel characterisR&SKE receiver provides optimum
performance by combining multipath components uduaximal Ratio Combining
(MRC) technique. Therefore, the larger the numlbenaltipath components that can be
separated the better is the performance of RAKEivec [10]. 0.26 us is the smallest
delay between multipath components to enable seéparfl3]. In an indoor channel,
the propagation distance between transmitter acglwer is usually short which results
in small delay spreads (<< 0.26 ps). Consequerily,or most of the multipath
components lie within the same chip interval themefRAKE receiver is unable to
separate them and use them for efficient combiritayver delay profile of an indoor
channel is presented in Figure 3.4.

Table 3.1: Delay spread, coherence bandwidth and propagatitannel types [2].

Delay spread Coherence WCDMA
(us) bandwidth
(MHz)
Bandwidth 3.84 MHz
Macro-cell 0.5 0.32 wB
(Urban)
Macro-cell 0.1 1.6 NB/WB
(Rural)
Macro-cell 3 0.053 WB
(Hilly)
Micro-cell <0.1 >1.6 NB/WB
Indoor <0.01 >16 NB

WB = wideband; NB = narrowband

0.2 +

0.15 +

0.05 +

Power [dBm]
o
-

© USSR NINENCN

Delay [ms]

Correlator gain

Corr1
Correlater delay

>

Figure 3.4: An example of indoor channel and RAKE receivegdirdelay
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Moreover, coherence bandwidth (frequency domainpgmy) of a channel is
inversely dependent on delay spread; therefore alesndelay spread would result in
higher coherence bandwidth. As mentioned previQutihg system is considered
narrowband if the channel coherence bandwidth ésitgr than the system bandwidth
which establishes the fact that WCDMA behaves amraowband system in indoor
environment. This behaviour is also presented ibléf&.1 which lists the coherence
bandwidth of indoor channel as high as 16 MHz aspared to 3.84 MHz WCDMA
system bandwidth. A narrowband system results @guency non-selective or flat
fading behaviour with no means to exploit multipdiversity [10, 13].

The indoor environment is a non stationary time apdce-variant channel due to
the movement of UE and/or scattering objects [1R2is very difficult to establish a
universal path loss model due to varying charasties of the building and obstructing
material. Thus it is sufficient to tune existingppagation models by considering path
loss over a certain distance and additional lostofa related to signal penetration
through walls and floors of different types. Onetswapproach introduced by 3GPP
specifications [14] is derived from COST 231 mutdl model presented in [11].

L =37+ 200g,, R)*+ D k, L, + 18.3{2/(m-049) (3.6)

i=1
where R is the distance between transmitter and receikgr, is the number of

penetrated walls of type L, represents the loss of wall typeand n is the number of

penetrated floors. This model typically considersskes related to two different internal
wall types that aréght andregular.
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4. UMTS RADIO NETWORK PLANNING

Radio network planning is the most significant emmbus process that produces and
further ensures a telecommunication network subadgssoperating with peak
performance.

UMTS is a multi-service and multi-rate system tredies on a completely different
air interface approach (WCDMA) based on single ety use in the network thus
making it highly vulnerable to interference as camga to GSM system. Moreover
unlike GSM, capacity and coverage in UMTS are tiglibupled with each other.
Therefore UMTS deployment must be preceded withfaaradio network planning.

This chapter highlights different phases that damst UMTS radio network
planning process.

4.1. Planning Process

The main objective of planning process is to mazentoverage, capacity and QoS
while meeting the key performance indicators (KROQ).

The overall UMTS planning process can be dividad three phases as illustrated in

Figure 4.1. The basic principles are the same &3M; however, detailed planning
phase needs adjustments to suit UMTS requirements.

Dimensioning Detailed Planning Optimization & Monitoring

v' Area types, propagation v Traffic estimates v Traffic measurements

v' Network layout v' Configuration v' Coverage & Capacity verification
v' Network elements v" Coverage - Capacity v' Parameter tuning

v" Antenna heights v' Code, parameter & frequency v" Monitoring

Figure4.1: UMTS radio network planning process [2].

UMTS RNP is typically supported by sophisticateddweare and software tools for
accurate network planning and verification. Highadledigital maps are used alongside
GUI based network planning and simulator tools thietvide reliable coverage and
capacity predictions. Simulations are usually ddhsughout the actual planning
process whereas propagation slope measurementaaale during dimensioning and
field measurements are performed in an alreadyatipeal network.
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4.1.1. Dimensioning

The goal of pre-planning atimensioningis to identify initial network layout for the
planned area and configuration of network elemeardiding approximate number of
base station sites, CN elements as well as antegight estimations.

As mentioned earlier, UMTS is a multi-service andltirrate system therefore
traffic requirements vary in the network. In dimeméng, traffic distribution among
different services, traffic density and traffic gt estimates essentially generate
coverage-capacity thresholds and QoS requiremddésed on these estimates,
preliminary link budget (path losses) between tnaitter and receiver in uplink and
downlink are calculated.

4.1.2. Detailed Planning

In detailedplanning phase, more realistic values for indiwidsites are calculated based
on the estimates from dimensioning. This phase banfurther classified into
configuration planning, topology planning, code aatdameter planning.

The target ofconfigurationplanning is to find the optimum site configuratitor
each site in planning area. This includes bas@stabverage area thresholds, hardware
configuration e.g. antenna height and antenna digp@ipment etc. Main tool is link
budget which results in the calculation of moreuaate values of maximum allowable
propagation path loss for different service prafil&t this point, antenna gains, cable
losses, fading margins, diversity gains etc are asnsidered in the link budget
calculations. An example of UMTS power budget fothblink directions is shown in
Table 4.1.

In UMTS, coverage and capacity planning togethdmn@wn astopology planning.
It defines the final configuration and layout ofUMTS network. A more detailed
account of topology planning process is provide8égation 4.2.

Final phase of detailed planning relatestde, frequency and parameg@anning.
Since whole UMTS network uses the same frequemgyefore scrambling codes are
allocated for cell separation in DL direction anskeu separation in UL. 512 distinct
codes are available for this purpose which is @ibicallocated in DL using planning
tool. Frequency planning is rather straightforwardJMTS as compared to GSM. It
defines frequency (carrier) usage for macro andaniells to support the concept of
hierarchical cell structures. Parameters relata@dm resource management i.e. power
control, handover, admission and load control eécdefined by parameter planning.
The purpose is to optimize radio network usage fatig utilize planned network
topology (coverage and capacity). Therefore paramptanning is closely tied to
topology planning and optimization phases.
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4.1.3. Optimization

A UMTS network may be launched after detailed plagrnphase however constant
monitoring of network is needed. This is due to thet that user location and traffic
behaviour vary constantly which directly affectslicanetwork quality. Optimization is
a recurring process in which the network is cortstatested and verified by field
measurements and consequently different configuratand parameters e.g. signalling,
power control, handover control etc are adjustdd Nreover, KPIs like throughput,
interference, call success and failure rate, oaerlsituations, HO rate and many more
are constantly analyzed for optimization. The psgof optimization phase is to ensure
that the planned coverage, capacity and qualiglgeved and defined KPIs are met.

4.2. Topology Planning

Coverage and capacity of UMTS are planned togathder topology planning phase.
UMTS is an interference sensitive system in whitlusers share the same frequency.
Increasing the number of users increases the émeerte which requires more transmit
power to be used in the cell. This causes the amierage to shrink while the load
increases. The phenomenon is knowrekbreathing Therefore in UMTS RNP, both
coverage and capacity have to be analyzed simwoltashe and together [2]. Coverage
and capacity are typically linked together via litkidget calculations and load
equations respectively which will be explained #slyoNetwork must be planned so
that adequate coverage is available for users latedge and indoors in high load
situations while keeping the interference low. tdiion to coverage area, maximum
load (or capacity) depends on base station locatml antenna configurations (height,
direction, beamwidth, tilting etc).

Topology planning process can be further classifigid coverage predictions,
Monte-Carlo simulations, and network performancalysis as shown in Figure 4.2
while Figure 4.3 illustrates the link between theITS5 coverage and capacity planning
process.

Coverage Predictions Monte-Carlo Simulations Network Performance Analysis
v" Pilot coverage v' Traffic distribution
v
v' Thresholds v Load Uil
- . v SHO areas
7 OERE v e v' Service probabilit
v" Dominance areas v Interference P Y

Figure4.2: UMTS topology planning process [2].
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Figure4.3: Link between coverage and capacity of a UMTS rnty@p.

First step inrcoverage predictiofs to estimate pilot channel coverage (P-CPICHI). |
UMTS, maximum transmit power is limited and in Oiig power is shared among user
traffic (e.g. DCH) as well as signalling channetsg( CPICH). Adequate power
allocation to CPICH is an important task sincerdseived level is used for cell (re-)
selection, channel estimation and HO measuremélras. high power allocation
increases the coverage area of pilot channel btheasame time there is less power
available for DCH, which in fact, reduces the systapacity. On the contrary too low
power allocation for CPICH results in reduction adll dominance areaTherefore
balance between CPICH and DCH power allocationiigal if coverage and capacity
needs to be maximized. Typically, 5-10% of theltbtse station power is reserved for
CPICH [2]. Coverage prediction among different €ethay vary due to cell specific
propagation environment and traffic distribution.

Monte-carlo simulationsare system level simulations that are used tames#i
maximum load in the network. The simulations arpidglly done using RNP tool
equipped with digital maps of the area. All thedicgons and estimates done in the
previous planning phases are mapped in the toelrs e distributed over the coverage
area, all Node Bs and UEs are assigned with transmaers, interference is introduced
and link directions are analyzed for different segvprofiles. The simulations result in
system parameters like cell load, throughput, trahspowers, coverage and
interference related information.

Results from simulations are further used in nekwmerformance analysiphase
where in-depth analysis of actual network behavisumade. Based on the analysis,
parameters e.g. antenna location, heights, tilbtiger configuration etc. can be tuned to
optimize network’s service probability, SHO aread ghroughput. However, if changes
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are made to the configuration parameters then aimunk are required to be run again
in order to verify the optimized operation.

4.2.1. Coverage Planning — Link Budget

UMTS coverage planning is done in a similar ways&M. Accurate cell ranges can be
calculated using link budget from configurationrpiang and by applying propagation
prediction models like Okumura-Hata (macro-cell)GOST 231 multi-wall (indoor).
However, several additional UMTS parameters are mmhuded in link budget which
makes the UMTS link budget different from that d8K8. Base station and antenna line
equipment play an important role in cell coverad#oreover, cell coverage is
significantly affected by the propagation enviromtjelocation probability targets
defined for indoor and outdoor and services offdrgdhe network. Different services
have different propagation losses and thereforeraefies are typically limited by the
most sensitive service. The main objective of cagerplanning is to balance the link
budget in order to achieve stable communicatidmoith link directions.

Table 4.1 illustrates an example UMTS link budget dsymmetric speech service
(12.2kbps) and data service (384 kbps) in DL andditections. Maximum allowable
propagation loss is calculated for 75% load in Did 0% in UL. It can be seen from
the link budget that the allowed propagation Isssigher in DL for both speech and
data services therefore coverage would be UL lahi@kumura-Hata model for typical
urban environment can then be used to calculateglheoverage range.

The link budget example illustrates how differeatvices along with their quality
and load targets affect the cell range which is wbgurate analysis of service location
probabilities is required. In practice, when plamgnimacro-cells, coverage areas are
made to overlap excessively to give high serviabability to indoor users at the cell
edges [2]. SHO, as a result in overlapping aressyiges added value to the system
capacity.
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Table4.1: An example of UMTS 2100 link budget for diffesemwice types.

General Information Unit UPLINK DOWNLINK
Services Speech Data Speech Data
Frequency MHz 2100 2100 2100 2100
Bit Rate kbps 12.2 64 12.2 384
Chip Rate Mbps 3.8¢4 3.84 3.84 3.84
Load % 50 50 50 75

Transmitting End
Maximum Power per W 0.125 0.125 2 2
Connection dBm 21 21 33 33
TX Gain dBi 0 0 17 17
Cable Loss dB D 0 3 3
Peak EIRP dBm 21 21 47 47
Receiving End
Thermal Noise Density dBm/Hz -173.93 -173.93| -173.93| -173.93
Receiver Noise Figure dB 4 4 8 8
Receiver Noise Density dBm/Hp -169.93-169.93] -165.93] -165.93
Noise Bandwidth MHz 3.84 3.84 3.84 3.84
Receiver Noise Power dBm -104.09 -104.09] -100.09] -100.09
Interference Margin dB 3.01 3.01 3.01 6.01
Total Interference Level dBm -101.08] -101.08 -97.08 -94.08
Processing Gain dB 24.98 17.78 24.98 10
Required Eb/No dB 5 2.5 8 5
Receiver Sensitivity dBm -121.06| -116.36| -114.06 -99.08
RX Antenna Gain dBi 1y 17 0 0
Cable Loss dB B 3 0 0
Power Control Headroom dB 3 3 0 0
Soft Handover Diversity Gain dB 2 2 3 3
Required Signal Level dBm -134.06| -129.36| -117.06| -102.08
Planning thresholds
Soft Handover Gain dB 3 3 3 3
Body Loss dB 3 3 3 3
Outdoor Coverage Probability % D5 95 95 95
Outdoor Slow Fading STD dB 7 7 7 7
Outdoor Slow Fading Margin dB 713 7.3 7.3 7.3
Outdoor Planning Threshold dBm -123.76)] -119.06] -106.76 -91.78
Indoor Coverage Probability % 90 90 90 90
Indoor Slow Fading STD dB 9 9 9 9
Indoor Slow Fading Margin dB 6|5 6.5 6.5 6.5
Building Peneteration Loss dB 15 15 15 15
Indoor Planning Threshold dBm -112.56] -107.86 -95.56 -80.58
Qutdoor |sotropic Path loss dB 144.76| 140.06] 153.76] 138.78
Indoor Isotropic Path loss dB 133.56] 128.86] 142.56] 127.58
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4.2.2. Capacity Planning - Load Equations

UMTS capacity planning is not a trivial task as aafy is limited by interference as
well as coverage area of the cell. An increaseelhicterference decreases the capacity
and causes cell breathing and call blocking. Adddily, PS services with variable bit
rate makes capacity dimensioning a complex tasW@DMA network is known to be
soft blocked(due to interference) as opposechtrd blockedTDMA/FDMA network
(lack of traffic channels). Because of the soft cklog and dynamic nature,
conventional Erlang B formula cannot be used focutating UMTSsoft capacityas it
produces too pessimistic results [2].

The load equation is the most commonly used semliyaical approach to predict
average capacity of a UMTS cell without performisigstem level simulations [2].
These equations are calculated separately for dLDdndirections. When the cell load
increases, it also raises the overall noise leMeis noise rise as a function of load is
characterized as interference mardiM () and is expressed by equation (4.1).

IM =-10log,, (1-load ). (4.1)
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Figure4.4: Interference margin as a function of load [2].

IM takes into account own-cell as well as othet-cekrference thus the presence of
more users in the network marks the presence ¢f inigrference. It can be observed
from Figure 4.4 that as load approaches to uretylio0%; IM approaches infinity.



4. UMTS Radio Network Planning 33

There are several parameters that influence maximumber of users per cell e.g.
user activity factor based on speech or data,tbedlughput as a result of multi-rate
services etc. However, depending on the servica dde, service type, propagation
conditions, receiver performanck; /N, requirement is the key contributor to the load.

E,/N, defines the required received signal level compamenoise and interference in

order to guarantee sufficient bit error rate faeavice. If a very good quality (i.e. high
E,/N,) connection is required, air interface load isréased due to more error

correction bits and consequently capacity for ttathannels is decreased [2].

Depending on the maximum allowed load in the dék, number of users can be
calculated using the load equations. In UL, uséeres the same radio interface and
therefore the interference at the receiving Nods Bollective and the UL load can be
expressed by equation (4.2):

N 1 .
Mo = d+i),
;H w (4.2)

(E,/N,), R Oy

where N is the number of active users connected to NodadW is the chip rate.
(Eb/NO)j is the E,/N, requirement,R, is the bit rate, and; is the activity factor of

user j whereas represents other-to-own-cell interference. Maxinaapacity which a
cell can handlepple capacity is achieved whem,, approaches 1 but in practice load
must be kept clearly below 1 to ensure networkiltyaf2].

In DL, load calculation is done differently sinceens share the transmit power of
Node B. Moreover, every user experiences a diftergerference level depending on
its location within the cell. Therefore, DL loadwegion includes an orthogonality factor
a; (=0...1) and is expressed by equation (4.3):

N (Eb/ No)'
Mo =Y V.—[A-a)+i], (4.3)
DL ; J W/ R I I
wherea; defines the orthogonality of the codes used in Ideally these codes are fully

orthogonal andx; = 1. However, multipath propagation destroys aythrality, causes

intra-cell interference and increases the load [2].
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Node B transmit power is typically limited by speations and therefore it may
limit the coverage and capacity in highly loadedwueks. From the load equations it
can be observed that by decreasing the other-teeirnterference, load is decreased
significantly. Consequently, this lowers the noise in UL and reduces the required
Node B transmit power in DL.

4.3. Indoor Coverage/Planning

Traditionally, mobile outdoor voice communicatiorasvthe primary target of mobile
networks thus modest service probability requireimevere accepted for indoor users.
However, with UMTS competing with fixed broadbarehsces and due to the fact that
bulk of such traffic originates from inside the lding nowadays; special attention to
the in-building planning is needed to serve theumegnents of indoor users. This is
especially in the case of urban indoor environments users focusing on higher and
higher data rates provided by HSDPA.

A detailed account of UMTS indoor planning is ofisoope of this thesis; however
the following sections briefly present the most coom strategies that are employed for
UMTS indoor coverage.

4.3.1. Macro/Micro-cell Indoor Coverage

Signal penetration from the overlaying macro/micetworks is the most natural way of
providing moderate indoor coverage. The outdoanaigropagates inside the buildings
despite high building penetration loss. Howevemptete or homogeneous coverage
throughout the building cannot be guaranteed dimneduilding penetration loss can be
as high as 20 dB while indoor propagation lossesadten in tens of dBs [28]. With
such losses, coverage may be adequate for resilangias but it is not ideal for high
rise buildings since ground floors may have poonorcoverage as compared to top
floors. Moreover, indoor coverage at cell edgedatte improved by high overlapping
of outdoor cell areas but at the same time too nmudrlapping may degrade the
macro-cell performance due to pilot pollution.

4.3.2. Dedicated Indoor Systems

Dedicated indoor system is typically employed toveendoor users with high data rate
requirements or to provide macro-cell independeaverage and capacity for indoor
traffic hot spots. The solution can be implementsithg pico- or femto-cells, distributed
antenna system (DAS), radiating cables or optiocait®ns [28]. In pico-cell, a base
station connected to an antenna forms indoor ceki@age area independent of outdoor
cells. The complete pico-cell capacity can themédicated to users inside the building
thus taking load off the macro-cells and improvthgir coverage and capacity. DAS
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consists of a network of (omni-)directional antenitannected to a base station with
coaxial cables, splitters, tappers etc; providirayetage throughout the building.

Optical fibre cables are used in optical solutiorfdrm an indoor network similar to

DAS, whereas leaky radiating cables are used idstéantennas to provide smooth
coverage in long indoor areas e.g. tunnels. Wheldichted indoor solutions efficiently

provide improved coverage, capacity, quality antiebeoverall system performance;
they are expensive to build and sometimes diffituftlan and maintain.

4.3.3. Repeaters

Repeaters provide an inexpensive alternative swiut the dedicated indoor systems.
The solution typically uses outdoor signal to im@dhe coverage inside the building.
However the capacity may still be limited since dod together with outdoor users
share the common radio resources of the baserst&epeater usage to improve indoor
coverage is further discussed and illustrated cti&e 5.5.



5. WCDMA Repeaters and Antenna Line Equipment 36

5. WCDMA REPEATERS AND ANTENNA LINE
EQUIPMENT

This chapter introduces the distributed antennéesys (DAS) and repeater unit which
are important elements of the indoor network cietaied measured in the scope of this
thesis. First different kind of DAS and antenneelicomponents are presented. Then
general characteristics of WCDMA repeater and ébkaviour in UMTS network are
discussed followed by a brief illustration of refausage exploited in this thesis.

5.1. Distributed Antenna Systems

In order to ensure sufficient coverage and domieanaiform distribution of signal is
required inside the building. This can be done flitteig the master signal to several
branches running throughout the building. DistrdauAntenna Systems (DAS) is the
most common and effective solution for providinglidated in-building coverage. DAS
consists of several small discrete antenna elendaggned specially for indoor use.
Typically omni-directional or low gain directionahtennas (65°-90°) are used in DAS
[25]. There are many approaches as to how a DA®ealesigned; passive distribution,
active distribution or hybrid solutions, to namtewa.

5.1.1. Passive and Active DAS

A DAS can be either active or passive. In a pasbi&8, signal is distributed to discrete
antennas via a network of coaxial feeder cablem@tted by tappers, power splitters
and in some cases filters.

The basic function of active DAS is same as thathef passive however the
fundamental difference is the digital distributiohsignals as well as low feeder losses.
The RF signals are converted to and from digitghais for distribution via fibre optic
or copper cables.

Passive DAS is so far the most popular and extehsiwsed solution for in-building
coverage of 2G networks. However it is equally @ffee in providing acceptable
coverage of 3G networks inside the building. Thidlue to the fact that it is a relatively
low cost, easy to design and maintain solution. figel components and cables are
robust to really harsh and damp environments. Téwability and scalability, that is,
inexpensive addition of new antennas to the DASvoit as well as reusability, that is,
same distribution network can be easily shared &etwseveral operators; makes
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passive DAS a preferred solution for indoor cover§@b, 27]. The implementation
aspects of passive DAS are usually limited by tinecture of the building. Naturally,

the gains and losses incurred by the propertiesefi DAS components affect the link
budget calculation which is typically done for earttenna path of DAS.

5.1.2. Passive DAS Components

There are several components that constitute thigref a passive DAS depending on
the requirements. Usage and functionality of comiemmponents are listed below.

5.1.2.1

Coaxial cable is extensively used in all kinds efsgive DAS therefore it is very
important to identify the right kind of cable anohsider the losses they introduce. Most
common types of coaxial cable and their associmiesks are listed in Table 5.1. Using
this listing, the loss of a passive coaxial calileaagiven frequency can be easily
calculated by equation (5.1):

Coaxial Cable

loss= distanc€¢ nx attenuatidn me. (5.1)

Table 5.1: Typical attenuation of coaxial cable [26].

Frequency / typical loss per 100 m (dB)

Cabletype | 900 MHz 1800 MHz 2100 MHz
Yineh |13 19 20

}é inch 7 10 11

7 .

é inch 4 6 6.5

1y, inch 3 4.4 4.6

1% inch 2.4 3.7 3.8

The biggest challenge in selecting the cable isitsoprice but rather a trade off
between its installation cost and performance heavy rigid cables with lower
attenuation are harder to install in buildings thére thinner ones with higher
attenuation.

5.1.2.2

Splitters are also the most commonly used compsni@enpassive DAS. Splitters are
used for dividing one coax line signal into two rapre lines or vice versa. Typical
splitter types are shown in Figure 5.1. The sigsitting is done so that the input

Power Splitter
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power is divided among the output ports. If 1-tpeitt splitter is used, only half-power
minus the insertion loss is available at the oufmrts. Splitter also introduces loss in
the antenna line which can be calculated by equ#éb®):

loss=100og(na of portg+ insertion lo. (5.2)

Insertion loss of splitters is typically 0.1 dB.ist very important to terminate all ports
on a splitter. Unused ports have to be terminatigid a'dummy load [26].

S S I

Figure5.1: An example of power splitters

5.1.2.3 Tapper

Tappers are special kind of splitters, where thegvas divided unequally among the
ports. They are very useful in passive DAS deplayne high-rise buildings where one
heavy main cable is installed through the buildargl a portion of signal power is
tapped to feed signal to splitters and discreterards installed at individual floors. This
can avoid the installation of many parallel heaaples while keeping the loss low.
Typically, tappers have a low loss port (1-2) amghHoss port (3) as shown in Figure
5.2.

.4
1 2 1 2
3 3
(@ (b)

Figure5.2: (a) adjustable tapper; (b) fixed tapper [26].

51.2.4 Indoor Antennas

The antennas used in DAS are small discrete antelemaents designed specially for
indoor use. Typically they are directional antenmath a 65° - 90° beamwidth, bi-
directional antennas or omni-directional antenn@snni-directional antennas are
preferred in open spaces, whereas directional aageare suitable for narrow spaces.
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5.1.3. Radiating Cable

Radiating cable (RC) is an alternative to DASslbften called as leaky feeder because
the outer layer of coaxial feeder cable containalkholes that allow a controlled part
of the signal to leak from the cable. Thus the eatbrks as a continuous antenna with
small Effective Radiated Isotropic Power (EIRP) amdform signal distribution. RCs
are an efficient solution for dedicated coveragesfample in tunnels, long corridors or
interference sensitive environments like hospitalgplanes etc. A variant of passive
DAS can be created by connecting a discrete antenthe end of RC.

5.2. WCDMA Repeaters

Repeaters provide a cost effective and flexibletsmh for extending the coverage area
of an existing cell or for increasing cell capadityterms of reduced transmit power
requirement both in uplink and downlink directioAnalogue repeaters are simple
devices. Therefore, no intelligent hardware orvgafe is needed for their operation.
Moreover, repeater installations can be added meteork afterwards on need basis
without any changes to the network design. Dueutdh Slexibility, properly deployed
and configured analogue repeaters are an attrachiveee for temporary increase in
coverage or capacity. They are also very effedtiveerving areas of increased traffic
(hotspots) and for overcoming shadowed places adsjots where BS site deployment
is not feasible.

WCDMA repeaters considered in this thesis are anelpair-to-air, bidirectional
linear amplifiers. They do not regenerate data ared designed to be used only for
outdoor WCDMA mobile networks. These repeaters caminate via radio links and
do not separate signals from different users. Thely task is to produce amplified
replica of received wideband signal inside UMTSinlpland downlink frequency
bands. Digital repeaters can also be utilized toeiase cell coverage and capacity. The
obvious benefit of such repeaters is their abitity select only the wanted signal
components and filter out the noise and interfezefrom the amplified signal.
However, the biggest drawback of digital repeaterghat the repeater network is
expensive and more complicated to build as comparéte analogue repeaters.

Repeaters can be applied to outdoor as well asomgmpagation environments.
Traditionally, they have been used in 2G netwodksdver tunnels and valleys or spots
where overall network coverage is insufficient, leoer their application is equally
useful in increasing the capacity of interferenogted 3G networks.

5.2.1. Repeater Equipment

Functional repeater equipment usually consistsvofdntennas, a signal amplifier unit
and a set of cables connecting these componenis.typically located between the
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parent Node B and the users of the correspondihgrtelownlink, the repeater taps the
parent Node B signal through a directional anteralked thedonor antennaThe area
between the parent Node B and where the donor matendirected is calledonor
sector The signal from the donor link is filtered, anfigid and re-transmitted to the
repeater service arethrough theservice antennaThe repeater works in the same way
in uplink direction. An example of outdoor repeaitgstallation is presented in Figure
5.3.

Donor Service
antenna antenna

Repeater

R

V‘V
VAVAN 5
XXX

Repeater service
area

Figure5.3: Typical repeater installation in a macro-cell.

Typically, repeater includes connectors to donat service antennas along with a
serial communication link and often a remote lirdpability for managing repeater
settings remotely [8].

5.2.2. Repeater Antennas

In order to reduce the effects of inter-cell inteeince and multipath propagation,
directional antenna with high gain, narrow beamiwidhd high front-to-back ratio is
typically used for the donor antenna. Both omnediional and directional antennas can
be used for repeater service area. However, thalletson of repeater antennas is not
straightforward since adequate isolation betweent®o antennas is required. Poor
antenna isolation can lead to self-oscillation mmeenon in which a repeater is
receiving and amplifying its own signal thus resigitin an unintentional massive
interference that eventually blocks the parent. CBllis phenomenon is illustrated in
Figure 5.4. An isolation of at least 15 dB highwairt the used repeater gain and antenna
with high front-to-back ratio for donor link is rmmended to counter this
phenomenon. Adaptive filtering methods can alsafygied to solve antenna isolation
issues [8].
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Service Donor Service Donor
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Figure 5.4: Repeater self-oscillation.

5.2.3. Repeater Hardware

Repeater’'s amplifier unit is a simple linear powaemnplifier with passbands located in
UMTS downlink and uplink frequencies. Due to lowiseproperty, a repeater typically
generates noise figure(NF) of 3 dB [8]. The amplification ratio or, sidypgain can be
typically adjusted between 55 dB to 90 dB [24]nmprove EIRP independently in both
link directions. Automatic Gain Control (AGC) fummb is usually implemented in
repeaters to help prevent the self-oscillation pheenon by keeping the repeater gain
at safe level. Repeaters generally introduce aabiglay of approximately Bs in both

link directions. However, this delay is negligibkdative to UMTS slot periodj{{500

~ 667us) and therefore doesn’t affect the performancédefrtetwork.

5.3.  Thermal Noise in Repeater Transmission

Although repeaters have low NF, still they conttébuadditional noise to the
transmission link along with antenna cable losses$ ather thermal noise from the
circuitry. Moreover, repeater deployment effectydivides the total path loss between
Node B and UE into two parts: one between UE apeater () and one between

repeater and Node BL(). An overall impact of repeater implementation the

effective noise EF;) experienced by Node B can be illustrated by Fdgaus and the
corresponding parameter definitions are presemtdéble 5.2 [8].
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Repeater Node B

Figure 5.5: Repeater system block diagram.

Table 5.2: Repeater parameters definition.

42

Parameter | Description

G, Node B antenna gain

G, Repeater donor antenna gain

Gy Repeater gain

N Noise power at the input of Node B

N, Noise power at the output of Node B

Se Signal power at the input of Node B

S Signal power at the output of Node B

T.s Noise temperature at the Node B antenna
Tr Noise temperature at the repeater service antenna
T.g Noise temperature of the Node B

Ter Noise temperature of the repeater

NF, Node B noise figure

NF; Repeater noise figure

Thermal noise density of a component can be gdpergbressed as equation (5.3):

N, = KT,

(5.3)

wherek is the Boltzmann constant aiidis the noise temperature of the component.
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Using Figure 5.5, the total thermal noise contiitbutit Node B therefore becomes:
NO - k(TaR+ TER) GT+ l( TaB+ Teg! (54)

where G, represents the total gains and losses on théé&hkeen repeater and Node B.
Mathematically:

G; = GG, LG, (5.5)

The EF; in an unloaded network can now be defined by eoj&b.6) as a relation of
SNR between the input and output at Node B. Mathieaiby:

S% S
_ /N W _ KTg
EFR; S : (5.6)

= S/
N, (W k(TaR + TeR) G+ k( Tt Teg

If W is the signal bandwidth anfi; = §, the above equation can be further simplified
as:

EF, = NF, + G, [NF,. (5.7)

5.4. Repeaters in UMTS Network

Repeaters have significant impact on both the @meerand to some extent on the
capacity of a UMTS cell. Their deployment in UMTsSquite simple and undemanding
when it comes to increasing the coverage. Howevegrims of capacity, it is not a very
easy task because of the presence of inter-cadtféamence. As the whole band is
amplified without signal regeneration, thereforgeiference from other UMTS users is
also included in the amplification process and amiy of band interference is filtered
out. However, correctly configured repeater deplegtrcan result in a significant gain
in overall cell performance.

Repeater deployment in UMTS cell decreases effeqiath loss between Node B
and UE (located in repeater service area) and aseethe received signal level at UE
relative to the interference. This enables NodeoBrdduce transmit power thus
increasing downlink cell capacity. Moreover UE ltazhin repeater service area can use
lower transmit power in uplink thus minimizing inteell interference and enhancing
uplink capacity.
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When planning repeater installation; deploymenatimn and used gain values are
critical because of noise and interference amplifocn behaviour of repeater. Smaller
distance between donor Node B and repeater or Wighepeater gain value can have
negative impact on donor Node B’s receiver sengjtisince repeater amplifier is not
noiseless and contributes additional noise to itpeat received by the donor Node B.
The effects of repeater gain in different cell lcathations must be addressed in the
planning phase. Additionally, presence of repeatddMTS cell requires link budget
parameters to be recalculated for users under tespservice area largely because of
increased E,/N, requirements and absence of diversity techniqueslable for

repeater connections.

A repeater is transparent to the surrounding ndtvier the UMTS cell does not
recognize whether a repeater is present in itsregeearea or not. Therefore power
control algorithms function transparently throudje repeater. Moreover, SHO is not
applicable between the donor sector and the repsateice area since both belong to
the same logical cell i.e. both transmits the sdoenlink signal with same scrambling
code. From UE perspective, repeater signal is anhadditional peak received in the
delay profile of its RAKE receiver.

Multiple repeaters can be installed in a UMTS dellependently or cascaded.
However received noise at donor Node B is increasedespondingly and in chain
deployment, the total delay and poor signal qualilg to repeater noise contribution
can limit the usefulness of repeater in a UMTS. cell

5.5. Repeater Utilization for Indoor Environments

As presented earlier, macro-cellular indoor coveragd dedicated indoor systems can
be used to provide adequate or enhanced indooragedut at the expense of capacity
limitation and high infrastructure cost. This tigesixploits outdoor repeater utilization
as an alternative to dedicated indoor solution @bk an existing macro-cell to extend
UMTS/HSDPA coverage indoors. This principle is kmows so called outdoor-to-
indoor repeating and is illustrated in Figure 5.6.

The signal from outdoor network is captured usim@@top antenna and repeated
inside the building using a single discrete antemmpassive DAS. The captured signal
is amplified using the analogue repeater befomramemission, which not only helps in
overcoming building penetration loss, but also sigantly improves the signal
coverage as well as quality in indoor environmentampared to macro-cell to indoor
coverage.
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Figure5.6: Outdoor-to-indoor repeating.

45



6. Measurements 46

6. MEASUREMENTS

The HSDPA performance analysis is based on an sixgermeasurement campaign
which was performed in typical indoor environmenidis chapter describes the
measurement network setup including parametersnaatconfiguration & location and
different measurement scenarios. Measurement sesalé presented afterwards
followed by their in-depth analysis.

6.1. Measured Quality Indicators

Generally in DL, the coverage level of measuredaligs analyzed in terms oéceived
signal code powel RSCF) and received signal strength indicatqfRSSI). RSCP
defines the absolute coverage level of P-CPICH:(afe-spreading) that can be reached
with different antenna configurations. Quality ofeasured signal (P-CPICH) is
characterized byeceived energy per chip over noise spectral derf&;/N, ) defined

as equation (6.1):

_ RSCP

" RSS!’ (6.1)

EC/ NO

where RSSIl is the total received power over the whole widebeaimannel.

HSDPA system capacity is more realistically indechby MAC layer throughput (TP).

This TP corresponds to physical layer TP with appnately 5% overhead and is
dependent on the channel quality monitored by @Gpbrts. CQI cannot be measured
directly at radio interface since it is UE vendpesific calculation based on channel
measurements (RSCE, /N, etc.). However, its influence on TP is considexadseful

indicator since Node B performs AMC based on moBi@ reports.

In UL, the interference and noise leva|, () experienced by the Node B is an

important measure since it directly limits the ra@jee gain adjustment and affects UL
system performance. This value is reported to UEDIn using broadcast channel
(BCH).
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6.2. Measurement Setup

6.2.1. Network Configuration

Measurements were performed in a fully operatioH&DPA (3GPP Release 5
specification [23]) enabled UMTS macro-cellularwetk supporting throughput up to

3.6 Mbps at physical layer and 3.52 Mbps at MACetayrhe outdoor mother cell

included a RNC connected to a CN and a Node B aviirectional antenna mounted at
the height of a building rooftop. The indoor netlwavas created using Outdoor-to-
Indoor repeating principle that is by capturing #ignal from the mother cell antenna
via donor antenna and then repeating the signalarthe building using an analogue
WCDMA repeater [24]. The signal from the repeatasviurther distributed by indoor

distributed antenna system which is referred teemgice antenna hereatfter.

A detailed system block diagram of the network amdenna line components is
presented in Figure 6.1. A typical macro-cell antemwith a half-power horizontal
beamwidth of 65° and a gain of 17.1 dBi was setke® the repeater donor antenna.
The antenna was installed on roof of the buildiegslaown in Figure 6.3(a) and it was
directed towards the best hearable sector of thinenaell at about 10° offset from
mother cell antenna’s main beam direction thus mmguhat donor antenna was not
pointing towards the SHO region. The mother celeana was located at a distance of
approximately 450 meters and was in LOS from theation of donor antenna.
However; a few obstacles for example some trees@oitbps were present inside the
Fresnel zone of the effective link path as illusdain Figure 6.2(b).

For reference repeater configuration, pilot RSCieince with the neighbouring
macro-cell, as measured at the repeater serviemmat was adjusted to be 10 dB that
is:

AP = RSCEést_ cell RSQEd_ best ceII= 10 d (62)

The donor antenna was connected to the analogmtmfpusing% inch coaxial

feeder cable. The repeater, with pre-selected gaingng in steps of 10 dB, was used
to amplify the signal of wanted WCDMA frequency daimom donor antenna in DL
and from service antenna(s) in UL. The main pararseatf repeater are listed in Table
6.1.

For indoor propagation of WCDMA/HSDPA signal, onthifectional antennas with
a gain of 2 dBi were chosen as service antennagerdiing on the service antenna
configuration, signal from the repeater was eittransmitted directly to the service

antenna using a combination % and % inch coaxial feeder cables (Figure 6.1 (a))
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or by adding a 1:3 splitter to this cable setupsthplitting the signal in equal parts for
three service antennas (Figure 6.1 (b)).

Table 6.1: Repeater and donor antenna parameters.

Parameter Value

Repeater DL power (max.) 35dBm
Repeater UL power (max.) 20 dBm
Repeater noise figure 3dB

Repeater gain (min. — max.) 55 dB - 90 dB
Repeater donor antenna gain 17.1dB
Donor antenna beamwidth 65°

P-CPICH: 33dBm

mIMBi
Gain (dB): +24Bi

55, 65, 75

60m 25m P
1008 4208 @

Service HSDPA UE
RNC Node B Mother Repeater Repeater antenna
cell donor
antenna antenna

(a) 1 service antenna

P-CPICH: 33dBm +2dBi

By A A
Gain (dB): 25m
R : 55,65, 75 _4.2dB
>
3 .

35m 60m
-10dB

-2.5dB

1:3 splitter ( )MSDPA UE
-5dB ()
RNC Node B  Mother Repeater Repeater
cell donor 25m
antenna antenna o

Service
Antenna(s)

(b) 3 service antennas
Figure 6.1: Block diagram of indoor measurement network ariérama line.

6.2.2. Measurement Equipment and Software

The measurement equipment consisted of a categ@iSDPA data card [20] with the
parameters listed in Table 6.2. The data card veamexted to a laptop computer
equipped with Nemo outdoor field measurement so&wf22]. The measurement
equipment was placed on a wheeled trolley appraeipaat a height of 1 meter,
therefore without body effect.
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Table 6.2: Measurement UE / data card parameters.
Parameter Value

Max. bit rate 3.6 Mbps
Spreading Factor (SF 16

Channel coding rate %

Modulation 16QAM (4 bits/symbol) and QPSK (2 bitsftol)
Channelization code(s) 5

6.3. Measurement Campaign

In order to study the performance of HSDPA netw@figure 6.1), an extensive
measurement campaign was carried out in a typiadti-storied office building of
Department of Information Technology, Tampere Ursitg of Technology in Finland.
An overview of the building and relevant floor psais presented in Figure 6.2(a), 6.3
and 6.4.

Three typical indoor environments: a larggen areaa long wideopen corridor
and a denseoffice corridor, analogous to easy, medium and hard propagation
environments, were selected for the measuremenpaigm The open area and open
corridor had approximate room heights of 6 m whilee open corridor was
approximately 100 m long and 10 m wide. The apprnate room height of dense office
corridor was 2.5 m. One and three service antemmdigutiration (Figure 6.1) was
respectively used to transmit HSDPA signal duringasurement rounds in all
environments. For open corridor and open area me@s&nts, these antennas were
placed with constant spacing on second floor fodgler at the height of 4.5 m.
Therefore, LOS and wall reflected NLOS propagataiths were present between the
antenna(s) and the measuring UE in these envirosméor office corridor, the
antenna(s) were placed on a second floor officedmr just above the corridor where
measurements were done. Thus only NLOS propagatitnone floor attenuation was
available. Figure 6.3 (b) & (c) show antenna lawadi marked with cross signs for all
measured indoor environments.

HSDPA traffic was created using hyper text trangf@tocol (HTTP) file download
from a server. In order to have measuring UE regudisthroughput (TP) for a single
connection, off-peak hours were selected for thepzagn. Thus network was empty
and no other traffic was present. This was furémesured by performing shoH, /N,

test measurements just below the service antenbafgje starting each measurement
round. The presence of other HSDPA traffic hasrectliaffect on the measured TP due
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to the shared nature of high speed DL data chai®IDSCH) which, naturally, will
produce inaccurate data for analysis.

All measurement rounds were first made with repetidened ON, one service
antenna configuration (Figure 6.1(a) and 6.3(b)) &y activating a HSDPA data
connection and pushing the measuring UE trolleyalking speed through pre-defined
routes. These routes are presented in Figure Bm{a)solid lines for all environment
types. Open area measurements were repeated forgardute to evaluate HSDPA
service availability for different distributions afdoor users. The long route is marked
in Figure 6.4(a) as dashed lines. The only repgaeameter that was adjusted during
each measurement round was repeater gain (Tabler6steps of 10 dB. The pre-
selected gain values, 55 dB, 65 dB and 75 dB, wdmesen to study HSDPA
performance in low gain to high gain operating areithe repeater. For link symmetry,
same gain values were used for both downlink anthkipAll these measurement
rounds were then repeated by increasing the seantenna density i.e. with three
service antennas (Figure 6.1(b) and 6.3(c)) oversdime measurement routes (Figure
6.4(a)) and environments. Measurements were alse dith repeater switched off i.e.
HSDPA signal coming directly from the macro-cellsnaeasured in all environments.

As a special case, measurements to analyze thet effenly NLOS propagation
path between service antenna(s) in open corridgu(€ 6.3 (b) and (c)) and measuring
UE in office corridor (Figure 6.4(b)), were alsorfoemed. Such a scenario is quite
possible in office buildings. Moreover, to analyhe effect of different possible service
antenna positions, additional measurements were dompen area by re-positioning
the service antennas to have total NLOS betweem.tfidne location of three service
antennas used in this scenario is illustrated guie 6.3(c) where antenna marked in
blue is moved to the location marked in green.

Furthermore, the impact of poor repeater instalfatr location in the network i.e.
when repeater is installed in SHO or SfHO regionswaso studied. Network
configuration was slightly modified by mis-direagirthe repeater donor antenna from
mother cell towards a neighbouring cell thus redgcAP to O dB. Afterwards, all
repeater measurements for open corridor (LOS/NL@BENLOS-only) were re-iterated
for analysis.

For statistical reliability and to reduce measuretnerors, each measurement round
with same configuration and route was repeated @aminutes.
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Figure6.2: (a) Aerial photo of the used building. (b) Aridigio of the macro-cell area
and Fresnel zone [32].
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6.4. Measurement Results

The results of HSDPA measurement campaign areatdalln Appendix Table A. The

numerical data represents averaged sample valuéiseofuality indicators gathered
during all measurements. Each environment and teygehter gain are categorized in
row subsections while corresponding RSCP, Throughl interference values etc.

for 1 and 3 service antenna configurations aredish columns. Macro-cellular values
correspond to the repeater OFF measurements wiggral rom the mother cell was

measured directly inside the building.

The results from the Appendix Table A are furthescdssed for selected scenarios in
the following sections.

6.4.1. Impact of Repeater Installation

Macro-cellular networks typically provide naturatibor coverage, therefore in addition
to outdoor-to-indoor repeater network measuremants;ro-cell indoor coverage (i.e.
repeater OFF) was also measured for reference ctupalt was observed that
continuous macro-cell indoor coverage was eithéravailable or varied in different
environments.

Table 6.3 shows that overall coverage was worstdense/office corridor
environment where, with measured average RSCP ¢#w&l19.1 dBm, no HSDPA TP
was available. On the other hand, relatively bettererage was available in open area
(avg. RSCP = -101.5 dBm) and open corridor (avgCRS -104.3 dBm) offering
modest average throughputs of 1.89 Mbps and 1.37sNMéspectively. Clearly, only up
to 50% of HSDPA TP is available with macro-cell emage and that too in an easy or
medium type of indoor environment. Therefore thechto improve HSDPA coverage
inside the building was evident in order exploitF5A technology to its full and to
better serve the needs of indoor users.

With the outdoor-to-indoor repeater network swittli@N, significant improvement
in HSDPA performance was observed. Figure 6.5 ptssthis improvement with
average TP as a function of average RSCP for alf@mments. The data points joined
with straight lines correspond to the averagedesl{Table 6.3) measured with 55 dB,
65 dB and 75 dB repeater gains in each environnieot. reference comparison,
averaged values from the repeater OFF measurementso marked for open corridor
and open area. From Figure 6.5, it can be obsaha&d®RSCP is improving in line with
the increasing repeater gain thus ensuring thapriesence of repeater is not degrading
the performance of the network in any way. As aultesf this improved coverage,
significant increase in HSDPA TP in all measuredowr environments is clearly
evident from the figure.
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Table 6.3: Measurement results for all indoor environmenth\8i DAS.

Repeater gain RSCP E./N, Throughput | Mean | UL int.
[dB] [dBm] (dB] [kbps] CQI | [dBm]
Open corridor measurements
Macro-cellular -104.3 -10.7 1373 10.9 -104
55 dB -84.0 -11.0 2591 16.9 -105
65 dB -74.5 -10.8 2883 17.2 -104
75 dB -64.8 -10.3 3031 17.5 -100
Dense/office corridor measurements
Macro-cellular -119.1 -17.6 N/A N/A -105
55 dB -97.8 -11.9 2225 15.8 -105
65 dB -88.7 -10.9 2974 18.0 -104
75 dB -78.0 -10.3 3001 18.4 -100
Open area measurements
Macro-cellular -101.5 -13.3 1892 15.% -104
55 dB -83.1 -11.0 2435 16.6 -105
65 dB -74.0 -11.0 2923 17.5 -104
75 dB -64.0 -10.7 3036 18.3 -100
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Figure 6.5: Avg. RSCP and Avg. MAC layer TP with 3 servicerams.

Already with a small repeater gain of 55 dB, anrage improvement of 1.2 Mbps
in TP can be observed in open corridor environnvgmn compared with macro-cell
indoor coverage. Similarly, in dense office corridan average TP of 2.2 Mbps is
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available which is quite significant provided thed TP was available during repeater
OFF measurement. Open area measurement also shavsrage improvement of 500
kbps in TP just by turning the repeater ON with @B gain. Harsh propagation

conditions in dense corridor scenario can mostylikxplain the starting difference of

approx. 15 dB in terms of RSCP (Figure 6.5) as @mexb to open corridor and open
area where the propagation conditions clearly stelme better. Figure 6.5 illustrates
that increasing the repeater gain to 65 dB showhduimprovement in measured TP;
reaching an average of 3 Mbps, which in fact igegaiose to the theoretical maximum
of 3.5 Mbps. With the repeater gain set to 75 dBsignificant increase in TP is seen
and TP seems to saturate around 3 Mbps regardié€sdB rise in RSCP.

Evidently, HSDPA operation has benefited from threspnce of repeater with
improved coverage and close to maximum throughyaitable with high repeater gains
(65 dB and 75 dB). Nevertheless, the impact ofaggreon UL system performance can
be observed from UL interference (noise rise) siedi in Table 6.3 and illustrated in
Figure 6.6. The noise rise experienced by the matb# comes from the amplified
noise of the repeater in uplink. When compared wefheater OFF scenario, the effect
of repeater gain 55 dB, which is measured to b& -dBm, is not yet visible in UL
interference. A small noise rise of 1 dB with regeeayain of 65 dB is measured, the
effect of which is rather insignificant. Howeverl.lihterference increases significantly
to -100 dBm when the repeater gain is set to 75TdiBs noise rise of 5 dB indicates a
highly loaded cell with poor UL performance and aeify. It is important to mention
that the mother cell-to-repeater configuration remaunchanged and therefore the
results for UL interference (Table 6.3) exhibit th&me the noise rise pattern for all
environments and service antenna configurations.

-06 +

981 |—=—Rscpdiff=0dB
—e— RSCP diff =10 dB

-99
-100 + -100

-102 +

UL interference (dBm)

-104 | -104

-105 -105
-106 +

Rep. Off 55 65 75
Repeater gain (dB)

Figure 6.6 UL noise rise as a function of repeater gain.
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It can also be seen from Table 6.3 how the behawdwaverage throughput is
closely affected by the corresponding average tego€QIl. This is characteristic to
HSDPA since the decision to offer a TP (high or lomno) is based on instantaneous
CQI value reported by UE. This CQI-throughput bebavwas closely observed during
the actual measurements where higher CQI valuestedsin higher AMC (16 QAM)
thus generating higher TP. On the contrary, theaayeeRSCP values (in Table 6.3) are
not in line with the corresponding CQI values altgo CQI calculation is partly based
on the channel measurements. The reason for thavtweir cannot be determined since
vendor specific information regarding CQI calcuatis unknown.

6.4.2. Impact of Indoor Environment

In order to statistically examine the effects ofpaater deployment in indoor
environments, cumulative distribution functions ®Dof measured RSCP and
throughput samples; for each environment, repegdéém and three service antenna
configuration, are plotted in Figure 6.7 — 6.12. K3Dof repeater OFF measurements
from open area and open corridor are also add#uetplots for reference comparison.

From the RSCP CDFs of open corridor (Figure 6f7an be observed that with
repeater OFF, measured RSCP varies between -120adBr00 dBm. Already with a
small repeater gain of 55 dB, an average increds20odBm in RSCP is seen. CDF
results of repeater ON show that almost all the R$@mples are above -100 dBm
while only 15% of the samples are above -100 dBmcase of repeater OFF
measurement thus signalling a clear improvemerthén coverage with the repeater
network.
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s Repeater off
— GR =55dB |
—— GR = 65dB

—x— GR = 75dB
I I

-60 -50 -40

RSCP [dBm]

Figure6.7: RSCP CDF — Open corridor, 3 service antennas.



6. Measurements 58

Even though the repeater gain of 75 dB providesimam coverage (RSCP level
above -80 dB), nevertheless considering the ULrfietence limitation set by this high
repeater gain (rise up to 5 dB), the repeater ghi®5 dB seems to provide the same
essential coverage 80% of the time and withoutrabetging the UL performance. Thus
significant improvement is seen in the coveragepsn corridor in the presence of the
repeater. Based on Figure 6.8, open area showig/edfabetter initial macro-coverage
with approximately 30% samples above -100 dBm asidhilar to open corridor
scenario, nearly all measured RSCP samples withatep ON lie above -100 dBm.
Moreover, RSCP CDF curves for different repeateéngya open area seem to exhibit
similar patterns as in open corridor therefore ¢baclusions drawn for open corridor
can be held valid in this easy indoor environmenivall.
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Figure 6.8: RSCP CDF — Open area, 3 service antennas.

Figure 6.9 shows the RSCP CDF of measurements dondense corridor
environment which is analogous to a typical offese/ironment with hard propagation
conditions. As listed in Table 6.3 and discusseddation 6.4.1; mother cell coverage
was very discontinuous and poor (average RSCP dBI) in this environment. Even
with the repeater turned ON, some samples belo® €Bin are noticeable from Figure
6.9. The coverage improvement with repeater gair6®fdB is considerable when
compared with the macro-cell coverage but over8ICR levels are lower than the other
indoor environments due to added floor attenuatitowever, the measurement results
show that the average throughputs with differepeager gains are still reasonably high
and match the TPs measured in other indoor envieotsn This behaviour is consistent
with the HSDPA feature to efficiently exploit AM®@if short TTI of 2 ms during better
radio channel conditions.
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Figure 6.9: RSCP CDF — Dense corridor, 3 service antennas.

Figure 6.10 presents the CDFs of throughput sampksssured in open corridor. It
can be observed that with the macro-cell coverageaverage, TP remains under 1.6
Mbps 70% of the times while TP levels up to 3 Mlgre also measured at certain
locations. With a small repeater gain of 55 dB eréase in number of low TP samples
is seen instantly. It is also evident from the Ciesv the number of high TP samples
increase steadily as the repeater gain is increasdeover, with repeater ON,
maximum TP of 3.5 Mbps is also instantaneously na@w during the measurements in
all environments with all repeater gains (FigurB066.11 and 6.12).

In Figure 6.11, the CDF of throughput without retpean open area shows a visible
peak for samples between 1.5 and 1.7 Mbps. The ikebt cause of such peak is the
poor radio channel conditions where HSDPA netwodesth’'t exploit higher order
modulation and coding schemes to its full duringhsweak instantaneous connections.
On the contrary, presence of repeater in opensae®s to increase the number of high
TP samples efficiently. Hence, with a repeater gdi®5 dB yielding a TP above 3
Mbps 60% of the time, improvement in HSDPA perfonceis evident.
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Figure 6.10: MAC TP CDF — Open corridor, 3 service antennas.
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Figure6.11: MAC TP CDF — Open area, 3 service antennas.

The CDFs of Figure 6.12 illustrates the behaviotithmoughput as measured with
repeater in dense office corridor. No TP with cager from macro-cell is measured
while, with the repeater ON, TP levels up to 3.5g8llare achieved instantly. The CDF
curve of an initial repeater gain of 55 dB showsim@erease in low TP samples as
compared to open corridor and open area. Thisliiseirwith the fact that such low
repeater gain is not enough to avert the lossdsolati by the harsh NLOS propagation
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and floor attenuation. With the repeater gain ofdy TP CDF seems to follow a
similar behaviour when compared with its countaetgs open area and open corridor.
Moreover, the throughput CDF of repeater gain 75sdBms to follow the CDF of 65
dB rather closely thus indicating a saturation. ldeer, use of such a high gain is yet
limited by the UL noise rise and therefore the e¢pe gain of 65 dB is sufficient to
improve HSDPA performance considerably with a noise of just 1 dB (-105 dBm to
-104 dBm).
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Figure 6.12: MAC TP CDF - Dense corridor, 3 service antennas.

6.4.3. Impact of Poor Repeater Installation

Thus far, the impact of repeater gain on HSDPAgsarance in indoor environments
has shown quite promising results in terms of imptbcoverage and increased data
rates. However, an optimized location of repeatglayment itself in the network is
vital to exploit the performance to its maximum. pert of the measurement campaign,
poor repeater installation in the network was sddby modifying the reference
repeater donor to mother cell antenna orientation
(AP =RSCR,, ..~ RSCE, =10 d). The antenna was mis-oriented towards a

d_ best cel™
neighbouring cell thus reducingP =0 dB which is analogous to placing the repeater
in a SHO/SfHO area.

The results for measurements done in open corudkbr poor repeater installation
are listed in Appendix Table A. Comparing the ageraesults ofAP = 1@B with

AP=0dB shows how HSDPA performance degrades significanfligure 6.13
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illustrates the impact of poor repeater installatisith average TP as a function of
average RSCP.

3500 ‘ ‘ I

O w/o Repeater
—8— 1 DAS w. Rep.: AP=10dB
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Figure 6.13: Avg. MAC layer TP as function of avg. RSCP (Opemi@or).

In case of repeater with 1 service antenna (dabheds. solid line), RSCP clearly
drops between 5.9 dB and 7.1 dB while due to auuali interference from the
neighbouring cell,E,/N, also drops by 4 dB (Appendix Table A). Consequetite

throughput falls short between 321 kbps and 748& kdgpcompared to the throughput
achieved with optimal repeater donor antenna aatemt. HSDPA performance with
poor repeater deployment and 3 service antennas sesuffer relatively more where
throughput drops up to 1.5 Mbps with a reductios.6fdB in RSCP.

UL interference results AP =0 dB in Appendix Table A and illustrated by Figure

6.6 show that 1 dB is further lost in noise risED@ dBm to -99 dBm) with repeater gain
of 75 dB which is inline with the additional interence caused by the other cell. Thus
system performance degrade is evident with don@mawa mis-orientation.

The RSCP CDF comparison for optimal and poor regesinor antenna orientation
is presented in Figure 6.14. Comparing the two atgrescenarios for different repeater
gains, RSCP seems to have reduced by 10% to 30%dlevesame measurement route
thus considerably reducing the HSDPA throughput @arttelling out any performance
gain that repeater would have provided. Therefpezigl consideration should be given
to finding an advantageous location and orientatiotihe donor antenna.
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Figure 6.14: RSCP CDF forAP =10dB and AP =0 dB (1 DAS/Open Corridor/LOS).

6.4.4. Measurement Data Snapshots

A few examples of real measurement data in diffeesvironments are illustrated in
Figures 6.15 — 6.20. All illustrations are actuahigshots taken from the measurement
tool, measured for repeater off as well as repeateand 3 antenna configuration. Each
snapshot represents one round trip on the corrégppmeasurement route. Moreover,
throughput samples are averaged for 200 ms and R&@Rles for 600 ms in all the
snapshots.

The illustrations present an insight on how thrqughand RSCP behaviour varies
during the measurement route. Since the measuretoehtprovides approximately
averaged statistics therefore absolute correldietween throughput and RSCP is not
evident. This can be further explained by the fdet offered HSDPA throughput
changes in every 2 ms TTI with the reported CQIlohhis formulated (at least) on the
basis of RSCPE, /N, and interference.

With indoor coverage from macro-cell in open casrigFigure 6.15), RSCP varies
between -95 dBm and -112 dBm while throughput stagpsler 1.8 Mbps with
occasional peaks touching 2.5 Mbps.
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Figure 6.15: Open corridor, macro-cellular coverage.

Just by installing a repeater and DAS network irrogorridor, instantaneous
throughput reaching the theoretical maximum of @l&ps can be seen with maximum
RSCP of -64 dBm (Figure 6.16). This max RSCP |leveheasured around or under the
antenna, while moving away from the antenna, RS@®eaniently drops up to -85
dBm. Nevertheless, the continuous fades in RSCRec#loe average throughput to
remain under 3 Mbps.
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Figure 6.16: Open corridor, repeater gain 65 dB / 3 serviceemmias 4P = 10 dB.
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Figure 6.17 shows a snapshot of measurement dahepaor repeater installation
in open corridor. It can be seen that the througlas deteriorated significantly even
though similar RSCP values (when compared with feigii16) are instantaneously
measured in this scenario. This is characteristiel SDPA operation when lower CQI
values are formulated because of inter-cell interfee thus effecting offered
throughput. The overall throughput remains wellemtl.8 Mbps while RSCP drops up
to -95 dBm which implies that poor deployment opeater does not provided any
significant improvement to HSDPA operation.
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Figure 6.17: Open corridor, repeater gain 65 dB / 3 serviceemmias AP = 0 dB.

Measurement example for dense corridor with repdateshown in Figure 6.18.
Throughput peaks repeatedly tend to reach the marinclose to the antennas.
However, frequent fades in radio channel qualigvpnts HSDPA throughput to remain
at the maximum level. Furthermore, it can be obs@iivom Figure 6.18 that relatively
lower RSCP values of -76 dBm or below is providpegk throughput of 3.5 Mbps in
dense corridor as compared to open corridor (Figuré) where RSCP of -64 dBm was
needed.

Finally, snapshots of open area macro-cell measmenand with repeater
configuration are shown in Figure 6.19 and 6.2@eesvely to further illustrate how
RSCP and throughput varied in rather easy indompamyation environment.
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6.5. Network Planning Guidelines

This section attempts to provide basic coveragenptey guidelines to improve indoor
HSDPA performance with the help of a repeater. ghalelines are based on the
average measurement results presented in thisthesi

Overall, a successful repeater configuration cdectfely provide peak HSDPA
performance as good as a dedicated indoor solusioijed in [13, 27, 28]. Ensuring
adequate coverage and improved SINR is the keyawimum HSDPA throughput.
Increasing the repeater gain may always improvectiverage (RSCP) but throughput
may not necessarily improve inline with RSCP. Tamyét should be to improve the
overall channel conditions so that better channallity indicator (CQI) values are
generated and reported thus enabling Node B thigber-order modulation (16 QAM)
and reduced coding, consequently leading to thiedsigthroughput level.

From coverage threshold planning point of view, RS€ -105 dBm can provide an
average throughput above 1 Mbps. Coverage impronerm@ to 30 dB (until
approximately -74 dBm) can produce HSDPA throughymitveen 2.5 Mbps (500 kbps
per code) and 3 Mbps (600 kbps per code). Coverageovement beyond that level
doesn't offer significant throughput increase alijo some improvement of few 100
kbps is available. However, the coverage plannhrgshold may differ in different
indoor propagation environment and may also vargiffierent power allocations are
used for HSDPA channel.

Selection of optimal repeater gain is typicallyrade off between macro-cell and
repeater service area performance. High repeaiar agatainly increases the indoor
coverage level; nevertheless, it amplifies the emasd interference in UL thereby
limiting macro-cell performance and UL system cagyacFurthermore, finding an
optimal repeater donor antenna site and orientasiomperative for successful repeater
operation. Hence, special attention should be gii@rcorrect repeater parameters
configuration and deployment location in the nekyatherwise repeater can introduce
critical performance problems in the macro-cell.

Finally, as verified by the results in this theaisd references [30, 31], coverage
quality and efficiency can be improved effectivblyincreasing the number of antennas
in serving DAS which can provide added capacity.
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6.6. Error Analysis

The results of this thesis attempt to provide gor@xmation of a real HSDPA network
in typical indoor environments. Nevertheless, HSDf&formance is really dependent
on exact radio channel conditions of the actuabamcarea to be planned and may vary
significantly due to the building structure, constion material and obstacles in the
surrounding area of transmitter and receiver.

Moreover, the accuracy of results may be affectadlyp by the measurement
process itself; from network and measurement egepnsetup to selection of
measurement routes to samples collection and eepsing of the samples. The
measurement campaign for this research lastedefgaral days which imply that the
actual repeater equipment (excluding donor anteand)indoor DAS components were
assembled and dismantled for every sprint. Sineentitwork setup involved a lot of
cabling and connectors, thus exact setup may hdfezed slightly. Nevertheless, the
accuracy of network setup was verified by doingrstg, /N, measurements before

each sprint. Selecting measurement routes andctinieadequate amount of samples
over the study area has a significant impact orvé#fheity of results.

In order to cover possible dynamic effects of thdoor radio channel and to
increase the reliability of the results, each measent route in easy, medium, hard
propagation environment was repeated for 10 minUtesthermore, to increase the
accuracy of results, sample pre-processing was dyneemoving few deep fade
samples from the beginning and end of measurenatiat dhese deep fade samples
result from the rapid rise and drop of the measy@@meters when measurement is
started and stopped.

The HSDPA data card, used for measurements, wésatad for commercial use
therefore absolute values of radio channel measmtsimay include some inaccuracy.
Consequently, the analysis of results done in doisument is primarily based on the
relative comparison of the measured scenarios.
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7. CONCLUSIONS

Number of mobile broadband users are increasingnaaccelerated pace and in the
current competitive cellular market, extensive cage, capacity and quality of service
have become key factors in increasing end-user. l#2adier, the focus on indoor
network planning was rather limited. Neverthelegish more and more users enjoying
multimedia services via HSDPA, typically inside thaldings, operators get a business
opportunity they can profit from by improving theietwork’s indoor performance.

The main purpose of this thesis was to study outttmandoor repeater with indoor
DAS as a deployment strategy to enhance and o@im&DPA performance: coverage
and throughput (capacity) in typical indoor enviments. Furthermore, provide
deployment guidelines for network planners and tifieoptimal configurations linked
to WCDMA repeater and distributed antenna systeii®e study was based on
extensive HSDPA measurement campaign with and withepeater as part of the
network topology. HSDPA signal was captured fromcroacell and repeated (via
analogue WCDMA repeater) inside the building usibgand 3 omni-directional
antenna(s). Three typical indoor environments: opssa, open corridor and dense
office corridor were measured to evaluate HSDPAfgoerance with the repeater
network. Repeater gains of 55, 65 and 75 dB weed ts include the effects of low to
high gain repeater operating area.

Initial macro-cell coverage in all of the measunedoor locations was inadequate
and thus clear need for a dedicated solution wasept to support optimal HSDPA
operation. By deploying an inexpensive outdoorAdeior repeater solution, coverage in
the indoor locations was found to have improvedificantly. The measurement results
show that repeater can be very effective in enimgn¢he overall performance of
HSDPA in indoor locations when indoor traffic isnged by repeater service area.
Already the lowest repeater gain (55 dB) noticeaivligroved coverage and throughput
while peak performance was evident with high repeagain (75 dB). Nonetheless,
uplink interference, as detected by macro-cell NBdevas found to have increased
from -105 dBm to -100 dBm with the use of high r&ee gain in all environments. On
average, repeater gain of 65 dB provided impresswegall coverage improvement up
to 30 dB and throughput improvement up to 1 MbpS, Nlbps and 3 Mbps in open
area, open corridor and dense corridor — and dlwetvith a noise rise of just 1 dB. Thus
optimal repeater gain was found to be a comprorbe®een repeater service area
performance and macro-cell performance.
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The measurement results show that when coverag€RRSvas raised to an
adequate level, maximum HSDPA throughput was aelieVHowever, these RSCP
levels were found to be different for different awat locations. In dense corridor, much
lower average RSCP level (-89 dBm) was requirecoaspared to open corridor (-74.5
dBm) and open area (-74 dBm) to achieve maximummageethroughput of 3 Mbps.
Moreover, average throughput was seen not to t@nfirlg the average RSCP in all the
measured locations. On the other hand, throughpatfaund to follow the behaviour of
reported average CQI values rather closely. NohetheCQI calculation was evidently
affected by other (unknown) factors in additionrémlio channel quality parameters
(E./N, , RSCP). Furthermore, it was found that increasiegservice antenna density

(from 1 to 3 antennas) in distributed antenna sydtad a clear positive impact on the
SIR and consequently HSDPA coverage and capacgyfuveher improved. Finally, the
measurement results confirm that HSDPA indoor perémce was significantly
reduced when repeater donor antenna was mis-alient@ay from the mother cell
thereby placing the repeater in a SHO region.
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