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Publication I. WiFi mesh networks network performance is evaluatatlis paper. The
study is based on the performance of a represeatsitigle-radio mesh network both in
a live setup and in a laboratory environment. Ttheyscharacterizes the performance of
different applications including VolP. Further, theain key challenges of mesh
networks such as the fairness in bandwidth allooadind hidden node terminal are also
considered. Subsequently, the main key challengesh® WiFi mesh network
architecture in regards to performance are charaete Particularly, the fairness in
bandwidth allocation is described in detail. We wghihat issues in unfairness arise
quickly, and that, even in the laboratory, the perfance proves disappointing. Finally,
the results of the study are compared with trad#tiocellular networks, and various
options to enhance the performance of wireless metlvorks in the future are
discussed.

Publication 1. This paper studies the performance of VoIP in 3@kea switched
networks (WCDMA and HSDPA). When introducing HSDRA3G networks the end
user experience and systems capacity with VolPiadjns can improve considerably.
In this paper the performance of VolIP is evaluatedempirical data in both laboratory
and live environments. The evaluation includes Isvéttic and mobile scenarios as well
as different voice codecs. The focus is on detdngithe main factors limiting VolP
performance, as well as understand in which wagaritbe improved.

Publication 1ll. In this paper, the Mobile IP (MIP) technology isatwated as a
potential interworking solution between WiFi and 8Gcess networks. WiFi networks,
and particularly those deployed outdoors often ek sufficient coverage required in
order to provide ubiquitous access and mobilityMoice services. However, by the use
of Mobile IP, it is possible to roam to other netk®with broader coverage once WiFi
coverage is unavailable or suffers from coverages géhe focus of the evaluation is on
the feasibility of using VolIP services over WiFi shenetworks and interwork with 3G
networks.

Publication IV. In this paper, a disruptive wireless broadband rieldgy known as
FLASH-OFDM is evaluated. FLASH-OFDM is another bitband option operating on
licensed spectrum. However, if operated at conalilgidower frequencies than 3G, it is
particularly interesting for emerging markets, espley rural areas lacking



telecommunications infrastructure. In contrast he 8G standards, FLASH-OFDM
standards are proprietary. This paper provides \aiuation based on quantitative
measurements of the actual performance of two-sfatee-art live networks in Finland
(HSDPA and FLASH-OFDM). The evaluation includes nest such as throughput,
delay and VolIP quality considering performance lmitstatic and mobile scenarios.

Publication V. This paper studies the main signaling delays thlat place in a VolP
call (registration and voice call setup delays) anthpare them for different wireless
accesses: HSDPA, WCDMA and WiFi. In addition, pbksbptimizations with always-
on mode and their drawbacks are presented. Incplatj signaling delays and the total
battery lifetime affect the perceived user expargedirectly and thus are of relevance in
addition to the overall voice quality.

Publication VI. The performance of Unlicensed Mobile Access (UMAerworking
solution is considered in this article. The papscusses the UMA technology in detail,
after which technical performance measures of #dwhrtology are considered. The
paper sets out to technically address whether UM@dwork in real life situations.
The focus is put on the GSM to WiFi (and vice vgrsandovers and packet data
performance compared to current cellular networks.



List of Abbreviations

2G 2" Generation cellular telecom network

3G 3° Generation cellular telecom network
3GPP % Generation Partnership Project

AP Access Point

ADSL Asymmetrical Digital Subscriber Line

DECT Digital Enhanced Cordless Telecommunications
DSL Digital Subscriber Line

DMB Digital Multimedia Broadcasting

EDGE Enhanced Data rates for Global Evolution
FLASH-OFDM Fast Low-latency Access with Seamlessitibff OFDM
FTP File Transfer Protocol

GAN Generic Access Network

GHz Giga Hertz

GSM Global System for Mobile communication
HSDPA High Speed Downlink Packet Access
HSPA High Speed Packet Access

HSUPA High Speed Uplink Packet Access

HTTP Hyper Text Transfer Protocol

IP Internet Protocol

IEEE Institute of Electrical and Electronics Emegrs
IETF Internet Engineering Task Force

IMS Internet Multimedia System

ITU International Telecommunication Union
kbps kilobits per second

LTE Long Term Evolution

Mbps Megabits per second

MHz Mega Hertz

MIMO Multiple Input Multiple Output

MIP Mobile IP

MOS Mean Opinion Score

NAT Network Address Translator

OFDM Orthogonal Frequency Division Multiplexing
PESQ Perceptual Evaluation of Speech Quality
PSTN Public Switched Telephone Network

RoHC Robust Header Compressions

SIP Session Initiation Protocol

SR-VCC Single Radio Voice Call Continuity

UMA Unlicensed Mobile Access

UNC UMA Network Controller

VCC Voice Call Continuity

VolP Voice over IP

VOoLGA Voice over LTE via Generic Access

VPN Virtual Private Network

WCDMA Wideband Code Division Multiple Access
WiFi Wireless Fidelity

WIMAX Worldwide Interoperability for Microwave Aaess

WPA WiFi Protected Access



10



11

1 Introduction

There will be three certain things driving the fetwf mobile voice and eventually its

evolution towards voice over IP. First of all, teewill be a need for a voice

communications service. No substitute servicesccosplace the voice service as we
know it today, and end users will have to commuei¢carough voice also in the future.

Second, voice services will gradually migrate te thobile world. That is, the fixed to

mobile convergence will evolve further. Already &yda large number of voice calls in
mature telecommunication markets take place iruleglinetworks rather than the old
PSTN networks. Third, voice technologies will begldged through packet switched

technologies in the future. Circuit switched tedogees will be replaced eventually by
Internet protocols. This movement to Internet tedbgies will take place in the mobile

industry too.

Voice is still the killer mobile service, and most the revenue of mobile service
operators comes currently from circuit-switched reboice. However, the evolution

of mobile networks has for a long time evolved todgapacket-switched technologies,
and today’s new mobile devices have typically asgmkty for packet-switched access.
Consequently various kinds of data services fronbiledNeb browsing to email have
emerged in the mobile domain as well (Verkasalo7B)OThe technologies have also
been there for mobile packet-switched voice (mobitdP) although no services or
players have yet emerged on the market seriougllgingg mobile VolP as a primary

voice service.

The motivation to study VolP performance in wirsldsroadband networks can be
supported by three key trends that will inevitalbdke place in the mobile service
domain, the only uncertainty being the timelinesgblution (i.e. the pace at which the
trends become reality). The key trends are:

» There will be a non-decreasing demand for mobileesservices
» Fixed-to-mobile substitution will evolve further
» Packet-switched connectivity and service platfomisemerge

Based on these trends, voice services deployed Inotennet technologies in wireless
networks will certainly be there in the future. Th&ggest uncertainties regarding
mobile VoIP currently include the business modeith which to commercialize the
new services and the players who will produce aodgigion the services.

The current telecom world is characterized by greertical orientation in which
operators commonly run both the network and sesvidesa 2005). Some phenomena
such as handset subsidies directly originate froam £losed business models, in which
incumbent operators in many cases control the wkalae chain. Although this in
many cases results in fast ramp up of network stifu@ture, open service innovation
suffers because of the closed “walled garden” lmssirmodels.
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The world of Internet is much different. This ischase of two reasons. First, the end-
to-end connectivity results in application-levelvdlmpment in which lower level
connectivity issues are irrelevant. Mainly becaoifsthis, the services of the Internet are
provisioned by totally different companies from tl@es who provide the mere
connectivity (e.g., DSL operators). Pricing reftethis. DSL operators have typically
flat-rate fees, and service-level actors typica&kplore other sources of revenue e.g.,
advertising or add-on service based models witbvative business logic. Second, the
Internet services have evolved this fast mainly anee of network-edge based
innovation. Open standards and value networks arehnfaster in inducing service
innovation than the old-fashioned “walled gardeoisincumbent telecom operators.

The potential disruption resulting from the claghtlee Internet and mobile telecom
world is inevitable (Saarikoski 2006, Funk 2004ptMnly do individual companies
face a new context in which to operate, but agguak whole business ecosystem faces
shocks that might lead to new ways of doing busireesl generating end-user added
value (Verkasalo 2007a). Also mobile businessesldhaeep an eye on external factors
and position themselves either with new innovatiedue propositions (focus or
differentiation strategy) with mobile VolP, or themove to simpler business models
(cost leadership) deploying e.g., bit-pipe straedPorter 1985).

The mobile VolIP business presents an interestimygpbund as both incumbent
telecom operators and challenger Internet playerge ha technical opportunity to
leverage IP-based voice. Technically the uncesdiattors are low, and much more
interest should be targeted at the potential basinenpact. Incumbent telecom
operators might face significant threats if theyri proactively take account of the
technical, business strategic and regulatory tréakisg place in the market. The new
playground resulting from a technically differenéngce architecture (the closed
“walled garden” of the telecom world vs. the OSJdeed Internet model) provides
room for technical disruption (for disruptive inradion, see Rogers 2003).

While the outcomes of the mobile VoIP technologgimireside far away in the future,
business-wise, today’s research should be alignedvestigate how the performance
and usability of mobile VoIP can be improved to mueally end up being a perfect
substitute for circuit-switched mobile voice. It asfact that voice will move to the
packet-switched domain; the only uncertainties saneply how mature the service is
now and how close is mobile VolP to challengingumbent service technologies and
businesses in the near future.

1.1 Research Problem

In this thesis we focus on determining the perforogaof Mobile VolP in different
wireless broadband systems with current stateeofthnetworks. The main aspects that
we consider for the evaluation are the followingsf; the network technology should
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be able to provide call toll quality voice. Secotite performance of VolP should be
consistent for both static and mobile scenariostdThhe network technology should

provide adequate coverage. Fourth, the networkogapnt should be commercially

feasible and support a valid business case. Rtith,mobile VolP service as a whole
should be comparable to traditional circuit swiheice. This last requirement in

particular brings up additional issues that affeaibile VolP. For example, audio

breaks during mobility, call set-up times and batidetime of the devices should be

comparable to those of circuit switched voice systeAll of these aspects together lead
to the following research questions:

1) Is VolIP over wireless broadband commercially felaswaith current state of the art
networks?

2) Is VolIP over wireless broadband networks a realtarmater to cellular circuit
switched voice?

3) What are the main technical limitations for highatity VoIP in wireless broadband
networks?

4) What is the mobility performance of multi-radio enivorking solutions for VolP
services?

5) What is the VolIP signaling performance and batléejime when using VoIP with
handsets?

Considering the large scope of the research questie limit the scope of the thesis to
three main areas of research that are of importanceder to properly evaluate the
performance of VoIP in wireless broadband netwddee Table 1). The first area of
research studies each wireless broadband netwatndigy independently. The
network technologies selected were based on tlestlaivailable release and had an
actual commercial deployment available. A commérdigployment is important in
order to differentiate the performance in a labmmaenvironment with that of a real life
use case scenario. The study consisted mainlyterrdaing the VolP performance in
static and mobile scenarios. Since the networke werdied independently, the mobile
cases are restricted to horizontal handovers. Eoernsl area of research investigates
mobility cases during vertical handovekgertical handovers are needed in order to
support service continuity across different netwéekhnologies (e.g., HSDPA and
WiFi). Finally, the third area of research aimedirading other aspects of performance
that can affect user experience. The focus wasggard to signaling performance and
the time it takes to set up calls as well as therggnh consumed and battery lifetime
when using VolIP services. These items are relewvaatldition to voice quality since
any serious contending technology needs to proaidienilar user experience to that of
circuit switched voice.
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Table 1. Scope of the Thesis

Other Factors Affecting

Wireless Broadband Intersystem Mobility : :
Quality of Experience
* WiFi Mesh « UMA * Energy Consumption
* 3G~ 4G Evolution * MIPV4 » Battery Lifetime
WCDMA (Rel. 99) » Signaling Performance

HSDPA (Rel. 5)

HSUPA (Rel. 6)

HSPA+ (Rel. 7)
* FLASH-OFDM

1.2 Contributions of the Thesis

Mobile VoIP is a disruptive technology in the tedaamunication sector and thus it
requires to be further understood. This thesis waanksiders mobile VolP quality and
performance in wireless broadband networks witlera-to-end approach. By end-to-
end it is meant that the application data will &ee all the necessary network elements
that it would do in a real life deployment. By dgigo it is possible to understand the
big picture, actual end user experience and pedono®. The overall picture is of great
relevance in the industry given that it has an iobia regard to business decisions and
future developments.

In addition, the thesis considers both laboratompeeiments and live use case scenarios.
In the laboratory experiments, all the network edate were owned by the organization
funding this work and were allocated for use owlythe purpose of this research during
the tests. These types of experiments are compi@xegpensive in nature and therefore
not easily carried out outside an industrial enwinent. The set of results provide a
substantial contribution with regard to networkfpenance including all the necessary
elements end-to-end and under different variafdles.assumptions for the tests as well
as all configurations in the network are well doemted, making the results
reproducible.

Moreover, the live use case scenarios give an iaddlt perspective in which the
network is not allocated only for our research. &dditional traffic and differences in
equipment provide an insight regarding the diffeemnbetween the optimal setup that
we had in the laboratory and the real life scenanth the understanding resulting
from our lab experimentation we can correlate #selts from the live use cases. Figure
1 shows the area in which each of the papers toméd to VolP performance and end
user quality of experience.
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Figure 1. Article Contributions

Although simulations can provide an insight inte fiotential of the technology, unless
end-to-end performance is evaluated, it lacks tleeessary proof to consider
simulatiors results as the only means for business decisigkswise, the assumptions
from simulations as well as results tend to difiee from another. The reason is that
regardless of how much scrutiny is paid to the ndiere will always be actual
equipment behavior and details that cannot be dereil. Simulation work needs to be
extended with end-to-end performance to give thmiahcinsight into the overall
performance.

This study extends the available knowledge duéé¢ofdllowing reasons. The majority
of research related to VolIP is heavily based oruktions. Although the simulations
are useful, they do not always provide a realigiggov of the actual performance in the
field. The reason is that the deployed equipmetit alwvays function differently to
some extent. In addition, much of the availableemak deals only with older 3GPP
specifications. Therefore, the performance is basea different type of network. In
our study we will study the actual performance lokee different types of networks
using the same research methods and tools. Furbherim cases like WiFi mesh and
FLASH-OFDM, our study provides a first handful esults and performance for these
types of networks.

In regard to the different interworking solutiorteere are no studies available about
UMA performance. As for Mobile IP, the availablensilation results are not in line
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with each other. This thesis provides the firsuaklolP performance measurements
for both technologies in a real life scenario.

Finally, for energy consumption and signaling perfance the available literature is
also not complete. Although there is research gamé to reducing energy in VoIP
applications, it has not been emphasized to whignékaving always-on connectivity
can degrade the overall battery lifetime. This \&gy important matter because VoIP is
not the only application that uses always-on kekype anessages. Further, overall
battery lifetime directly affects end user expeceand perception of the service.

The main contribution details are the following:rRGPP access networks we found
some of the most important reasons for poor peidioce that are not visible from
simulations. One of them related to the RLC retn@insions. These retransmissions can
create very large delay peaks, around 200ms imc staenarios and even larger in
mobility cases. These were pointed out clearly apgry Il. In addition, the issues of
embedded VolIP client implementation and procesdelgy were also identified. This,
for example, shows us that although Robust HeadenpZession (RoHC) is important
for operators since it can increase capacity santly, it is not yet feasible. The main
reason is that header compression would incur iadditclient processing delay. Based
on this information, we have given estimationsgerformance improvement in Section
4.2. This kind of analysis extends the availabteagch found in simulations by giving
an end user experience view of the overall voiceiee This information also aids the
operator strategy in regard to mobile VoIP. Sinide possible to understand the overall
user experience with this empirical data, we cao ainderstand the potential service
quality that VolP based competing services suclSkage can provide. This way,
operators can treat competing services differeamly apply a lower quality of service if
needed. In addition we provided first hand measaergsmfor MIP, UMA and call setup
delay. This latter item allowed us to understandrgy consumption in much more
detail and identify some points that need to beenakare of; especially network
configuration and the importance of increasing CEEACH packet size in future
releases. In addition, this understanding of enexysumption gave insight into what
other things can be thought of in order to increagerall battery lifetime in future
research. For instance future research should focuslesigning NATs and VPN
gateways with different timeout values, and sofewaevelopers can try to design
applications in a way that keep-alive messagessané simultaneously, or by using a
client proxy. With regard to WiFi mesh, we provéurhtt it is not such a disruption for
the telecomm industry as was originally thought.eWWiFi mesh proposals started, it
was seen as a great potential threat. However alubet cost, complexity, and poor
performance, this has proven not to be the casellf our analysis of FLASH-OFDM
gave us insight into this kind of competing netwo@kur conclusion showed that this
technology is no longer a direct competitor althougwas only a few years back.
Instead it is a complementary type of network tbah provide service in scenarios
where 3GPP based networks currently lack the reduperformance, such as high
speed mobility (above 200 km/h).
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1.3 Research Process and Methods

This thesis is based on an empirical model. The anaethd experiments are well
documented and based on industry standards forevaqigality evaluation. The
evaluation provides both results from experime(it¥:in a controlled laboratory setup
environment, as well as a correlation of the reswith those from (2) live case
scenarios in the field.

The chronological line of research in the telecomitations industry is complex and
involves multiple steps and iterations (see Figz)reAt the top or initial part we have
the standards, which are the basis for productsartelecomm industry. The standards
take a considerable time to develop, especiallydstals such as 3GPP or IEEE. During
the development of the standards, it is very comtoaarry out simulations to evaluate
the performance of different approaches and prdposa this phase proposals are
evaluated and with the aid of simulation resulegisions are agreed.

In addition, each of the standards releases haslladefined scope for what is being
standardized and which elements are to be consi@derdifferent releases or outside the
normal scope of these standard releases.

Standards also leave a significant amount of detail implementation open to the
different vendors. Already at the standardizatiod eesearch and development phases,
empirical research is required for testing new nedbgies. Once the standard release is
frozen, companies start developing products fot tekease. Subsequently, when the
product is developed and implemented, empiricabasesh comes into play. This
research plays a critical role in this phase. Petglneed to, first of all, be verified and
prototyped. As companies, however, develop thadpcts they always realize that the
results of simulations differ with the actual enngat data. The reason is simple;
simulations cannot account for all the factors Imgd in the actual product.
Simulations are based on assumptions which attemgdte as close to reality as
possible. However, simulations alone cannot be aseal basis of performance. During
the empirical research, faults, issues with ther@gghes, additional factors and
limitations are encountered. The results from thgigcal research also provide an
insight into what the performance will really bkdiin the next few years of the product
life. This data is crucial to update and even refoihe strategic intent if necessary. The
results of the empirical research also generateynm@eas for improvement of the
product, develop new algorithms, prioritize tasksdefine further simulations with
more realistic assumptions as well as define neyasirements for the future product
and standardization releases.
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Figure 2. Research Cycle in the Telecommunicatioriadustry

A quite common timeframe between standard freedepaoduct commercial launch is
at least one year, plus an additional year andfadhave terminals ready, and at least
two years more to have considerable user peneirafioat means that from standard
freeze to having a meaningful amount of devicehenetworks takes over four years
at least. Further, the lifespan of the previousnetogies can in many cases slow down
the device penetration for several years more (Sgere 3). Taking Long Term
Evolution (LTE) technology as an example; the staddvas to have been finalized by
the end of 2008. However it was not until Sprin@2@hat vendors started developing
the real products. The reason is that this wagitie in which the standard was agreed
for interoperability tests with no further chandesing made. From that moment on,
vendors raced each other to develop their prodaot$ decide which features to
implement for each hardware and software releaseeftheless, despite some LTE
networks beginning to become available in 2011.(&/grizon in USA), the coverage
area will be limited and major coverage is not expe until a few years later. In
addition, there will not be availability of devicbgfore 2011. The reason being that it
takes at least a year and a half from the momemtcthpsets are available to the
moment mass market handsets are available. Furbheyrhaving available handsets
does not imply anything for user penetration. lasieg the user penetration requires
time as well. Therefore, we can expect to have sooomtries with LTE handsets and
well deployed networks no sooner than 2011-2012 arsiynificant amount of users by
2013-2014.
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Figure 3. Technology Timeframe

Although in many cases disruptive technologies lmarevaluated prior to their release,
it is not always the case. Therefore, disruptioas arise already when the products
have been developed. Likewise, competitors and eatvants often generate new
business models and approaches that can affeatutinent market. For this reason,
empirical research is also triggered due to neWwrtelogies, entrants and competitors. It
Is common for companies to carry out empirical esabns of their own products

against competition, evaluate the technology itseHdrry out additional research,

improve products, and similarly generate input ¢onsideration in their technology

strategies and roadmaps (see Figure 4).
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Figure 4. Additional Triggers for Empirical Evaluation

As we can see, empirical research is of great itapoe for the telecommunications
industry, it assists in creating competitive adages and developing business decisions
and technological strategies. Moreover, especiallipe context of this thesis, the final
end user experience and perception of the voicecgeis crucial, since voice service is,
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and will remain, the main source of revenue foedemm operators for years to come
(Roberts & Sims 2008). Despite the massive incre#sédata traffic in operators’
networks, it is unlikely to surpass voice traffiegp to 2011 (see Figure 5).
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Figure 5. Operator Global Revenue Forecast (sourcénforma)

1.4  VolP Quality Model

In this study we focus on ITU recommendations itleorto evaluate voice quality. ITU
has several standards. One standard is set teedefer satisfaction metrics. The model
is based on multiple iterations of voice testsehsd to by a large number of users.
Based on their opinions a Mean Opinion Score (M@8)ric was defined. Moreover,
ITU also has defined different methods by whichceoquality can be measured and
matched to the original MOS values. The main mettaré described in this section.

1.4.1  Subjective Evaluation Methods

There are two ways to evaluate voice over IP, stilvgly and objectively. A subjective
evaluation is carried out into the way actual audidoransmitted between ends, and a
group of people provide an opinion on what theyidvel is the quality. In contrast,
objective evaluation is based on the measuremdnkeyo metrics of the transmitted
data.

Subjective evaluations provide the closest looka@tual end user experience. Since
users actually listen to audio samples they canigeotheir own personal opinion. In
general, subjective evaluations are very useful anedrequired to some extent even if
quality has been evaluated with objective methéttsvever, carrying out subjective
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tests is not straightforward. Users must be cdsetdlected in order to provide a real
idea of what the end user might be. Likewise, bseeaaumans make the grading in
subjective tests, the repeatability is very difficif a subjective model is to be
followed, ITU P.800 provides recommendations faryiag out this kind of evaluation.

(ITU-T 1996; Siironen2004)

1.4.2  Objective Evaluation Methods

Objective evaluation methods are based on measutentd key metrics of the
transmitted data. Although they do not involve indiuals, they are very useful because
of their repeatability. The main two objective axation methods for VolP have been
developed by ITU and are the following:

The E-Model (ITU-T 2003) is a voice quality evalioat model that is based on network
performance metrics. It is based on a mathemasitgdrithm and provides an “R”
performance value based on the sum of four “impantfactors” considered to be
cumulative. The algorithm is depicted in equati@hwhere, “Is” is voice impairments
to the signal, “Id” is delay (ms), “lef” is packébss impairment, and “A” is the
expectation factor.

R=100-1Is-1Id - lef + A (1)

In practice, ITU-T proposes to use a simplifiedsien of this algorithm. The simplified
algorithm considers that noise cancellation is entered in the network and also
dismisses the expectation factor. The expectatiamable is intended to provide a
balance for some environments in which the useeespa degraded quality, such as
satellite connections. However, since this varialide merely subjective it is
recommended to ignore it. The simplified algorittsndepicted in equation (2).

R=932-1d - lef )

The R value can be associated with MOS values,wisi@ subjective grade for voice
quality based on studies also carried out by ITUHdwever, even though the R-value
can match a MOS value, it cannot predict the albsalpinion of an individual user. To

date, the E-Model is the most reliable objectivaleation method for VolP. The

association of R values to MOS is depicted able 2.

Table 2. The R-value and the Mean Opinion Score

R-Value Mean Opinion Score (MOS) User Satisfaction
90 or higher 4.34 or higher All users very satidfie
80 or higher 4.03 or higher All users satisfied
70 or higher 3.60 or higher Some users dissatisfied
60 or higher 3.10 or higher Many users dissatisfigd
50 or higher 2.58 or higher Nearly all users distiatd
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The Perceptual Evaluation of Speech Quality orRESQ (ITU-T 2001) method has
been widely used in circuit switched based comnatito systems for a long time. In
circuit switched systems, the network charactessdre usually constant and therefore a
direct comparison of the transmitted audio sampksrest the received audio sample is
convenient.

While this method is well suited for circuit switgh communications and systems in
which delay is small and constant, it is not suddbr transmission systems with delay
variations such as wireless networks. The reasaas the PESQ model does not
consider delay. This can be proven with a simpkengxe. Consider a network with a
delay of two seconds. Even if the audio is perfetinsmitted from the calling end to
the receiving end, the delay by itself makes cagybut a conversation nearly
impossible.

The PESQ model is however useful to benchmark tiadity of different codecs. With
this method it is possible to compare the qualftthe same audio sample directly. It is
done by storing the original audio sample storea ilossless file type (e.g., WAV).
Subsequently the sample can be transcoded witkreliff codecs and compared directly
with the original. This kind of evaluation will shothe degradation of the sample after
coding and decoding takes place.

In summary, PESQ can provide audio quality, butnmemtessarily voice or conversation

quality. The reason is that the model does notidenslelay. Delay is a critical aspect

in voice and particularly in conversations. Onctagdecomes too large, conversation
IS not interactive any longer. Moreover, in wiradaystems, delay is variable and one of
the main aspects affecting voice quality, which esathis method unfeasible.

1.4.3 Codecs for VolP

There are multiple codecs that can be used to asapvoice audio. Each codec
provides different maximum voice quality and birakquired. However, in case of
VoIP communications over wireless networks onlyaadful is relevant for this study.
Firstly, the G.711 and G.729 codecs developed ky. [The former is a high bitrate
codec (64kbps) and the latter is a low bitrate cq8&bps). Both codecs are extensively
deployed and supported. In real life most VolPscale usually encoded in one of these
two codecs. Despite the wide support for these twdecs, the G.711 codec in
particular is not well suited for wireless systerfike reason is that it requires a large
amount of bandwidth compared to other codecs. Tihissrecommended to avoid using
this codec in wireless systems. Secondly, therévayeother low bitrate codecs that are
important for VolP, namely AMR and iLBC. The AMR aec was developed by
wireless network vendors and aims at increasingagpin cellular systems. The AMR
codec is widely supported by some of the wireleds/ark manufacturers, but since it is
patented it is not fully compatible with other vend equipment. Therefore, in practice
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this codec will be used between cellular operatous,not necessarily between calls to
other systems. In contrast, the iLBC codec was ldpee by the Internet community

IETF. This codec is mainly used in Skype VolIP saftevfor Skype-to-Skype calls.

However, it is not as widely supported as the I'Burderparts.

In this thesis we focus mainly on the performantéhe G.729 codec. ITU-T has a
standardized maximum voice quality for this codéc729 is also similar to AMR,
which is the main future codec for 3GPP based ndisval herefore, we can make the
assumption that the performance values measurédGvit29 codec are representative
and are a useful basis for our analysis.

1.5 Structure of the Thesis

The remainder of this dissertation is organizedodlsw. In Section 2 we provide an

overview of the wireless broadband and interworkieghnologies considered in this
thesis. Next, in Section 3 the related works aveereed. Subsequently in Section 4, the
summary of the results is given. Finally, Sectionpkesents the conclusions,
generalization of the results and proposals farreutvork.
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2 Background

Wireless broadband networks are networks ableattsport packet based data at high
bitrates. It is arguable what is the exact bitratguired to consider a connection as high
speed depending on the definition of broadband. é¥&n a simple way is to consider
ADSL type of connections as a baseline for broadbdiaking that as a baseline, the
bare minimum bitrate to be considered as broadlmriOkbps. Figure 8hows an
overview of the most relevant wireless radio tedbgies for consumer applications.
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Figure 6. Wireless Radio Technologies

2.1  WIiFi and WiFi Mesh

Wireless Fidelity (WiFi) is a wireless technologaded on a family of standards
developed by IEEE and denoted as 802.11. The 8@ariiy contains a large number
of standards that regulate the mode of operatidnpassible improved features.

WiFi can be successfully used for VoIP serviced,ibbbas many limitations that range
from the number of simultaneous users, problemis mibbility, quality of service, etc.

However, additional standards from the 802.11 farodn improve performance for
VoIP. Such features include e.g., quality of sexygupport for faster mobility handoffs,
increased coverage and capacity, etc. However, mbsthese features are not
backwards compatible and are available only to nmspecialized equipment. This
means that both the access point and the WIFi malevices need to support them.
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If we attempt to consider all the variables anduess available in WiFi that affect
VolIP, it is very complicated to make a generalmatthat can be considered as a
baseline for the technology. Therefore, in genetad, performance and cost of using
VoIP over WiFi is more easily characterized basedt® deployment case (see Figure
7).

Consumer

Roughly one AP to cover one floor
Cost: $20-100 USD + ADSL Subscription
AP features might improve quality

Hotspot

Few APs spread out
Cost: APs + ADSL + WISP

Prone to interference and service “as is”
Enterprise

Requires careful planning
Ctost: AP $~500 + ~500 USD for network, installation, mgmt,
etc.

Complexity and Cost

Good voice quality possible (802.11e, WMM, CCX, proprietary
enterprise solutions)

WiFi Mesh

Challenging and expensive
Cost: AP $~2K + 1.3K USD (backhaul, sites, gateways, etc.)
$100K USD per square mile with 30 APs

Figure 7. WiFi Deployments

In this thesis we consider the WiFi mesh scenasiache main WiFi contender for

cellular networks. The reason is that it is theyoohified scenario that can be
considered as a competitor to cellular voice systeithough, in the other scenarios,
VoIP over WiFi can take voice minutes away fromludat networks, these cases are
scattered and depend on individuals or particuléererise deployments.

WiFi mesh networks are a special case of WiFi nétwbat is deployed to provide
connectivity to city-wide hotspots. Several netwoohave already been deployed and
many cities in the US, and quite a few outside egiteer committing to, or studying the
possibility of deploying a city-wide WiFi coveragssing wireless mesh networks.
Several cities are in the planning stages, whilalkem cities have already deployed
networks which attempt to provide broadband wirekscess ubiquitously. The goals in
setting up these wireless mesh networks are meltgsid include providing broadband
access to underserved communities or supportinggemey services. However, one of
the main reasons is to reduce the cost per bitifle@ss access to support applications
which reduce the expenditures of a city.

The hope is that a lower cost per bit would prowiue incentive to use applications on
the go, thereby increasing the productivity of c#gnployees. Alternatively, if the
network is operated by a provider, the lower cast gt would provide the margin to
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compete for mobile applications with cellular opera Metropolitan WiFi mesh
networks are seen by some investors as a potehsalptive technology for legacy
cellular operators. A WiFi mesh network combinedhva VolP handheld device could
become an alternative to the cellular handset.

2.2 WCDMA and HSDPA

The third generation of wireless telecommunicasgstems is an evolution of previous
wireless systems that enables high bit rate dataces. Wideband Code Division
Multiple Access (WCDMA) is the main third generatiair interface in the world and is
most commonly deployed in the 2GHz band. Howevesome other countries such as
US and parts of Europe, it can also be deployeduraro800-900MHz. The
standardization efforts are carried out within 8i& Generation Partnership Project
(3GPP). As of 2007, the number of WCDMA subscribleasl exceeded 130 million
globally in over 150 commercial networks. The neklase of WCDMA, i.e. High-
Speed Downlink Packet Access (HSDP#) currently being intensively deployed
worldwide to provide wireless broadband connegtivitvhen introducing HSDPA in
3G networks the end user experience and systenticapath VolP applications will
improve considerably. When later on also addinghfsgeed uplink (HSUPA), the
system capacity and end user experience will impreven further. HSDPA and
HSUPA correspond to 3GPP Releases 5 and 6 resplgctiurther HSPA evolution is
specified in Release 7 and is known as HSPA+. thtiath 3GPP specified a new radio
system called Long Term Evolution (LTE) in Rele&savhich was completed in 2009.
The peak data rate evolution for WCDMA is illuse@dtin Figure 8. (eds Holma &
Toskala 2007)

Rel 99 Rel 5 Rel 6 Rel 7

LTE: 160 Mbps
HSPA: 42 Mbps

LTE: 50 Mbps

14 Mbps

11 Mbps

0.4 Mbps gedk rate

Up\'\f\\‘

Figure 8. Peak Data Rate Evolution for WCDMA

3G cellular systems are also evolving towards tadlladP architecture. The evolution is
developed step by step based on 3GPP reldasesFigure P For this reason, VolP
performance in particular is very important becatigeings a significant improvement
in cellular networks in regard to the capacity ofce users. Therefore, it is envisioned
that VolP will replace circuit switched calls coragdly in the long term.



27

Release 7 with Release 7 with RNC
Release 6 direct tunnel functionality in Node-B Release 8 LTE

l GGSN | GGSN | SAE-GW

(sesn) | (sesn) | (o)

((é ] ) ((E ] )

Node-B eNode-B

----- Control plane
- User Plane

Figure 9. 3GPP Evolution Towards a Flat Architectue

2.3 FLASH-OFDM

FLASH-OFDM (Fast Low-latency Access with Seamlesandétbff Orthogonal
Frequency Division Multiplexing) is a proprietaryssem developed by Flarion. Later
the technology was purchased by Qualcomm. FLASH-KRBchnology generated a
lot of interest as a packet switched bearer whiobldc compete with 3G cellular
systems. FLASH-OFDM has been available for sevgealrs and at the time of its
completion it outperformed 3G networks both in teraf bandwidth, latency and
mobility support for data communications. Howewgspite the early development of
the technology, to date there are only a limitechber of networks available.

FLASH-OFDM is a wireless broadband technology tbah provide nearly ADSL
performance. This means that FLASH-OFDM can bechnielogical rival for ADSL,
and in some cases may be the only feasible optoprovide broadband access.
FLASH-OFDM also operates on a licensed spectrurhubually at lower frequencies
than HSDPA (e.g., 450MHz). Due to the low frequereyarge coverage area can be
achieved with a single base station. Thus, it igadicularly interesting option for
emerging markets, and especially for rural areasmt thmay lack other
telecommunications infrastructure. However, in thBOMHz spectrum there is
significantly less bandwidth than at higher frequies. In Finland, only two 1.25MHz
blocks are available for FLASH-ODFM. Therefore, {ehFrLASH-OFDM operating at
low frequencies can be feasible for rural and resy/\densely populated areas, it lacks
sufficient capacity for big cities.
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2.4 Interworking Technologies

VoIP can be used on different wireless broadbare@ssctechnologies. These networks
are different and are usually independent of eableroas well. Hence, they do not
provide interoperability. However, there are teciueis that can be useful in providing
VoIP continuity and interworking across differemtworks. The most relevant ones are
Unlicensed Mobile Access (UMA), also known as Gendiccess Network (GAN),
Mobile IP (MIP) and Voice Call Continuity (VCC). Vilet MIP focuses on packet data
only, VCC provide means for interoperability betwemrcuit switched voice networks
and packet switched voice, and UMA supports bottkgldata interoperability and
circuit switched voice to VolP interworking. In ghivork we focus on MIP and UMA as
VCC was not fully compliant or supported at thedimf this thesis. VCC is part of
3GPP Release 7 specifications and is seen as @tipbteterworking solution for future
networks such as LTE (Salkintzis et al. 2009; edbrta & Toskala 2009).

2.4.1 Unlicensed Mobile Access

Unlicensed Mobile Access (UMA) is a technology thapports handovers to and from
WiFi networks (UMA 2004; 3GPP 2006). Originally, AMwas developed to provide
an access to GSM/EDGE networks. The technology.elew is nowadays developed
in 3GPP under the name Generic Access Network (G#NIch also considers the link
to WCDMA. Moreover, a newly created consortiumnisthie process of extending the
standard to include LTE. Despite the official nach@ange to GAN, UMA is the name
under which the idea became public and is mostérmed to.

The UMA technology provides a way to access the ceflular network (2G and 3G)
through WiFi. This is attractive from the point wiew of cellular network operators,
who could thus extend their network coverage thihoMgFi hotspots with minimal
additional investment. Improving coverage (espéciatoors) is of great importance in
some countries and throughout some of the aredkese countries where adequate
GSM coverage is not yet available. The United Stared Japan are good examples of
countries lacking consistent coverage indoors. WIMA, the operator still manages
the core network. Radio access technologies oedhe of the network are only used as
kind of platforms for packet switched tunneling ether circuit or packet switched
connections to the operator’'s network The principhe which UMA is based is the
possibility to tunnel connections over WiFi backthe operator’'s network. The UMA
solution does not need much direct investment. st critical point is a UMA
Network Controller (UNC), which provides authentioa and a tunneling setup.

Originally when UMA came up, it was thought of asiatermediate step towards IMS.
Therefore, many operators dismissed it and it Edsba lot of momentum due to the
few operators that deployed it, and to the lackahmercial devices available, which
meant there were few compelling reasons for usebay it. The situation has changed



29

and the amount of UMA devices has increased framZD07 to 25 in 2009. It is worth
mentioning that an additional 10 devices have besimed. Moreover, the UMA
concept has also evolved further to include otheeless access technologies. The
reason is two-fold; first, because the technolagplready available and requires few
changes in order to operate with other access mk$tw@nd second, because the
adoption of femto stations has been very slow (lefws 2009). Femto stations are very
small 2G/3G base stations intended for extendingeiage in subscriber homes. The
difference with traditional operator ran base stadiis that the backhaul is intended to
be the user's broadband connection. However, ehengh several vendors have
released their femto products, the adoption ofdlstations has been very slow and very
few operators have advanced beyond the trial pAdsaefore, UMA has begun to gain
momentum again and be considered as an intermesbiédgon to address the home
market and extend indoor coverage. The evolutionJMA now also allows the
inclusion of traditional fixed access voice serviga the use of a terminal adapter.
While this feature does not provide any mobilitydoes ease the convergence of old
fixed voice networks to newer technologies andvadlaising the same authorization,
billing and subscriber management systems as inlaelnetworks. Also, it allows
subscribers to continue using their older equipmé&otr the subscriber it does not
provide any noticeable difference, but for the apar it brings the advantage of
providing the service via a fixed broadband conoadhat does not need to be operated
by the same company (see Figure 10).
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Figure 10. UMA Fixed Access Solution

An additional proposal is to use UMA as the maienworking solution with LTE. The
proposal has been brought up by a new consortiuowikras VoLGA (Voice over LTE
via Generic Access) (VoLGA 2009). The founders lois tconsortium include the
majority of major wireless telecommunications equgnt vendors and aim at pushing
the standard in 3GPP. Particularly since the chéacevoice service solution is still
under debate and unclear in the LTE case, UMA isgopushed as a proven option for
interoperability. Despite this movement there anky dwo major operators using UMA
(T-Mobile and Orange), and a number of smaller ombéss, the future of UMA is very
likely tied to the technological decisions these twperators take.
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2.4.2 Mobile IP

Mobile IP (MIP) is a technology that can be usegtovide interoperability between
wireless networks that support IP (Perkins 2008).tRe VolP case, MIP allows a user
to appear to have the same IP address to the etideuser despite the fact that the IP
address might have changed. This allows VolP sestmcontinue during mobility. IP
addresses can change for a number of reasons.e@senris when a user gets a new
address once he joins a new network. The process fnoving from one network to
another will result in an outage, which for VolRoshl be as seamless as possible.

MIP technology is not new and the standard waslified in 2002. However, it is
neither widely supported nor implemented yet. Lilsavthere are MIP version 4 for
IPv4 support and MIP version 6 for IPv6 respectivéh this work we focus on MIPv4
because the majority of networks are still IPv4daad ikewise, MIPv6 has been proved
to be less optimal than MIPv4 in regards to outtigpe due to the larger amount of
signaling involved (Fathi & Chakraborty 2007).

With Mobile IP, the VolP call can be transferredotze of the newly available networks
and enable VoIP continuity. The technology requiseknown Home Agent on the
Internet and the VolP handset to have a configietlile IP client. The Mobile IP
procedure in a VolP call would be as follows:

1. Clients register to a VolIP server via the Interagihg their home IP addresses
(i.e. IP-A & IP-B)

2. Clients can call each other via the Internet.

3. The mobile client gets a new IP address (i.e. IP-&hen it joins a different

wireless network (i.e. WiFi to 3G)

4. The mobile client informs the Home Agent that ishl#en assigned a new IP
address (IP-A*).

5. The Home Agent captures all packets destined ferolder IP address (IP-A)
and forwards them to the new IP address (IP-A*ead.

This procedure, however, has a drawback. Since lityolsi achieved by means of the
Home Agent capturing and forwarding packets todbeect address, all packets must
pass through the Home Agent. Therefore, the phlysication of the Home Agent
plays a role in the end user performance, sinckgiaenight be routed via a suboptimal
route causing additional delays.
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3 Related Work

In this section, we will provide a summary of tleated works relevant to our study
areas, i.e. wireless broadband performance, int&mg solutions, VolP signaling
performance, and battery lifetime respectively.

3.1 WiFi Mesh

The performance of WiFi networks have been studiddnsively and a large number of
works are available studying WiFi deployments iddar (Cheng et al. 2007, 2006;
Tang & Baker 2000), corporate (Balazinska & Cag@®3) and conference meeting
environments (Balachandran et al. 2002; Jardosdl. €2005a, 2005b; Mahajan et al.
2006; Ramachandran, Beldin-Royer & Almeroth 2004diiRy et al. 2005). These
studies focus mostly on application level perforoenn addition, several studies of
University WiFi deployments have been publishedrgépg user behavior (Henderson,
Kotz & Abyzov 2002; Hernandez-Campos & Papadop2005; Kotz & Essien 2002;
McNett & Voelker 2005; Schwab & Bunt 2004; Thajchpgpng & Peha 2003).
However, in this thesis we focus on city wide owtdaleployments using mesh
technology. In regard to mesh technology, therprisr work available investigating
several of the limitations of single-radio meshwwks. For instance, several papers
(Anastasi et al. 2005; Chen & Zakhor 2006; Xu et2803) investigate the effects of
starvation of TCP over wireless networks; whichthe reason why the available
bandwidth is reduced considerably with multipleras# different hops. However, these
works do not demonstrate the effect of starvaticm measurements or simulations.
Additionally, another group of papers (Chen & ZakR606; Gambiroza, Sadelghi &
Knightly 2004; Garetto, Salonidis & Knightly 2008)vestigate options (e.g., rate
limiting) to counter unfairness and possible staora Many studies (Akyldiz & Wang
2005; Kim et al. 2006a; Tobagi & Kleinrock 1975)\kalso been made on the effect of
the hidden node problem and these studies propmsaad solutions to it. However,
most of the solutions require changes in the acnedgs and also in the clients. In
regard to the number of VolIP calls supported in hmestworks, several papers
(Nicolescus et al. 2006; Ting, Ko & Sim 2005; Weae 2006; Gidlund & Ekling 2008)
show similar results; other papers (Wei et al. 20880 analyze optimizations that
could increase the VoIP call capacity. Furtherrdrere a few number of measurement
studies on the MIT Roofnet mesh network (Aguayalet2004; Bicket et al. 2005;
Biswas & Morris 2003; De Couto et al. 2003). Thessasurements differ significantly
from ours since they are based on a single-tienitature, while most commercial
deployments are based on a two-tier architectug, (§oogle network). Also, some
studies of a two-tier architecture are availablan(p et al. 2006, 2008However, the
available research does not focus on the perforenahceal-time applications such as
VolIP, the network capability to carry voice as anjary service, or measure the
coverage area of such deployments with voice sernviamind. Measurements on live
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commercial networks such as the one in this stuekewot available during the time of
our study. Nevertheless, recently some groups pabéshed some papers that further
extend our work. For instance, (Robinson, Swamarat& Kinightly 2008) extended
the Google network evaluation by developing a fraork to determine the location of
measurement points to evaluate an outdoor wirglessork performance. Likewise,
other papers depict the user behavior and usatigtissof public mesh WiFi networks,
including the Google network (Afanasyev et al. 20B8k et al. 2008). Finally, some
recent works evaluating the economical feasibititydeploying city wide WiFi mesh
networks also support our conclusions, which aat iths currently too expensive to be
considered an alternative to cellular technolodidsang 2008)

Although the business case for deploying city widi&i mesh has not been successful,
there are many networks still in the planning phese others in the deployment phase
(Vos 2009). Likewise, WiFi mesh using off the sheljuipment and open source
software has been trialed in rural areas in emgrgiarkets (Johnson 2007). This latter
case is very particular, since due to the almostptete lack of Internet connectivity in
these areas WiFi Mesh can result in being vergetitre despite its limited performance
and low capacity at many hops distance. Furthés,tyipe of environment is likely to
have much less interference compared to urban.ak@asxample of such network is
the Mpumalanga mesh project in Africa (FMFI 2009).

3.2 WCDMA and HSDPA

Although, there is prior work investigating the Yoperformance in WCDMA and

HSDPA systems, it is not very extensive and mostiged on simulations. The main
difference between the simulations and our studsth& simulations are focused on
system VolP capacity while our research focusegrafito-end voice quality and end
user experience as well as the required steps pooiwe it. Therefore, we extend the
available research by providing an additional ihsign regard to mobile VolP

performance from an end user perspective.

For instance, (Poppe, Vleeschauwer & Petit 200@1pQ@se an analytical model to
study VolP performance in WCDMA and provide an iddaseveral of the variables
that should be considered. Their conclusion is thptoper parameters are chosen in
the air interface and VolP application, WCDMA ideako provide good voice quality.
Another study (Cuny & Lakaniemi 2003), carries aut end-to-end simulation. The
major finding of this work is that it notes the iorfance of RLC UNACK mode for
VoIP service. However, the simulation results actsdor the radio interface only and
does not account for the potential delay resultongitter buffer, header compression or
processing delay at the client. Another simulastrdy (Bajzik et al. 2006), also notices
the importance of reducing RLC retransmissionsmprove performance in FTP and
HTTP browsing. However, this work does not addrssenportance for VolP services.
In our study we will show that VolP over WCDMA iosgsible only with very low
quality, thus differing from the conclusions in $keeother papers.
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Some performance simulations are also availableHSDPA and HSUPA. These
simulations only provide a capacity figure basedatelay budget. The simulations can
be divided in two groups, those that only accowntthe air interface, and those that
account for other delays in the system (networlayletadio access delay, processing
delay, compression delay, etc.).

The works that focus only on radio interface de{Byaga, Rodriguez & Cavalcanti
2006; Rittenhouse & Zheng 2005; Chen et al. 2008aden & Kuusela 2007; Seo &
Sung 2006; Wang et al. 2005) commonly use delagétsdof 80, 100 and 150ms and
do not account for encoding, processing, jitterfdruimplementation or compression
delay. The larger the delay budget is given torditko interface, the higher the capacity.
For this reason it is common to find figures basada 150ms radio interface delay
budget. However, if we consider that VolP qualibhosld be comparable to current
circuit switched voice, it means that the total -¢ém@&nd delay should be at the most
250ms. Therefore, if 150ms of the total delay isuased for the radio interface, it
means that there are only 100ms left for all theeotequired aspects in the system. We
believe that this is unrealistic in the near fufuaad that at the most 80ms should be
assumed to model representative scenarios. Mdbesé simulations compare different
scheduling algorithms and the possible VoIP capaaiprovement with some of the
proposed schedulers.

In the case of studies that consider an end-toeiay budget (Kim 2006b; Hosein
2005; Ericson & Wanstedt 2007; Folke et al. 200feiCet al. 2008b), the assumption
is between 250-300ms. These studies usually jk&t the delay budget as a target
baseline rather than break it up into different poments. Two studies, however,
provide values for the processing delay including jitter buffer implementation. One
study (Kim 2006b) assumes 50ms while the othercéén & Wanstedt 2007) considers
it to be 40ms. As we noticed in our experimentshweal handsets and VolIP clients,
assuming such short delays is overly optimistic dads not represent actual handset
performance. Other works (ITU-T 2003; Cisco 200@wvde some estimated values for
processing delays in laptop clients. In additiolgrge amount of the studies simulating
capacity assume that header compression is utilidedvever, doing so will incur
additional processing delays that are not modelbeére The available simulations also
focus on comparing different schedulers and findirkigch ones provide higher VolP
capacity. However, some simulations (Ericson & Wedlis 2007; Folke et al. 2007)
point out that VolP capacity should not be the ofdgus of study and that it is
important to consider prioritization of VolP packetver other data in the deployed
schedulers. Such prioritization of VoIP is even enorucial for limited delay budgets.
Finally, there are also simulations of VolP outagees in mobility scenarios in
HSDPA (Lunden et al. 2008) and HSUPA (Wager & Sand|2007; Aho, Aijanen &
Ristaniemi 2008). The main finding of these workghat the factor that most affects
VoIP is velocity. For HSDPA, speeds of 50km/h aligdnave an effect, while for
HSUPA the system is able to support VoIP with sbatage times at up to 120km/h.
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In regard to live network performance, a limitedmher of works show empirical data
from live HSDPA networks (Jurvansuu et al. 2007 an even more limited number
provides empirical data for VoIlP (Kim et al. 2008j. this latter work, two live
networks in Korea are evaluated (HSDPA and WiMAXhe evaluation of VolP was
performed using Skype on a laptop. The conclusiaiie work was that voice quality
is only acceptable when no other data traffic isnrag in the background for both
networks, in which case the delay becomes too long.

Even though, it is understandable that the exacbding, processing delays and jitter
buffer playout delays are client specific, unldssytare modeled accordingly, or at least
to some extent, the differences in performance éetwsimulations and actual

deployments will remain very visible. Thereforesuks of simulations are only

comparable to laptop based performance at its hadt not to actual handheld

performance, which in the end is the primary ussedar VolP services. Our study

extends the available research by providing perdoce values from environments that
provide insight into real user experience. Withstheesults, it is possible to update
some of the simulation assumptions and have arbestenation on when the newer

features can make the most impact based on theatiaris of current hardware

equipment.

3.3 FLASH-OFDM

Due to the novelty of FLASH-OFDM network deploym&ntactual performance
measurements in live networks are not widely ab&laSome of the few live FLASH-
OFDM networks are T-Mobile in Slovakia (T-Mobiledn), Citizens in Virginia USA
(Citizens n.d.), Digita in Finland (Digita n.d.)né DigiWeb in Ireland. While some
other networks are planned, most of them areistitlialing phases or in the process of
bidding for a spectrum license. Performance metfamsd in press releases and
technology reports are as followsOne report mentions (3G Newsroom 2005) that
expected data speeds are 1Mbps on average in advamd 300-500kbps on average in
uplink. Further, (Unstrung 2004) claims the tecloggl realizes typical downlink speeds
of 1.5Mbps, with occasional bursts of up to 3Mbpad typical uplink speeds of
375kbps, with bursts of up to 750kbps.

After our live network study results with FLASH-ORD were published, some
additional works have been published regardingetbfiit tests in a trial network in
Sendai Japan consisting of only one cell (Izukale2008; Oguma et al. 2008, 2009).
These works differ from ours in several aspecteyThad only one cell rather than a
live network, had no background traffic, focused thmoughput only rather than
application performance, and did not measure deky key performance indicator.
Additionally, the trial network in Sendai operatgsa much higher frequency (2GHz),
while the tested network in Finland operates atughmiower one (450Mhz). Figure 11
shows the relative difference in cell size betwdwth frequencies. Therefore, the
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Sendai trial results are comparable with 3G netwatk2. 1GHz with regard to coverage
area.

Footprint comparison:
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Figure 11. Relative Cell Size Difference at 450MHand 2GHz

The trial results with one cell (Izuka et al. 20@8pw that downlink throughput above
1Mbps is possible within 1km of the base statiorowdver, throughput can be
significantly impaired by inter sector-interferenaden the same frequency band is
used in all three sectors, in these cases, thageelownlink throughput is only around
300kbps. Their conclusion is that inter-sector riet®nce reduction schemes are
necessary. Inter-sector interference issues wemepkviously studied by (Tsumura et
al. 2005). Subsequently, (Oguma et al. 2008) ext¢hd study by testing the effect of
frequency reuse factors of 1 and 3, with the forgelding better performance. Finally,
(Oguma et al. 2009) carried out further tests agman finding the optimal antenna
height. The results show that the base stations antenna heights of 19m, 58m, and
84m can provide coverage of 600m, 800m, and 1.3&speactively with downlink
throughput up to 1.5Mbps at cell edge.

FLASH-OFDM has also been developed for other bssineases. For instance, in
addition to common subscriber use, FLASH-OFDM wasduin Finland for updating
the GPS location of public buses in real time (@450 2007) (see Figure 12).
However, the public transport company operatingehleuses has recently announced
that they will discontinue this service due to higist (Lehto 2009). Another use case
was from TeliaSonera, in which FLASH-OFDM was useda replacement for fixed
lines in very remote rural areas in northern FidlaRurther, (Riihimaki et al. 2008)
evaluated the feasibility of using FLASH-OFDM iraitns. The resulting conclusion is
that FLASH-OFDM is a viable pre-stage solution eéoused in the meantime until other
wireless broadband technologies (e.g., WIMAX, HSP&# LTE) become widely
available. Denmark and Japan are some of the dgesitlanning trials for the railroad
use case.
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Figure 12. Helsinki Bus and Tram Location Service sing FLASH-OFDM (HKL 2009)
3.4 Interworking with UMA

There are very few related works focusing on UMAd anone of them focuses on
service performance. To the date of this writifge tesults presented in this thesis

The most closely related work is from (Kale & Scimgker 2009), in which UMA
handover mechanism and reliability is compared WI®C. The results of this work
show that both technologies are comparable. The mifierence in this work when
compared to ours are firstly that it is based amusations, and secondly that it
considers 3G as the access technology. Howevesjdmimg 3G over 2G for the circuit
switched side of the call does not matter, sineepérformance is similar in regard to
access delay (Venken & Vleeschauwer 2004). The dvardsignaling delay metrics of
this study were obtained via simulations and aeeftfiowing: (1) 3G-to-UMA 320ms,
(2) UMA-to-3G 290ms, and using VCC (3) 3G-to-WiRs@ns, and (4) WiFi-to-3G
380ms. Unfortunately, the authors do not show tetaesults on what are the possible
actual voice outages during the handovers. Ingtidy the handover delay is simulated
based on signaling required and the assumptiogereéral delay of the access networks
considered. However, the signaling considered dedumessages that do not affect the
actual voice outage during the handovers. Neversiselthe metrics are somewhat
comparable to our measurements. Other works haueséol on other aspects. UMA
feasibility over IMS is evaluated in (Borger et &006), claiming that the UMA
solution is much more expensive to develop than.I1& possible security issues and
counter measures are presented by (Grech & Erod@s; Zhang, Yang & Ma 2008).
Further, (Yaqub, Ul-Haqg & Yahya 2008) points outngoof the limitations of the UMA
architecture, which are mainly that the technolagycoupled with GSM/3GPP
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networks. Other works also propose the use of UMAaa authentication mechanism
for other services (Oh et al. 2008) such as thet&itylultimedia Broadcasting (DMB)
video. That is, use the already integrated autbatdin system in UMA for DMB
services. Handheld based auctions are another gedmervice that could benefit from
UMA mobility and service continuity (Tsai & Shen @0. In addition, an analytical
model for estimating 3G UMA energy consumption resented by(Yang, Lin &
Huang 2008).

3.5 Interworking with MIP

In regard to Mobile IP and the disruption time dgrimobility, there are a number of
papers based on simulations (Fathi, Prasad & Chakisa 2005b; Jung et al. 2003;
Sharma, Zhu & Chiueh 2004; Musasinghe & Jamalif&f@8), with some focusing on
VoIP disruption (Chao, Chu & Lin 2000; Kwong, Gerka Das 2002; Belhoul,
Sekercioglu & Mani 2006). Most of these papers mersthe delay between the mobile
node and the Mobile IP agents for the calculatiarisle some also take account of the
wireless link delay as well. The published reswlith a VolP focus differ greatly
between each other and values range mainly bet®&8s1s and 800ms, and in some
cases even several seconds. Other papers onhdeotisé signaling involved in MIP to
carry out the simulation (Medina, Lohi & Madani &)OAdditional research in (Fathi,
Chakraborty & Prasad 2005a,; Fathi & Chakrabort@7®utlines the differences in
performance between the MIPv4 and MIPv6 schemesweMer, empirical data
supporting the simulations is not widely availal®®me papers such as (Zeadally et al.
2004; Tseng et al. 2008ye among the few that provide measurements fromctual
implementation, and focus only on mobility scenauti@tween WiFi to WiFi. In regard
to the performance data of VolP between WiFi antllee data (i.e. 2G and 3G) the
available research is even scarcer. The most gloskdted work is (Grech, Haverinen
& Devaparapalli 2006), which provides mobility messments between 2G and WiFi.
The setup was a laptop with a Mobile IP client ameng packets similar to VolP
packets during mobility, and used the Dynamics Néoli? implementation (HUT n.d.a,
n.d.b). It must be noted though, that since noactice packets are transmitted,
neither encoding/decoding nor packet loss concedlmlgorithms are in place either.
The results show that seamless mobility (no nolilsedreak) is possible, except in
cases where radio resources from the cellular mktare released. In such cases, the
data outage is approximately 2.5 seconds. The tse$tdm (Grech, Haverinen &
Devaparapalli 2006) are faulty since it is well y@o that mobility with MIP will
always create a disruption, and thus these measuatsnare unreliable. Our research
extends the available MIP research considerabinddyding actual measurements with
commercial handsets, embedded VolP clients, Intdraged VolP servers and Mobile
IP agents, and by comparing the results with tleezeafientioned available research.
Further we estimate the possible performance of MdiRlifferent future wireless access
technologies based on our empirical data.
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3.6 Signaling Performance

SIP call setup delays and signaling performances limen studied previously mostly
for Internet scenarios. The ITU-T E.721 (ITU-T 1998commendation and (Lin et al.
1999), provide call setup delay recommendations ciecuit switched and Internet
Telephony systems respectively. Additionally, (EBy& Schulzrinne 2003) provides
guidelines for Internet Telephony call setup arghaling transfer delays. In regard to
3GPP based wireless accesses, (Kist & Harris 2p@R)ides simulations for transfer
delays with 3GPP signaling, while (Fathi, Chakrayp@& Prasad 2006; Pous et al. 2003)
modeled signaling performance. Further, (Curcio &ndlan 2002) provides
measurements for a WCDMA setup using laptop clidatslocal, international and
overseas calls. Most of the mentioned researchséscon simulations, and does not
consider some end user cases such as calls inessranvironments starting from
different states. Additionally, performance withféient wireless radio accesses and
configurations under the same conditions is notlabi@. Also, the available works do
not use an embedded VoIP client in a handheld mdbriminal, which yields different
delay values than with a PC. HSDPA signaling penfmmce has not been evaluated
either. Our research aims at covering these itéFhg. importance of evaluating a
mobile terminal relies on the fact that the evehsubstitution of CS based calls in
3GPP networks (HSDPA and WCDMA) for VolIP calls wake place with a handheld
mobile device and not with a PC or laptop. Likewiseilti radio can provide ubiquitous
access via different wireless access technolob@sperform differently. Furthermore,
the use of VolIP instead of CS calls has an additiampact with regard to battery
lifetime. The work most closely related to ourgkaverinen, Siren & Eronen 2007),
which makes an empirical analysis of radio resowasrol timers and their effect on
energy consumption for NAT keep-alive messagesubitions by (Lee, Yeh & Chen
2004; Yeh, Lee & Chen 2004) have been done onahme gopic. Our work extends this
research by presenting measurements during adW@l registrations over multiple
accesses.

The lack of actual measurement performance valubterature could be mainly due to
the unavailability of integrated VoIP clients inethierminals and available HSDPA
networks. However, with the introduction of somekiomulti radio devices with VolP
capabilities (e.g., N95, 6110), using SIP basedPVapplications without a PC is
possible. The VoIP server can be any IETF or IMSedaserver reachable via one of the
wireless accesses.

3.7 Always-On Energy Consumption

The related work in regards to always-on energysemption in cellular networks is
very limited. Amongst the few works available akayerinen, Siren & Eronen 2007),
in which the effects of different configurationg fellular states are studied. This study
focused on WDCMA. Other works are available for Wekaluations although energy
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consumption in WIiFi can vary greatly depending omvides, access points,
configurations and additional features that mightnaght not be in place such as
802.11e. For that reason, WiFi energy consumptsoa whole is not considered in this
literature review. For an overview of the energypsumption variables in WiFi with a
VoIP focus refer to (Gupta & Mohapatra 2007). Ouorkv extends the available
research by including different configurations, sidering WCDMA, HSDPA and also
future 3GPP features. Likewise, our data is obthitterough measurements from
commercial handsets running embedded VolIP clientdifferent wireless access
technologies using the same hardware and softwéatomns to provide a fair
comparison.
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4 Summary of Results

4.1 WiFi Mesh Performance

In our evaluation of WiFi mesh, we first studied IFgerformance in an actual, fully
deployed state of the art network in Mountain Vieperated by Google (Google n.d.).
The main network characteristics of this networkhat time of the study are given in
Figure 13 Subsequently, we studied in the lab the performah@mesh network of a
single-radio platform against some key performametrics relevant to VolP.
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Our study of the Google network had the goal oédeining the performance level that
can be achieved in different common VolIP calls.(eSkype) and data applications.
VoIP calls are especially relevant in order to assehether WiFi mesh networks are a
serious alternative to cellular networks. All theesarios and tests were carried out in
outdoor conditions. The performance indoors wasetqa to be worse than very poor
indoors due to signal attenuation and, since wewvetoa rather poor performance
outdoors in the first place, the indoor case wagtethin this study.

The results of this study showed that the voiceliyuaf this network varies

significantly. The main reason for variation is tAmount of interference caused by
other radio devices operating in the unlicensedtspe, particularly DECT phones and
other access points nearby. This is a big issume strcan cause voice quality to greatly
degrade making the quality of the voice servicecaaptable. Further, our results show
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that the amount of access points is not enough réwige continuous coverage.
Therefore, VoIP calls drop when the user movesaddition, in a lab environment we
evaluated the upper bounds for VolP user capaaigygusingle radio technology in
order to understand the number of users that cbeldupported per AP cluster. Our
results and previous work show that the maximum bemof VolP users with toll
guality in single-radio mesh networks is aroundéef pluster under excellent signal
conditions (Ting, Ko & Sim 2005; Nicolescus et 2006; Wei et al. 2006). With the
current average of 5 clusters per square mile, eams in theory that WiFi mesh
provides a maximum of 35 VolP users. However, iacpce, with the current cluster
configurations, providing good signal coverage asyvchallenging, and such capacity
limits are hardly reached. Furthermore, these taticuns are for external outdoor
coverage only. The current AP density provides \mgr indoor coverage, if any. In
contrast, the voice capacity in cellular networksiound 40 users for a cell covering a
square mile with very reliable indoor penetrationd aquality of service assured.
Moreover, already standardized Release 7 featullesnerease capacity considerably
to over 100 users (eds Holma & Toskala 2007).

Based on empirical data and radio estimations, uvthdr calculated the amount of

access points that would be required to providedgomverage for VolP service. The

resulting amount is at least 81 APs per square opifosed to the current average of 30
in the deployed networks (e.g.,, Google networke Timpact of the cost of and

capacity increase of a mesh deployment with 81 sscqmints per square mile is

depicted in Figure 14.
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Figure 14. Cost Comparison: TRX CAPEX ($USD)
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The cost for providing a WiFi mesh network with peo VoIP coverage risess to
roughly 270 thousand dollars per square mile. Imrest, the cost of building a cellular
network base station site costs around $30,000 (Sidser et al. 2006). However,
cellular macro sites and installation costs carhghe cost to $100,000 USD in some
cases. This shows that the cost of current WiFinteployments is already similar to
cellular and the cost of deployment does not pmvah advantage over cellular
deploymentsCellular deployments also provide much better cager(e.g., indoors)
where WiFi is heavily handicapped due to outdoeinttoor wall attenuation.
Nevertheless, it is important to note that cellul@ployments require an expensive
licensed spectrum and relatively expensive sitiswyever, in the case of an existing
cellular operator, spectrum licenses and sites trafkady be available from previous
deployments.

4.2 WCDMA and HSDPA Performance

For our 3G evaluation, we studied the quality ofI*an WCDMA and HSDPA
networks both in the lab and in live network enmimeent setups by conducting a
methodic (methodical is more commonplace as ancagg performance analysis
based on the E-Model. Our study takes into conataer both the performance of the
network and also the performance of real embeddelP \tlients. In addition, we
validated the results of our study by comparingrthe the actual performance in a
densely deployed HSDPA network in Finland. Our dgptlient was modeled with a
jitter buffer of 120ms, which is the same size fdun the native VolIP client in Nokia
devices.

Our results are consistent and show that the aetliguality in the HSDPA system is
competitive. Based on ITU-T G.107 (ITU-T 2008pality was on average medium for
HSDPA in both laboratory and live scenarios. Therage MOS in the lab environment
was 3.7. This is a good figure especially consiagethat typical PSTN systems provide
MOS values around 3.5. In the live network the M@%ie was between 3.4 and 3.5 for
the majority of scenarios. In the case of WCDMAaliy differed depending on the
bitrate supported. WCDMA 128/128kbps provided lowalkty and WCDMA
64/64kbps gave poor quality. Quality in WCDMA 1288lis not optimal and is around
MOS 3.0 at its best, while WCDMA 64/64 MOS was o8lg5. ITU states that MOS
below 2.5 provides an unacceptable voice quality Hrat nearly all users will be
dissatisfied with such a service. Furthermore, weduated the additional delay that is
incurred when using actual embedded VolP clients. carry out this task, we
established actual VolP calls between devices uiagsame laboratory environment
and measured the total end-to-end delay. With #sailts we estimated the client
processing delay by subtracting the average emhdodelay from our tests based on
the E-Model using a laptop client. The result isgioly a 210ms additional processing
delay when using a real embedded VolP client. Vaige differs considerably from the
more optimistic embedded VolP client processingagleéstimations of 50-75ms
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available in research from (Kim 2006b; Ericson & Wtdt 2007). A summary of the
VoIP results is given in Figure 15.
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Figure 15. WCDMA and HSDPA VolP Performance Evaluaton

The estimate of embedded client processing delaggeesentative for generalization
purposes since Nokia accounted for 51% market sblasgnart phone devices at the
time of this study (2007). During 2008, with thdéraduction of the iPhone, Nokia’'s
market share decreased to 39% (Canalys 2008). thieless, Nokia’'s market share is
still significant and the results from the N95 simpalnone are still valid as this was
Nokia’'s flagship device. In addition, the newersren of the device (N96) released in
2008 has a very similar processor which shoulddysehilar performance.

The resulting conclusion is that at the current raointhe performance of VoIP in 3G
networks is far from optimal. Even though the idwotion of HSDPA significantly
reduces the user-to-user voice delay, the performa satisfactory only for selected
devices. Overall, the end user experience is gghificantly worse than with circuit
switched solutions and is not acceptable. End-td-&lay is the main reason for low
voice quality. In particular the embedded clienbgassing delay (210ms) and the
additional delay from the jitter buffer implemendst (130ms) already surpass the
recommended delay guidelines. Therefore, it isegeitsy to understand why VolP does
not perform well in current systems with handheddntinals, and particularly live
networks, even when the round trip time in the l@ss interface is low. The final end-
to-end delay is just too high. It must be notedutitg that in a laptop VolP client there
will also be an additional processing delay. Thedagl was not modeled in our study
since our test software did not encode or decogeaatual voice, which makes our
results even a little more optimistic than a reakse However, such delay is
considerably lower, ~50ms (Cisco 2007). Thus, stibOms lower than with the mobile
device tested.
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Future features such as HSUPA in further 3GPP sekavill improve performance
slightly. For example, the expected average rouipdtime for HSUPA networks is
roughly 65ms (a reduction of 20ms compared with R8P This reduction however
does not improve the VolP quality when using adppihat is, the average MOS with
a laptop will still be the same. Contrastingly, #agected quality improvement for an
embedded client is about 0.2 points in the MOS escblowever, if some HSUPA
features like UNACK mode are enabled in the wirelestwork, it will be possible to
reduce the size of the jitter buffer implementatwithout compromising the VolP
quality. This feature, however, is not yet avaikabl deployed networks. Therefore, a
reduction in the client processing delay is extdgmeaportant in order to seriously
improve the VolP quality in the mobile environment.

Finally, we provide an estimation of the possibkrfprmance roadmap in a static
scenario given that the mentioned improvements pédee. For this performance model
we show values for two scenarios: (a) laptop Vdléent, (b) lab vs. live environment.
The reason for these scenarios is that handset 8M@ifts require additional processing
power and that live networks incur an additiondagdé~40ms). In addition, to make the
model as realistic as possible, we model the roadogatothe performance of the
reduced, but still accountable processing delay lmptop client (~50ms) (Cisco 2007)
Thus, this will be the case in which a mobile hatdsgs as much computing power as
laptop The model considers a scenario with good sigmahgth in which packet loss is
not an issuelable 3summarizes the assumptions

Table 3. Assumptions in the VolP Performance Road

HSDPA HSUPA Jitter Buffer Processing
Lab Live Lab Live Delay (Mobile)

L)

Delay | 85ms 125ms 65ms 105m 130ms 210ms

Figure 16 shows the mobile VolP performance roadfoapmbedded clients. The first
improvement comes with the use of UNACK mode. Thade will allow delay to be at
a stable and lower level than with the ACK modedusecurrent networks. Since we
can assume that there are no RLC retransmissidhghis mode, the jitter buffer in the
VoIP client can be reduced from 130ms to 80ms. $izie should be able to handle the
delay variation in the wireless network. Further davices mature, we can expect better
handsets with more processing power to emerge.\Méiy hard to estimate the rate for
this improvement, but we provide stepped estimatfoom 210ms in current devices, to
150, 100, and finally 50ms respectively. With tinmdmap we can notice that the
handset processing delay needs to be at the mostslid order to provide VolP quality
at a similar to old analog voice networks. Howeuer,provide toll voice quality,
processing delay needs to be reduced further tosb5@rhich is unlikely in the near
term.
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Figure 16. Mobile VolP Performance Roadmap for Handets (G.729 codec)

4.3 FLASH-OFDM Performance

In this section we evaluate a live FLASH-OFDM netkvan Finland deployed by
Digita. The FLASH-OFDM network in Finland goes undke commercial name of
“@450". It was opened to the public on April 1, Z08nd it is expected to cover the
whole of Finland by the end of 2009 (Digita n.dDhis network uses a recently
reallocated spectrum (450MHz) which allows coverendarge area with a limited
number of base stations. Our VoIP quality evaluati@s the same as the one used to
evaluate the HSDPA network in Finland describedthe previous section. We
evaluated VolP quality in different signal conditgo(excellent, medium and poor) and
in a mobile scenario. The FLASH-OFDM network operatlaims to have excellent
coverage along the route in their coverage mapgitéC2007)

The results from the experiment show that the @eedelay is low (40-50ms) and does
not fluctuate much. Further, the delay is also Istaven in mobile scenarios. This
contrasts largely with HSDPA in which mobility caégsdelay variation and packet loss
to increase considerably. The FLASH-OFDM systemalike to handle VolP with call
toll quality in both static and mobile scenarios@8l = 4). Only in areas with poor
signal is voice quality reduced to medium (MOS 4)3However, the coverage in the
network is dense enough to provide a high prolgbodf areas with good signal
conditions.

As a remark, the VoIP results presented are foroffased VolP communication.

Therefore, even though jitter buffer delay is cdesed, the embedded VolP client
processing delay is not included. Since at the tinthe study there were no available
FLASH-OFDM handsets, it was not possible to estam@abcessing delays in handsets
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accurately for this system. Likewise, it would &t fair either to use values from 3G
handsets either since the software platform andatipg systems can differ.

The main conclusion when comparing FLASH-OFDM vit8DPA for VoIP service is
that FLASH-OFDM clearly outperforms HSDPA. Howevdre capacity for FLASH-
OFDM is much lower than HSDPA, 3Mbps opposed to bpMin HSDPA. Therefore,
even if deployed at a low frequency spectrum sisch5MHz, a large number of base
stations would be needed to support densely paui@ateas and the lower attenuation
would not be an advantage any longer. In contfastural cases a single base station
can cover a very large area. If we further geneeathe feasibility of deploying one
network over the other, we notice also that thectspm at low frequencies is neither
widely available nor cheap. For this reason, offlehASH-OFDM trials are evaluating
the 2GHz spectrum (e.g., Japan). This would regheesame amount of base stations
as HSDPA and provides a much lower capacity. Furtbee, since FLASH-OFDM is a
proprietary technology, it has a lock-in factor,igéhlimits the provider choices and
terminal availability. Therefore, the main benefit FLASH-OFDM when considering
its limitations are scenarios in which: (1) molyliat high speed is common (e.qg.,
trains), or (2) rural environments lacking telecoomcation infrastructure and with a
low frequency spectrum available.

4.4  Interworking Solutions Performance

4.4.1 Unlicensed Mobile Access (UMA)

We evaluated the mobility performance of the UMAtsyn between GSM and UMA
handovers. Our focus is two-fold. First determine performance of the whole UMA
registration and handover procedure, and secorad\vtiice outage time during the
handovers. To measure the procedures, we trackedigimaling data required when
establishing a voice call and while moving in and of the UMA coverage area. The
measurements were carried in an interference fick@or laboratory environment.

The results from the registration and handovers sorements carried out are
summarized in Figure 17 and Figure. These figures show average values for the
whole signaling procedure. The voice outage thatiscdue to the handover is only the
area marked with a star. That is, 27ms for GSM-MAUhandover and 199ms for
UMA-to-GSM. The handover performance is good andirie with typical breaks in
GSM networks (120-220ms) (3GPP 2003). Finally, algh we could not test
WCDMA-to-UMA handovers, the performance will be yesimilar if not better, since
the difference in circuit switched voice accessagdbetween GSM and WCDMA is
only around 10ms.
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4.4.2  Mobile IP (MIP)

To evaluate Mobile IP, we carried out mobility sesduring VolIP calls using a
commercial 3G network in Finland and a local WiRklconnected to the Internet in an
interference free environment. The VolP client waes default client preinstalled in the
Nokia N-series and E-series devices. The Mobilelight was purchased form Birdstep,
and the Home Agent located in Scandinavia. The liplperformance was evaluated
at two levels, signaling level, and voice outageetiduring handovers.

Our results show that signaling is disturbed dummgpility resulting in an increased
delay and in some cases requiring message retrssisms. The average values for the
periods in which this abnormal message flow waeoiezl were 325ms for WiFi-to-3G
and 140ms for 3G-to-WiFi. The measurements resoitgoice outage during mobility
show that mobility from WiFi-to-3G results in a lper break (600-700ms), than
mobility from 3G-to-WiFi. The effect on user expaice from this break is one to two
words lost when moving from WiFi-to-3G, and threeféur words lost when moving
from WiFi-to-3G.

When we compare our results with the availablegoerénce values in the literature we
notice that the only algorithm that provides simifasults is the one presented by
(Fathi, Chakraborty & Prasad 2006; Fathi & Chakrapd®007). The simulation
presented by Fathi shows that a wireless link ®@ms delay (similar to WiFi) would
result in ~100-150ms disruption time, and a wirgliask with 200ms delay (similar to
3G) would result in 600-800ms. This latter brealcamsiderably higher than typical
GSM handovers (120-220ms) (3GPP 2003), but itrslai to breaks encountered in
WiFi-to-WiFi mobility in deployed networks when WP&ncryption is used.

This algorithm (Fathi, Prasad & Chakraborty 200%)remarkably close to our
measurements. Thus, we consider it as a represengdtiernative to model Mobile 1P
performance due to its close estimation values withempirical results. Therefore, if
we further model evolved 3G wireless radio linkSEPA, HSUPA, and HSPA+) with
this algorithm, we notice that the performance @aprove considerably. Table 4
summarizes the performance results from our meamnts and performance
estimations for future 3G releases.

Table 4. Mobile IP Performance Summary

Handover Wireless Link Audio Break Perceived _End
Delay User Experience
Measured W_CDMA to WiFi 200ms ~100ms 1-2 words lost
WiFi to WCDMA 25ms ~600-700ms  Several words lost
WiFi to HSDPA 85ms (Rel. 5 ~275-450ms
Estimated | WiFito HSUPA | 65ms (Rel. 6 ~225-350ms
WiFi to HSPA+ 45ms (Rel. 7 ~175-275ms
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4.5 Signaling Performance and Energy Consumption

Besides VolP audio quality, signaling and battéigtime also play a relevant role and

can affect end user experience. In this sectionstwdy the main signaling delays that
take place in a voice call (registration and vaiat setup delays) and compare them for
different wireless broadband access technologig®wise, we present some possible
optimizations such as using always-on mode and thaivbacks. Signaling delays and

total battery lifetime affect the perceived endrusgperience directly, and thus are
important items to consider in addition to the @levoice quality.

To evaluate VoIP signaling, we carried out VolFAsahd captured signaling packets to
determine performance with different wireless ascestworks (WiFi, WCDMA and
HSDPA). Our terminals were identical Nokia N95 de&d using the preinstalled
embedded VolIP client and with the same configunatidhe measurements took place
in an interference-free lab environment.

The registration delay, and call setup delay aeetwo measurements affecting user
experience the most (see Figure 19). The registraelay is the time it takes the user
to get access to voice services. The call setugydplost-dial-delay) is the time it takes
from the moment the user pushes the call buttoih thietmoment the phone rings at the
other end. These delays can be cumulative in tesediler is not yet registered to the
service prior to making the call.
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Figure 19. VolIP Signaling Performance

ITU E.721 (ITU-T 1999) recommendation for call getelay in circuit switched calls

is 3 seconds for local, 5 seconds for toll anddsds for international connections, and
6, 8, and 11 seconds with 95% probability. Sin¢¢hal network elements were located
in a private network for our tests, the environmeart be thought of as providing local
calls. The results show that only HSDPA and Wifg able to provide performance
similar to circuit switched calls. Our results alswow that the embedded VolIP client
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experiences an increased delay compared to a Bft,cluch as the one measured by
(Curcio & Lundan 2002) with a WCDMA network. In atidn, our results show the
cases in which a 3G data connection (PDP contettasion) has been previously
established prior to registration or call setupisTlatter procedure took ~3 seconds in
our tests, while (Pous et al. 2003) simulationeegiv2.2 second value. Unless users
have always-on connectivity enabled, the threeydeddues will be cumulative for each
call, i.e. PDP context activation, SIP registratiand call setup. Likewise, if always-on
Is not enabled, the VolP users are not reachabli@¢oming calls.

Always-on is a feature that allows mobile deviaekeéep a packet data connection open
even if the user is not actively using any sen/itlith this mode, different services can
remain active (VolP, presence, instant messagimgileetc.,) allowing the user to be
reachable and access services at any given timthelrcase of VolP, a user is not
reachable for incoming calls unless he remainsstegid with the VolP server.
However, maintaining registration to different seeg has an effect on battery lifetime
because the device is periodically sending messagdé®gep the service connection
alive. This is a trivial issue for Laptop clientsyt for handheld devices battery lifetime
Is a critical aspect.

Evaluating the energy consumption and its effectbattery lifetime for always-on
connectivity requires understanding two aspectst,fithe frequency of keep-alive
messages, and second, the time spent in each oélln&ar channels to send the keep-
alive messages. Each of the cellular channels wsettansmit and receive data,
CELL_DCH, CELL_FACH and CELL_PCH, consume a diffdreamount of energy.
Even though the 3GPP standards allow for differpossibilities for transition
mechanisms between cellular states, in generaltadyways are used (see Figure 20).

IDLE IDLE

1) or DCH FACH or
PCH PCH
IDLE IDLE

2) or FACH or
PCH PCH

Figure 20. Cellular Cell State Change Transitions

Option 1 in the figure depicts the case in datagmassion which uses a dedicated
channel (CELL_DCH). The CELL_DCH state achieves mmaxn throughput and
minimum delay, but at the cost of higher energyscomption. Direct changes to
CELL_FACH from IDLE or CELL_PCH (option 2 in thegiure) are only possible if
only a very small amount of data is transmittedlqive500 Bytes). However, SIP
messages used for VoIP are usually larger than y@8Band thus will trigger changes
to CELL_DCH most of the time. Further, the amouhtime spent in each of the cell
states is defined in the radio access network naiource control. If settings are set too
long the terminal will remain in CELL_DCH or CELLAEH states longer than what is
required for transmission. Operator configuratiara vary much. Particularly for
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broadband networks, it should be emphasized tleaetbarameters should be set as low
as possible.

Our experiment focused first on measuring the gn@gnsumption in each of the
cellular states and measuring the time spent oh ethem as well. Subsequently, we
captured signaling VolP packets to understand téguency of keep-alive messages,
which was every 50 minutes. The time spent in thterént cellular states in the
network used for our study had default parametei®®econds for CELL_DCH and 5
seconds for CELL_FACH. This setup is not optimalddroadband network, since due
to the high throughput achievable, data can bey fséint in much shorter periods.
However, settings with long timeout configuraticar® quite common, since previous
2G and WCDMA networks required a much longer timeransmit data. We propose
operators instead use 3 seconds for both CELL_D@d @GELL _FACH states. This
parameter optimization has a great impact on théetdyalifetime when always-on
applications are used. Figure 21 shows the imphgatameter optimization and its
effect on battery lifetime. In addition, a hypotlat scenario in which all messaging
could be transmitted in CELL_FACH is also presenidte reason for considering this
latter option is that it is proposed that futureF3Gstandard releases allow transmitting
up to 1Mbps in CELL_FACH state, which would be eglodor SIP messages.

Model based on: Impact of Always-On Applications on Battery Lifetime
Cell state consumption
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Figure 21. Decrease in Battery Lifetime

When always-on is used for VolP, it will reduce tbat lifetime by 10% in an
optimized network. However, if the network is ngtimized it could reduce lifetime up
to 25-30% This energy consumption is only for keeping thevise available, making
VoIP calls decrease battery lifetime further. Othpplications such as presence, push
email, and Push-to-Talk also require periodic mgssa Likewise, some network
elements such as network address translators (N4SD require periodic keep-alive
messages. Common default timeout settings in NA&svary short, 5-10 minutes for
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TCP and 1 minute or less for UDP. Keep-alive messagver UDP are commonly
required in connections that involve virtual prizatetwork (VPN) gateways, such as
enterprise push e-mail. The maximum timeouts péssibiepend on the NAT
manufacturer, e.g., 6min for Cisco (Cisco Systents; rHaverinen, Siren & Eronen
2007). These short intervals have a big impact mergy consumption and decrease
battery life considerably. Unfortunately, with sushort intervals, battery lifetime will
decrease considerably regardless of operator rad@mrce configuration. Furthermore,
when different applications are run at the same titneir required keep-alive messages
are not coordinated, which means that energy copgaomwould be even higher than
what we have presented in this study.
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5 Summary and Conclusions

This thesis considered the performance evaluatiotyaP in wireless broadband
systems. The performance was evaluated using tieadreiser experience models
developed by ITU-T and using empirical data froeldiand laboratory measurements.
The results concluded that while the network charastics of several of the wireless
networks considered is good enough to providequadlity or near toll quality voice in
static scenarios, there are still a number of gnoisl which make it currently unfeasible
to use as a primary voice service. In addition,ennaobility scenarios, performance
can be degraded further. This study provided acdopsaspective on the performance of
VoIP as well as the main limitations, challenged furture directions. In this section we
provide a summary of the results, followed by aegalization of the results and a
proposal for future work.

VoIP over wireless broadband networks is not consrally feasible with current state
of the art wireless networks. The reason is thartetfare still a number of challenges that
must be resolved prior to rolling out a VolP sadatiover any of these systems. In the
case of WiFi mesh the main limitations are coveragerference outdoors and network
deployment price. Improving coverage would requardarge investment, and large
deployments using multi-radio solutions suffer laene problem. Furthermore, it is still
not yet proven if running these type of networkgisfitable and under what business
model. The current trend is moving towards spexgaliuse cases rather than city wide
deployments. In the case of 3G cellular system$P\bwer WCDMA is possible but at
very low quality even for laptop cases. With the v$ the RLC UNACK mode it can
improve to some extent. However quality remains.|lé&ws for HSDPA/HSUPA the
radio performance is in general adequate for st@narios and suboptimal in mobile
cases. The RLC retransmissions are one of the masons for limited performance.
Further, handsets provide many additional challenge particular regarding large
processing delays. Once the RLC UNACK mode is abé| it will be also possible to
reduce the jitter buffer implementations in the Ralients. These two items alone can
improve performance considerably. The next stefo idecrease the processing delay.
HSPA+ is likely to encounter the same handset étiuhs as HSDPA/HSUPA and
therefore improving handsets performance is velgvent for future networks as well.
Some features in Release 7 aim directly at impgwIP quality; however, most
likely VoIP will begin to be a feasible option onfgr subsidized VoIP. Third party
VoIP solutions will not benefit too much from Redea7 compared to subsidized VolP
because operators will be able to restrict the awpd features only to their own voice
solutions. Finally, in regard to FLASH-OFDM, VolRegiormance is fine for laptops,
both in static and mobile scenarios. The main Ation is related to capacity and the
lack of handsets. The limited capacity makes ieasible for densely populated areas.
However, it is already deployed for some specifiedmal and maritime voice
communications in rural areas in Finland. This 8ofu should be seen instead as a
replacement for ADSL in rural areas rather thaa asmpetitor of cellular networks, or
as an alternative for deployments requiring higkespmobility support.
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Our research also proved that VolP over wirelesmdivand networks is not a real
contender for cellular circuit switched voice. WiHiesh is not a contender due to the
performance issues and very high cost. FLASH-OFRNI lze seen as an option only in
very few scattered special cases. HSDPA/HSUPA/HSB#MF require a significant
number of improvements before they begin to be idensd a substitute for legacy
circuit switched voice. Likewise, some additiongitions such as Release 7 CS over
HSPA can delay VolP deployments even further. la filiture, deployments in the
900MHz band are of particular interest due to tkeyviarge possible cell areas.
However, the advantages of the 900MHz band are tinat evident for densely
populated areas compared to e.g., 1800 and 2l1@ueney bands. Likewise, as
mentioned in this thesis, 3GPP and operators dreatsidering the large use of CS-
based voice, even after LTE becomes available. bisgness dynamics show a trend
towards coexistence of both circuit switched voaed VoIP for a long time still.
However, eventually, in the very long run, networnkl evolve into VolIP service only.

With regard to the performance of multi-radio imterking solutions for VoIP services,
UMA proved to be a viable option with performancanparable to circuit switched
handovers. MIPv4 performance is still low compatedcircuit switched handovers.
However, it is similar to performance found in eptese WiFi VolP deployments.
MIPv4 performance will improve considerably with Pi&+. In addition, MIPv4
enables use cases in which operators own only pdased networks such as WiFi
Mesh and HSDPA (e.g., Terrestar network in the USA)

The other performance limitations affecting mobW®IP that we identified are

signaling performance, battery lifetime and capacsignaling performance (e.g., call
setup delay) for VolIP in cellular systems is nogasd as fixed or WiFi. The call setup
time is significantly higher than with traditionaircuit switched voice. Therefore, the
user experience is different. In addition, the lowattery lifetime is an issue. In order to
improve battery lifetime it is required to configunetworks, modify applications, and
apply new features. This is a major issue thatctf@verall user satisfaction. The
performance goal for energy consumption should goon bringing battery lifetime

when using VolP to a similar level as when usiraglitional circuit switched voice.

Finally, VoIP in cellular does not provide signdit higher capacity than circuit
switched voice unless header compression is enabledever, header compression
increases processing delays in terminals furthieerdfore, its use is not yet feasible.

5.1 Generalization of Results

This thesis research work aimed at evaluating \fmAormance and the opportunities
as well as disruption that VoIP could bring to gkl operators’ business and networks.
Our work started before any generic VolP client hedome commercially available for
mass market handsets and the availability of HSDifworks was very limited.
However, in the last year, several changes haveragt in the strategy of network
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operators, device makers, and software developetst@rtup companies. In this thesis
we showed that the main issue for adoption of VadR replacement of circuit switched
voice service was three-fold, first, poor voice lgyaand performance, second, severe
battery lifetime limitations, and third, unavailltyi of widely deployed HSPDA or
WiFi networks. If we consider the current markeéuaiion and trends, we can notice
that the results and conclusions of this thesistltevalid and are likely to remain valid
for the next few years.

First, in regard to the unavailability of HSPDA wetks, this has changed dramatically
in the last few months and a large number of opesatre quickly trying to upgrade and
deploy HSDPA and bring higher capacity through fetimprovements (i.e. HSPA+) in
their current networks. However, the reason istaallow or roll out VoIP services as
was planned a couple years before, but to takedotount the large increase in data
traffic. In many networks, up to 90% of the wholstal traffic is driven by computers.
Moreover, with the introduction of low cost netbsdfe.g., Asus EePC), using modems
for wireless access is increasing considerably. @uhe total traffic use, videos and
peer-to-peer data account for up to 60-70% of alladusage in some networks.
Furthermore, private consumers are the ones thaé iven this increase, by
consuming roughly five times more than businesssuse

Second, VoIP clients are even less available thefar®. Previously, some Nokia N-
Series and E-Series devices had a native VolPtdhstalled. However, this is not the
case anymore since November 2008. Although Nokiandt made public the reason for
this, technology analysts believe that it is dug@dor VolP performance and conflict of
interest with some operators that are against && aof VolP in their networks.
Additionally, highly expected VoIP clients (i.e. y§le) did not become available.
Instead, Skype released a handset client that rmeside access to other usersSkype
and in cellular and fixed networks seamlessly. Hmvethe supporting technology is
not VolP. The approach actually uses traditionedusi switched voice for the mobile
user's access, and dials into a gateway servideishaeachable via a local number.
Skype has a large number of local humbers for mffe countries for this purpose.
Once the call is placed, the Skype gateway trarescatid packages voice as VoIP to
traverse the call through Internet, allowing a loast service. This is not a new
technology and has been available for several yaarsany countries as “International
calling cards”. With these cards, users must diilcal number first and the intended
International number next. The call is local upth® VolP gateway, which then
transcodes to VoIP in order to traverse the calllmiernet. The main difference with
the Skype handheld client is that it has integr#tedist of contacts and the local access
Skype numbers within the client. Therefore, therusse totally unaware of the
technology behind the call. Another differencehattregistration, login to Skype, and
chat services use the data access network. ThesSklipe client uses both circuit
switched access and data access (Skype Forum The.)Skype client implementation
differs in some parts between Symbian, iPhone dadkBerry devices; for instance on
iIPhone the client is run on a browser using Ajagvéttheless, all three platform clients
use circuit switched for the mobile wireless sidel ot VolP. Figure 22 shows the
logic behind the Skype service for handsets.
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Figure 22. Skype Mobile Calls

Although Nokia does not include a native VolP dientheir devices and Skype clients
use circuit switched voice, it does not mean thatd are no longer handheld VolP
clients. However, using VolP end-to-end with haridsés even more of a niche market
than before. Out of the remaining VoIP clients &lde, Fring, is one of the few
handheld clients that allow VoIP calls over 2G/3@iMetween Fring and Skype
users. However, the performance and voice quaditwarse than with the previous
native VolIP client in Nokia devices which was ewéd in this thesis.

Third, an additional concern with VoIP clients Hzeen the energy consumption and
decrease in battery lifetime. As presented in liesis results, this is due to the constant
keep-alive messages required to keep VoIP usechabke and logged into the voice
service. This is still an issue with no clear solutyet. The only improvements have
been for operator sponsored VolP services, in wtiielBGPP Release 7 techniques can
be used to improve this matter for the operatoris 0/olP service. These features
however, do not improve the energy consumptionhef incumbent or theBparty
VolIP service provider.
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Finally, even with the deployment of LTE, the u$&/0olP in handsets is not considered
to be a mainstream service. Operators have natgehed a consensus for their voice
strategy. Thus, it is unclear whether VolP willdan used in LTE from the beginning.
For this reason two features to account for loades were included in the 3GPP LTE
standardization. One of the requirements for LT&ndards was CS-fallback. This
feature allows the full separation of voice andadsrvices. That is, LTE terminals still
use 2G or 3G circuit switched voice, and LTE tedbgy only for data traffic. This
requirement is due to the fact that handsets’ pexdoce is still not optimal and cannot
fulfill the requirements for high quality voice, miirming the results presented in this
thesis. In addition, ensuring quality of service ppacket voice across network elements
and radio access is much more difficult than itoistraditional circuit switched voice
services. One drawback of this solution is thateotiee LTE access is replaced with
circuit switched voice, data connections are rada3hat is, simultaneous use of voice
and data services is not possible. The other irapbfeature in LTE standards is Single
Radio Voice Call Continuity (SR-VCC). The approagctihis case is to take account of
the lack of coverage of LTE networks. The logidtus feature takes into consideration
the possibility of VolP being used in LTE networkdowever, due to the poor
performance of VoIP service in 3G and HSDPA netwptke approach is to switch
from LTE-VolP to 3G/HSDPA CS-voice whenever LTE eoage is no longer
available. This is very similar to the idea in UMé&chnology, except that it uses the
same radio. Further, an additional approach ofgommpn UMA to LTE is under
discussion, known as the VoLGA forum. Thus, at duerent moment the possible
strategy for voice in LTE networks is rather umtle

5.2 Future Work

VoIP over WiFi mesh can have beneficial resultseurad completely different business
case. As was noted, WiFi mesh is neither robustapable of competing with cellular
voice. However, there have been some studies ichMWAliFi mesh is aimed at rural
deployments in emerging markets (e.g., India amitAf rather than mature markets. In
these cases, the goal is to provide as low a @batonk as possible using open software
and equipment. In some cases these markets doametdny voice services available.
Under these circumstances, the feasibility of VoWer WiFi mesh takes on a different
perspective. For instance, coverage is developbdimcertain areas, and access points
provide mesh capabilities based on open softwakewlise, VoIP calls are intended to
provide communications within the community onlig'is possible by using an open
source Asterisk PBX. Future studies based on thesaarios are of interest.

Performance of VolP over HSDPA and HSUPA should/éefied once the UNACK
mode is available in network equipment. If the deatis available, VoIP clients can be
implemented with a shorter jitter buffer. These titems should be able to provide
better quality despite the possible processing pdiwetations in handsets. Likewise,
performance with Release 7 features should be atemilonce equipment is available as
well.
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As for intersystem aspects it is relevant to studys in which MIPv6 performance
could be improved. Eventually, networks will be é&hon IPv6 rather than IPv4. The
low performance of MIPv6 compared to MIPv4 coulctdm®e problematic once IPv6
becomes more available.

With regard to battery lifetime and energy consuarptlifferent techniques should be
envisioned for always-on applications. For instarstdtware applications could try to
simultaneously send the keep-alive messages rtthermanaging them individually.
In addition, another option is to develop a sofewaroxy running on the device which
would handle all the keep-alive messages on belfidiife other applications. Moreover,
network element manufacturers could take into aw@ration the impact of having such
short timers as default in their VPN and NAT equémts.
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