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Abstract

HSDPA networks are intensively being deployed to
provide mobile broadband connectivity to mobile
devices. In addition to HSDPA, FLASH-OFDM is
another wireless broadband option operating in a
licensed spectrum. However, if operated at very low
frequencies like the network in Finland,, it is
particularly interesting for emerging markets,
especially for rural areas which are lacking
telecommunications infrastructure. In contrast to the
HSDPA standards, the FLASH-OFDM systems are
proprietary. The market dynamics are very different
between standardized and proprietary systems,
sometimes causing extra challenges for the deployment
of proprietary systems.

This paper provides quantitative measurements of
the actual performance of two state-of-the-art live
networks in Finland. The evaluation includes metrics
such as throughput, delay, and VolP quality
considering network performance both on static and
mobile scenarios. A commercial deployment evaluation
is included in the analysis complementing the
measurement data in order to provide a comprehensive
view of the challenges.

Keywords- FLASH-OFDM, HSDPA, measurements,
performance, Vol P

1. Introduction

There is an inevitable desire to increase capatity
all networks, both in fixed and wireless domains. |
this article we address two wireless technologies
haunting for more capacity: High Speed Downlink
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Packet Access (HSDPA) and Orthogonal Frequency
Division Multiplexing (OFDM).

HSDPA [13][5] networks are intensively being
deployed to provide broadband connectivity to nebil
devices, such as handheld terminals and laptops.
HSDPA is a direct evolution from the 3G network
scenario, which makes its deployment very easy in
order to support for wireless broadband accesses.
Release 5 HSDPA equipment provides theoretical data
rates of 14Mbps, and up to 7.2-10Mbps in practice.
Future 3GPP releases will bring considerable
performance upgrades to these networks, for instanc
Release 6 introduces higher speeds on uplink (HJUPA
and lower latency, and Release 7 and beyond will
introduce e.g. enhanced radio access technolagieh,
as orthogonal frequency division multiplexing (OFPM
and multi-antenna technology (MIMO).

HSDPA usually operates on the 2100 MHz
frequency. However, it is possible to deploy HSDPA
also on lower frequencies, such as 900MHz [11]. In
Finland, this regulation has been already approved.
Likewise, HSDPA is also being deployed at the
850MHz band in the USA and some parts of Asia, and
Australia. High frequency bands suffer from higher
attenuation and therefore, require more base gstio
than those deployed at lower frequencies. Accorting
Holma [11], deploying HSDPA at 900MHz can
provide 2.5 times larger cell area than deploymants
2100MHz.

On the other hand, FLASH-OFDM is a wireless
broadband technology that can potentially provide
nearly ADSL performance. This means that FLASH-
OFDM can be a technological rival for ADSL, and in
some cases, it may be the only feasible option to
provide broadband access. FLASH-OFDM also
operates on a licensed spectrum, but usually a¢rlow
frequencies than HSDPA (e.g. 450MHz). Due to the
low frequency, a large coverage area can be aahieve
with a single base station. Thus, it is a partidyla



interesting option for emerging markets, and esllgci 2. Related Work
for rural areas that may lack other telecommunicesti

infrastructure. However, at the 450MHz spectrumehe Due to the novelty of FLASH-OFDM network

is significantly less bandwidth than at higher deployments, actual performance measurementsén liv
frequencies. In Finland, only two 1.25MHz blocke ar  npetworks are not widely available. Some of the liger
available for FLASH-ODFM. Therefore, while F|ASH-OFDM networks are T-Mobile in Slovakia
FLASH-OFDM operating at low frequencies can be [23], Citizens in Virginia USA [3], Digita in Fintad
feasible for rural and not very densely populateshs,  [6], and Digiweb in Ireland. While some other
it lacks the sufficient capacity for big cities. networks are planned, most of them are still catitrj

We evaluated two networks in Finland. The HSDPA phases or in the process of b|dd|ng for a Spectrum
equipped network was assumed to be based on Releasgense. Some performance metrics found in press
5 equipment; operated by Elisa, which is Finland’s releases are as follows. According to [1], expectaih
|al’gest cellular Operator. The evaluated FLASH-OFDM Speeds are 1Mbps average in downlink and 300-

network was recently deployed by Digita. The FLASH- 500kbps average in uplink. Further, [24] claime th
OFDM network in Finland goes under the commercial techn0|ogy realizes typ|ca| downlink Speeds of
name of “@450". It was opened to the public on Apri 1 5Mbps, with occasional bursts of up to 3Mbps, and
1, 2007 and it is eXpeCted to cover the whole Rihla typ|ca| up“nk Speeds of 375kbps' with bursts Oftup

by the end of 2009 [6][7]. This network is partiatdy 750kbps.

interesting because it utilizes a recently realieda In regards to HSDPA performance, measurements
spectrum. Likewise, Digita’'s attempt to cover the conducted by Holma [12] evaluated Release 5
whole country in a short period of time brings equipment in laboratory and field conditions. This
additional interest. Emerging markets in particu@n  study is directly comparable to our measurements fo
follow with similar OFDM based wireless broadband throughput and de'ay_ However, these measurements
deployments at low frequencies if they prove slétab do not consider VolP quality performance, mobility
in other countries. In our case, both networks were  scenarios involving multiple cells or HTTP browsing
Finland and therefore, the results are comparable i performance. Our measurements address these items

real-world environments. and are conducted in a live commercial networkemath
This paper sets out to study the performance of tWothan an experimental setup.
state of the art wireless broadband live netwdnksed In addition, a number of simulation based studies o

on FLASH-OFDM and HSDPA competing volP are available [26][2][18][21][27][15][8].
technologies respectively. The key contributionshef  However, the simulations only provide a delay budge
paper are to evaluate and quantify some of the mostand focus on capacity rather than in providing a
relevant end user performance metrics, such asdescription of the end user experience. Contragting
throughput, delay and VolIP quality in live scenarior  our study focuses on end user experience and VolP
two wireless broadband technology offerings, FLASH- quality instead of delay budgets alone. Likewige t
OFDM and HSDPA respectively. The evaluation delay budget used in the simulations is in several
considers network performance both in static and pccasions modeled without accounting for the jitter
mobile scenarios. In addition, we also make a buffer or encoding/processing de|ays
commercial comparison for both offerings advantages [19][22][14][21][27]. Taking the jitter buffer plaput
and disadvantages. As a result, we conclude tiat th gelay implementation into account in simulations is
analyzed technologies have characteristics thatato very important since VolP packets can arrive at
set one of them above the other. It is the desiredgjfferent times. Also, due to the delay variaticins
performance or the use case that has to be coadider \jreless systems, unless a buffer is used, a large
when deciding for the optimal technology. amount of packets would be lost. A conservativierit
The remainder of the paper is organized as follows. pyffer for wireless systems is 150ms [26]. Our gtud
In Section Il we introduce the previous work in the fyrther extends VolP performance by considering the
topic, Section Il describes our research approach,jitter buffer and conducting actual measurements fo
Section IV presents the results and analysis, iweV  vo|P. As for VolP mobility in HSDPA, there is a
evaluate the advantages and disadvantages of bot@jmulation study aiming at determining the amouit o
networks, and finally we provide our conclusions in possible lost frames of VolP speech during mobility
Section VI. [25]. Finally, there are measurements focusing on
indoor performance [16], and simulations for scersar
where HSDPA coexists with WCDMA and cell carriers



are shared [20]. This last paper can be of intesaste
our study was carried out in a network of similar
nature.

3. Methodology and Test Environment

The evaluation methodology consisted of a variety
of tests carried out in Digita’'s FLASH-OFDM and
Elisa’'s HSDPA networks in Finland at different sagjin
conditions. Our test objectives are the following:

a) Evaluation of generic network performance in
terms of throughput, round trip time, HTTP
(browsing), and VolP performance with
different signal quality levels

Evaluate the differences in performance under a
mobility scenario in an area with good coverage
as promised by the network providers
Determine the actual signal quality distribution
in the test route

b)

c)

The test setup for static tests consisted of afapt
with either a FLASH-OFDM or HSDPA PCMCIA
card. In addition, a 2dBi omni antenna was conrkcte
to the FLASH-OFDM card to improve sensitivity
during mobility tests.

The FTP, Web and VolP servers used for the tests

were located in Finland. Throughput was measurad vi
file downloads and uploads with 500KB, 1MB and
5MB files. VolP quality was measured with a
proprietary tool based on the E-Model [17][4]. The
codec emulated was G.729 with a jitter buffer sife
120ms. Round trip time was measured with 32B, 256B
and 1460B ICIMP echo request and reply (ping)
packets.
download times for 311KB web pages with cascade

indicates the received energy per chip divided Hey t
power density in the frequency band. Ec/NO calootat

is depicted in equation (1), where RSCP is theivede
signal code power, P-CPICH is the received power
level of the downlink primary common pilot channel,
and RSSI is the received signal strength indicator.

Ec/NO :—RSCRF;P'C“ 1)

Ec/NO values are an objective figure for quality
conditions because they take into account bothasign
strength and the current interference level enayadt
in the cell.

A limitation of our study is that due to the natafe
a live network, we are not able to know or conttbier
user traffic taking place at the same time. Theefuwe
cannot pinpoint the sources of e.g. a sudden gualit
drop or reduced bitrate. However, since we caroied
multiple tests, our study provides a realistic vigithe
actual performance in the field. A second limitatio
was that we used slightly different antennas during
mobility tests. Therefore, this gave an advantawe f
FLASH-OFDM. However, most FLASH-OFDM
mobile scenarios are expected to have such anremten
while HSDPA scenarios are not expected to have it.

4. Analysis and Results
The measurement results from our study are

summarized in this section and subdivided by
performance metric.

4.1. Throughput and HTTP browsing

HTTP browsing was measured as page

The results show that high downlink throughput is

style sheets (CSS), which is representative of anPOSsible with both systems (see Figure 1). However,
average web page on the Internet. During mobility HSDPA can reach higher throughputs due to its highe
tests, multiple test executions took place conseslyt ~ data rates. Likewise, HSDPA throughput is not aéfdc
The test route had a length of roughly 15km, arel th Much between good and medium signal conditions and
driving speed was 70km/h average. Finally, the has almost double the throughput than FLASH-OFDM
subscriptions were a 1024/512 link for FLASH-OFDM during medium conditions. However, under poor signa
and 2Mbps/384kbps for HSDPA. The testing took conditions, throughput performance decreased fen bo
place during July and August 2007. systems, but still, HSDPA had higher throughput. In
For FLASH-OFDM, the signal conditions were the uplink direction, both systems performed weii a
depicted by the PCMCIA card by two variables, signa Were able to achieve throughput close to the opesat
power level, and signal to noise and interferermtior ~ Offering, 512 and 384kbps respectively (see Figtre
Both variables were given as quality bars (0 tow ~ Since FLASH-OFDM has higher data rates on uplink,
further define the signal quality as follows: Gasignal it has roughly a 100kbps throughput increase over
(4 bars), Medium (2-3 bars) and Poor (0-1 barsy. Fo HSDPA under good and medium signal conditions.
HSDPA, signal quality was defined via measured However, under poor conditions both systems perform
Ec/NO levels as follows: good signal (-3 to -5),diuen almost the same.
signal (-7 to -9) and poor signal (-11 to -13). NE&/
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Figure 1. FTP throughput [downlink]
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Figure 2. FTP throughput [uplink]

One interesting aspect with FLASH-OFDM was that
small file downloads had higher throughput averages
than larger files. The reason was that when a file
downloading starts, throughput speeds might riséoup
almost 2Mbps. However, after roughly 2 seconds, the
throughput is settled to ~1Mbps, which is the
operator’s offering (see Figure 3).
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Figure 3. Example: FLASH-OFDM throughput
during a IMB file download

In regards to HTTP browsing, due to the high
throughput of both systems, performance was reltiv
good (see Figure 4). The average page download time
was between 4 and 6.7sec for good and medium signal
respectively. However, the performance in poor
conditions was substantially lower, between 11 afd
seconds.
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Figure4. HTTP browsing page download times for
a 311K B web page

During mobility tests, FLASH-OFDM throughput
average was also high (750kbps). Additionally, the
throughput distribution of the mobility test shottmat
25% of the time throughput was 1Mbps or higher and
only 25% of the time it was below 500kbps. In
comparison, HSDPA performance is in average higher
than FLASH-OFDM. HSDPA throughput average was
1110kbps. Moreover, throughput above 1Mbps was
achieved more than 50% of the time, above 1.5Mbps
35%, and above 2Mbps 8%. Throughput below
500kbps happened only 20% of the time (see Figure 5
and Figure 6). Previous measurements [12] yielded
similar results for throughputs up to 1Mbps. Howeve
the live network measured in our study exceeds the
distribution considerably for speeds above 1.5Mbps.

FTP Throughput Distribution [kbps]
100%

00% [~e—FLASH-OFDM
o ARG | —+—HsDPA
70% N
0% AN
0% R
B —
30% N .
20% . BN
10%
0% \"“* ~ \'g-‘

0 250 500 750 1000 1250 1500 1750 2000 2250

Figure5. Throughput distribution during mobility
tests

FTP Downlink Throughput [kbps]
2500

i ﬂ‘ ]
i

Figure 6. Throughput variation during mobility
tests
In addition, during the mobile tests, we recordwssl t
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distribution along the test route for both systeiffise

Table 2. HSDPA round trip time

measurements show that in general, it is highly
probable to get a good signal level and that thg

coverage is well deployed. This also gives arn
additional insight of the high throughput experietic

Furthermore, in the case of FLASH-OFDM, poor

signal was not experienced along the test route (se

Figure 7). Figure 8 shows the signal quality disttion

for HSDPA at a more detailed level.

Signal Average Standard Deviation
Quality ™"3op ™ [ 256B | 1460B | 32B | 256B | 1460B
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Figure7. Signal quality distribution during mobility
tests
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4.2. Round trip time

In static scenarios, the round trip time was in .,
average 30-55ms for FLASH-OFDM and 120-140ms 12.0%
for HSDPA, and did not fluctuate much for 32 Bytes 100%
packets. As expected, larger packet sizes had ar

increased delay, particularly in poor signal condi
(see Table 1 and Table 2).

Table 1. FLASH-OFDM round trip time

Signal Average Standard Deviation

Quality ™3>8 [ 2568 | 1460B | 328 | 256B | 14608
Good 30ms 58ms 83ms| 7mg oams 12ms

Medium 52ms 65ms 105m 15ms 16ms 20ms
Poor 53ms 102ms 338ms 21ms 42ms 156ms

In mobile scenarios, delay is fairly stable for
FLASH-OFDM. This is of particular importance for
real time services such as VolP which are affetigd
delay and jitter. In contrast, HSDPA had severdayle
peaks above 500ms along the test route, and tharg, m
sensitive to changes in signal quality (see Figire
Figure 10 shows a comparison of the delay distiGiout
for both systems.
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Figure 9. Round trip time variation during mobility
tests
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Figure 10. Round trip timedistribution during
mobility tests

4.3. Vol P quality

The VolP quality results in static scenarios show
that both systems are able to handle VolP in gowtl a
medium signal conditions (see Table 3 and Tablé).
such cases, FLASH-OFDM is able to achieve call toll



quality (MOS 4), while the quality with HSDPA is The principle of operation in HSDPA [13] is such,
lower (MOS 3.5). In areas with poor signal, qualgy  that the BTS estimates the channel quality of e
roughly the same for both systems (MOS 3.3 and 3.4) based on the physical layer feedback on the uplink.
The most noticeable difference between the static Subsequently, link adaptation and scheduling takes
scenarios is the packet loss ratio, which increasdke place at a fast pace. When the packets are firstwed

signal quality decreases. at the BTS, they are buffered. Then, the BTS tratgsm
the packet; however, it will still keep it in theiffer.
Table 3. FLASH-OFDM Vol P quality (G.729) The reason being that in case of a failure in the
Signal Delay avg. J;I/t;f Packet oS transmission (e.g. decoding failure), a retransiomss
Quality [ms] (s Loss % will takg place directly from the_BTS without regag
: any action from the RNC. This is a powerful advgeta
G(zgdbir'g;a' 152ms 2ms 0 4 since the retransmissions are combined at the iatmi
However, if there is a physical layer failure, siaha
Megit;ﬂ;)Signal 153ms 3ms 0 4 signaling error, then an RLC retransmission is iregi)
(2-3 bars) and packets are retransmitted from the RNC. This
Poor Signal 223ms 10ms 27 3.4 obviously results in an increase in delay, whicimag
(0-1 bars) beneficial for services like VolP. While RLC
Sl\ggggfm 180ms 12ms 0.05 4 retransmissions are not a very frequent event in

HSDPA static scenarios, they are more likely in

mobility scenarios. Figure 11 summarizes the BTS

Table 4. HSDPA Vol P quality (G.729 retransmission handling events.
Signal Delay avg. ‘]:\:/tger Packet MOS | 15_%8%:?2? R} MNALK l 4. Retransmission |
ualit ms . L oss % N
Q y [ms] [ms] 0 jx })) ..
Good Signal 3 Termmal

(EC/NO -3 to -5) 288ms 19ms 0.4 35 o~ \*BE//

- - - 5. Retransmission
Medium Signal | 5gqq 19ms 1.0 35 [E roror | —Wmh”'”g

(Ec/NO -7 to -9)

Figure 11. BTSretransmission handling

Poor Signal
Ec/NO -11 to - 266ms 14ms 2.6 3.3
( 13) In the RLC unacknowledged mode, packets are not
o retransmitted even if some are lost, for example tu
chnla?io 331ms 22ms 1.93 3.2 cell change operation. In these scenarios, pacsst |

can be minimized if the RNC accurately calculates

when the handover will take place, and stop sending

For mobile scenarios, FLASH-OFDM performs packets to the serving cell at the very last moment
remarkably well and is able to keep a steady high pefore it is replaced. [13]
quality. In contrast HSDPA quality is lower than in  As a remark, the VoIP results presented in thidystu
static scenarios as we had expected from the seisult are for laptop based VolP communication. Therefore,
section B. A mobile scenario obviously brings saver gyen though jitter buffer delay is considered, the
additional challenges due to the different cellndes.  empedded VolIP client encoding and processing delays
The number of HSDPA cell changes along the testgre not included. At the time of the study thereenso
route was 28 and were characterized via the changes ayailable FLASH-OFDM handsets. Therefore, it was
scrambling codes used. not possible to estimate processing delays acdyrate

The low performance of VoIP in HSDPA mobility for this system. Likewise, it would not be faireit to
scenarios is due to the large amount of RLC yse values from 3G handsets either since the seftwa

retransmissions required. These are clearly shawn i pjatform and operating systems can differ.
Figure 9. If RLC unacknowledged mode is used, the

delay peaks could be reduced considerably. However
if this mode is used, there is also a possibilitgt tthe
packet loss ratio will increase. Therefore, it is
important to validate future results as well evethe
feature is enabled.

5. Commercial Deployment Evaluation

The FLASH-OFDM network in Finland is operated
by Digita. However, Digita only takes care of the
network and acts as a network provider. Thus, it
supplies network capacity to operators. At the twhe



this study, there were only two FLASH-OFDM service

Moreover, further equipment releases will provide

providers, one focusing on the consumer segment andower delays (65ms in HSUPA) and even higher
the other on the enterprise segment. Figure 12 show throughputs. Likewise, even though HSDPA usually

the Digita’'s FLASH-OFDM network architecture.
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Figure 12. Digita FLASH-OFDM network
ar chitecture (modified from [10] with per mission)

The commercial end user monthly offerings in
Finland at the time of the study were as followk} (

29.90€ for 2Mbps HSDPA and 19.90€ for 1Mbps and,

(2) 48€ for 1Mbps/512KB and 38€ for 512KB/512KB
for FLASH-OFDM. From this comparison, FLASH-

OFDM prices seem to be rather high for the service

provided. Even if the link purpose was mostly force

use, when compared to circuit switched price per considered especially for

minute (8€ cents) it is still not competitive. Theace

operates at 2100MHz, it can be deployed at 900MHz
as well. Therefore, depending on the spectrum
availability, several options exist, such as upgrgd
previous 3G networks, re-farming 2G to HSDPA or
deploying HSDPA from scratch.

6. Conclusions

Multiple measurements were carried out to evaluate
and characterize the performance of two live wagle
broadband networks, FLASH-OFDM and HSDPA. The
measurements show good performance in general.
However, each system has its advantages and
disadvantages. HSDPA is able to achieve higher
throughput, and even higher with future releases. |
contrast, FLASH-OFDM benefits from low and stable
delay performance which results in the ability to
support VolP services with call tool quality in hot
static and mobile scenarios.

In regards to deployment feasibility, FLASH-
OFDM frequency of operation makes it an option¢o b
emerging markets. In
rural lacking telecommunications

particular, areas

difference of 20€ accounts roughly for 237 minutes, infrastructure that can benefit from the large cage
which is above the average outbound call usage perareas achievable at low frequencies such as 450Mhz.

subscriber per month in Finland (197 minutes) [9].

However, this spectrum is licensed and therefore no

In regards to number of base stations required, lownecessarily available or cheap. Furthermore, since

frequencies provide a significant advantage fogdar
areas. This property is obviously most advantag@ous
rural  deployments lacking

infrastructure. However, the bandwidth at 450MHz is

considerably lower than higher frequencies. Theegfo
in areas with more users, a cell that large migitt n

FLASH-OFDM is a proprietary technology, it has a
lock-in factor, which limits the provider choicesdch

telecommunications terminal availability.

HSDPA is based on 3GPP standards, which results
in a large number of providers and terminals.
Moreover, further equipment releases will provide

provide enough capacity, and therefore, the lowerlower delays and even higher throughputs. Likewise,

attenuation is not necessarily an advantage anymore

If we compare the feasibility of FLASH-OFDM
over HSDPA deployments, we note that since alhef t
frequencies mentioned are licensed,

spectrum in  which FLASH-OFDM is most

even though HSDPA usually operates at 2100MHz, it
is possible to deploy at 900MHz as well. Therefore,
depending on the spectrum availability, severaioost

the 450MHz exist, such as upgrading previous 3G networks, re-

farming 2G to HSDPA or deploying HSDPA from

advantageous is not necessarily available or cheapscratch.

This spectrum as most others is subject to country
if deployed at a different two live state-of-the-art wireless broadband neksan
frequency, the higher spectrum used for FLASH-

regulations. Therefore,

OFDM, the lower competitive advantage it will haee

In this paper we have compared the performance of

both static and mobile scenarios. As a result af ou
study, we conclude that the analyzed technologi@s h

HSDPA in regards to cost of deployment. Furthermore characteristics that do not set one of them abbee t

since FLASH-OFDM is a proprietary technology, isha
a lock-in factor, which limits the provider choicaad
terminal availability.

other. It is the desired performance or the use tzet
has to be considered when deciding for the optimal
technology.

HSDPA is based on 3GPP standards, which results

in a large number

of providers and terminals.
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