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ABSTRACT

The growing number of mobile phone users is a primary cause of tong&s cellular
networks. Therefore, cellular network providers have turned tonekpeand differentiated data
plans. Unfortunately, as the number of smartphone users keeps increhsimging data plans
only provides a temporary solution. A more permanent solution is offloaiéhgraffic to
networks in orthogonal frequency bands. One such plausible network is opeéin Wiich is
free by definition. As Wi-Fi networks become ubiquitous, theresaweral areas where there is

simultaneous Wi-Fi and 3G coverage.

In this thesis, we study the feasibility of offloading 3G traffic to Wir€&iworks. First, we design
a custom tool for the Android phone, which helps us collect data on CRge,u&SPS
coordinates, applications running on the platform, and traffic gestebgt the smartphone. With
the help of initial data collected from the tool, we quantify thewm and characteristics of
traffic that users generate from smartphones. Next, using thewaatshow that at several
locations offloading a considerable amount of data is possible frote $8-Fi. Our study can

lead to the design of multiradio systems that prevent traffic overload on 3G networks.
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Chapter 1: Introduction

Cellular networks such as 3G or EVDO are popular modes of madi#ecdnnectivity. Among
the various data standards, 3G is popular due to its moderate bandwidthdandowerage.
However, due to increasing user demand, cellular networks are overlaadeongested. As a
result, the end-users suffer from reduced bandwidth, missed voiseandllunreliable coverage,
particularly in metropolitan areas. To mitigate the above problstiular providers have
resorted to expensive and often differentiated data plans. Whikohhigon is plausible in the
short term, it is unlikely to scale in the long term. Expenda® plans causes irritation among

users.

Another interesting alternative solution to the problem is augmentasing radios in other
frequency bands. For instance, Wi-Fi networks are becoming mormardubiquitous. Open
Wi-Fi is prevalent in residential, downtown, and metropolitan regionenQgi-Fi by definition

is free and provides much higher bandwidth than 3G and can be usexaplimentary radio
for 3G access. However, given that the range of Wi-Fi is sk®doverage is sparse. Hence, it is
unclear whether augmenting 3G with Wi-Fi is practical. Te #nd, in this thesis we ask the

following questionAt popular places for individuals, is offloading from 3G to Wi-Fi plausible?

There are several open research questions that need to bd tacktklress the above question.
First, it is unknown what traffic patterns are most common among smartphonelhseasnount
and success of traffic offload is a function of the type of dateergéed from the device. For
example, applications such as VolP that require near ubiquitous deitpeate not good
candidates for offload. However, applications that require download ommsgen of bulk

data can be used for offload since Wi-Fi provides larger bandwadtehort periods of time.



Second, given the locations at which users spend the majority iotithe, it is desirable to
know how much data can be offloaded to balance the complexity of protbabfacilitate such

an offload.

To address these challenges, we perform a systematistépostudy in this thesis. First, we
design and implement a custom tool for the Android platform that t®lteta. We modify the
SystemSens application and use it to collect location data, Citj¢ data, data on applications
resident in the Android memory at any time, and the amount oicttedihsmitted through the
wireless interfaces. We deploy the tool on two smartphones andtatdia over three weeks.
We use the collected data to quantify the type of traffic gesefeom applications running on
the Android platform. Further, we use GPS coordinates to understand where tlsegeatrated
by the user. Our analysis shows that amount of data transmittedels is small and is not

continuous and hence is a good candidates for offload.

Next, we study what share of data from 3G can be offloaded t6i.\Wie answer this question
guantitatively, we perform extensive experiments in Chicago agdtteville. We calculate the
amount of data that can be offloaded from 3G to Wi-Fi at popularlosations. From the
experiments, we observe that about 11% of data can be offloaded irodow®@hicago and 5%
can be offloaded in downtown Fayetteville, indicating that augmentatioks better in cities
like Chicago, where the density of open Wi-Fi access is higher.velidate our results by
performing experiments at different speeds --- vehicular lateaocess and access on foot. We
observe that vehicular Internet access faces more disruptions and dat&0bgsgo and almost
nonexistent in Fayetteville. But, the quality of access (in tesfmsetwork speeds) is better in
downtown of Fayetteville as compared to downtown Chicago in spite tdwts\ccess Point

density.



Overall, under different network conditions and locations, we show thHaadiifig data from 3G
to Wi-Fi can lead to substantial bandwidth savings. Our study cah tteahe design of
multiradio systems that intelligently determine when radios WkeFi can be used to offload

traffic from cellular radio networks like 3G.



Chapter 2: Related Work

Our research builds on related work in several areas of netwpdaegy efficiency, vehicular
networking, and multi-radio systems. Here, we compare and cootrnagtork with the literature

most relevant to our work.

Section 1: Wirelessand Mobile Networking

Several studies in the past have analyzed the speeds andithieilayaf 3G and Wi-Fi [2, 16-
26]. These studies focused on three core areas. First, there are severah papditerature that
study the performance of Wi-Fi in a mobile scenario. These stshgg that the performance of
Wi-Fi is reduced in a mobile scenario due to several reasonglinglinterference, multipath
fading, and physical obstructions. Second, there are several hrepapers on trying to improve
the performance of Wi-Fi in a mobile scenario. These includeeggting bandwidth across
multiple access points [30-33], coordination using multiple access padjtsand improving the
performance of the join process of Wi-Fi, namely the assoniand DHCP [33]. Third, there
are recent studies on the performance of cellular data coom&ati a mobile scenario. Much of
data has been collected and analyzed to show that the performaB¢g ief also affected
adversely by the prevalence of coverage holes, and co-chanedénemce from other cell
phones in the vicinity. Moreover, recently, cellular providers havenessto differentiated data
plans and bandwidth caps to circumvent the limited bandwidth issue. o&hefgur project is
complimentary to the above research. Specifically, we in our projeztare studying the
feasibility of augmenting 3G networks with Wi-Fi. The studncact as a reference to build

multi-radio systems that uses 3G and Wi-Fi to offload 3G traffic onto Wi-Fi.



Section 2: Vehicular Testbeds

Our work has relevance in the area of vehicular testbeds. Vatieslbeds act as an appropriate
evaluation platform for 3G,Wi-Fi systems. Among the vehiculsibeds, Dieselnet [33] is the
most prominent one, where a 3G augmented Wi-Fi system can barmlidteployed. Moreover,
there are other mobile evaluation platforms, including simulation andation based where
multi-radio systems as suggested by our study can be bsifutére work, it might be useful to

further augment our study by extending the feasibility study on these maibideds.

Section 3: Multi-radio Systems

Our work builds on a large corpus of work on multi-radio systems. Melltgdlios have been
used in the wireless and mobile systems community for sevepgrs. First, energy efficiency
is a primary goal of multi-radio systems. For example, enbwggry radios like Wi-Fi are
coupled with low power radios like Zigbee to facilitate low powenstimption of the entire
system. Wi-Fi has been augmented with the cellular voice &iB rto reduce the energy
consumption of VolIP calls [34]. Second, multiradio systems have beenausetease coverage
of wireless networks. For example, short range radios like Zigbeaugmented with long range
radios like the 900 MHz radios to provide better coverage [35]. Redftarts on trying to
mitigate the increasing bandwidth demand of 3G involve tryingftoaaf some of the traffic to
Wi-Fi or WiMax. Efforts involve measurement studies that showatheunt of offload possible.
In line with these research attempts, our goal is to detemviieéher 3G can be augmented with
Wi-Fi. However, we take a different approach to the problem. Y¥edeploy a tool on Android
phones that collects of data including location, applications resideéné iphone memory, and

the amount of traffic transmitted from the wireless intedaédter thorough analysis using the



collected data, we determine the speeds of the two networks fneemtiflocations. Assuming
that the user spends a certain fraction of time at a partimdation, we then determine the

amount of data that can be offloaded from 3G to Wi-Fi.



Chapter 3: System Architecture

The proposed system consists of two components, a mobile client, anea $he client end of
our system is a data and statistics collection tool cagdtemSens+” The collected statistics
are transferred over to the server over a 3G or Wi-Fi colmmed¢iere, we describe in detail, the
different components of the mobile client and the data collectionTheltool is modified from
the SystemSens tool, and facilitates data collection of drafBasurements that is key to our

project.

Section 1. Client setup

The designed client runs on an Android device equipped with Wi-Fi, 3G, and GPS radios. It has
several modules that run parallel and as a background process collect G&8 mtations, Wi-

Fi access points, proximate Bluetooth devices, battery statistics, anddeaférated over the

network interfaces.
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Figure 1: Overall System architecture

Section 2: Mobile Statistics T ool

The SystemSens+ tool installed on the mobile client runs as @rbackl service when the
application is launched. Hence, the service is continuously functiodatallecting data and
statistics and offloading them to our backend server. This serviextsoBG and Wi-Fi data
usage, the Wi-Fi status, call states, screen states addaielsattery capacity. The service also

provides an optional user interface that can be used to view the collected data.



The tool uses the following Android SDK APIs for data collection.

Section 2.1: Power Manager.

The Power manager provides control over the power state of thee dévirovides wavelocks
(used to control power states of the device) to switch the scneekegboard to various power
states and reboot. The continuous usage of the API correspondirgy govier manager can

lead to significant power draw of the entire device.

Section 2.2: SQL iteDatabase.

SQLite is the on-device database for temporary data storagee Android devices. It provides
a sql style API for storing and retrieving relational dataravides intuitive APIs in the form of
methods to create, delete, and update tables on the databasdtittalsfor our monitoring tool
due to two reasons. First, it provides an efficient interfacadoessing and storing data locally
on the phone---use of files is inefficient given the rate of datzess and storage for our
application. Second, it provides data backing. If the data collectent continuously transferred
over to the server due to some disruptions in the internet acceas,léad to a significant data

loss. Storing critical data locally on the devices is always acgdien.

Section 2.3: TelephonyM anager

The telephony manager provides access to information about the tglepdmces on the
device. The SystemSens+ tool uses this service to determine the ealb$thie phone.
Specifically it records the following «call states: CALL SIE_OFFHOOK,

CALL_STATE_RINGING and CALL_STATE_IDLE.



Section 2.4: ServiceM anager
The service manager provides methods to get a referenceetvieesadd a new service, and
retrieve an existing service. The SystemSens+ tool usesldbsto get battery information and

usage statistics.

Section 2.5: Batterystats
The batterystats provides access to battery usage ssatistarmation on wavelocks, processes,
packages, and services. SystemSens+ application uses it to §ee&ihgs, battery usage and

process statistics.

Section 2.6: /proc

The API to the /proc helps read information from the /proc file system. In 8ter8$ens+ tool,
the APl is used to read the content of the file, /proc/net/dev. This file conssstewffor each
network interface. Each row in turn contains the number of bytes and packetsrhat
transmitted and received over that network interface. This information is encodelb®N

object and inserted into the SQLite database.

Section 2.7: BatteryManager
The BatteryManager contains the strings and constants used for
ACTION_BATTERY_CHANGED intent. This intent is used to collect statistics on the statu

of the battery and the health of the battery.
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Section 3: Server Setup

The mobile client collects data on several important staisstores it locally in a SQLite
database and transmits it to a server at a regular int&r?MlP script on the server acquires this
data using POST methods. The format of the POST messages usadimplementation is
JSON. However, XML is another acceptable format. The PHP seaps this data and writes it

to a file on the server.

11



Chapter 4: Experimental setup, Testbed and Implementation Details

Experimental setup: We have performed experiments in two cities, Chicago and Esaett
both on foot and in the local transits. Chicago represents a denseavebavhile Fayetteville is
a semi-urban locality. We have collected data from four Android users. Sulisreepresent data
collected over a period of 2.5 months for one user in both Chicago and #igedted 6, 15 and
20 days for other users in Fayetteville respectively. Datacethscted once every two minutes
and offloaded to a central server both at peak hours (10:00 AM to Mpartl off-peak hours

(8:00 PM to 1:00 AM).

Testbed : Our testbeds were the local railway transits (Red Line ané Bine) in Chicago.

Coming to Fayetteville we used the local buses (Green, Maple Hill and Tan)routes

Section 1: Phone Statistics collection

As described in the previous chapter, we collect data from Angrmdes on GPS coordinates,
data transmitted and received over 3G and Wi-Fi, and batterytistatiddditionally, screen
states and the status of the battery was collected once exemihutes and stored in the local

database.

GPS statistics

While GPS radios on most mobile phones offer high accuracy (ordéOnof if there are

sufficient number of satellite fixes), it can be a large domirthe battery. For example, if the
GPS unit is used continuously for localization, the phone unit may stotolamore than a few

hours. Hence, it is critical to exploit the optimal tradeoff betwéocalization accuracy and

12



energy utilization of the phone. Our application polls for a GPSngazhce every two minutes
and the data is stored in the SQLite database of the phone. THeegoal collecting GPS data
is to correlate traffic generated over 3G and Wi-Fi with iocat of the user. Specifically, we
want to understand if there are places where users transfedatarthan others. Such a location

based network analysis also helps us determine network availability a¢wcliffecations.

Data usage statistics

Collection of 3G and Wi-Fi usage

On the Android platform, each radio sends data over a separatzkptwt. While the name of
the specific port is phone dependent, on the Samsung uptas tied to the 3G interface.
Similarly, the port bound to the Wi-Fi radio &hQ. The SystemSens+ service collects the
number of packets and bytes sent and received using the &ddFR3G device every 2 minutes

using the/proc/net/devinterface file.

In addition to the raw data transferred over the Wi-Fi interfagecollect several pieces of data.
Specifically, the SystemSens+ also tracks states of thEi\Wdio. A message handler and a
Broadcast receiver are used for this purpose. These resuttgeamtetriggered. Whenever there is
a change in the state, the data is recorded, stored in thediiehhse, and finally transferred

over to the central server.

The various states in Wi-Fi the SystemSens+ service can track ardainenigl
(1) WIFI_STATE_DISABLED: This state occurs when the Wi-Fi is disabled.

(2) WIFI_STATE_DISABLING: This state occurs when the Wi-Fi is disabling.

13



(3) WIFI_STATE_ENABLED: This state occurs when the Wi-Fi is enabled.
(4) WIFI_STATE_CONNECTED: This state occurs when the Wi-Fi is connected.
(5 WIFI_STATE_UNKNOWN: This state occurs when the Wi-Fi state is unknown.

(6) WIFI_STATE_SCANNING: This state occurs when the Wi-Fi state is scanning.

Process statistics (currently running applications):

In addition to collecting data on GPS locations and data transmitted through network
interfaces, we also collect data on processes resident in the’pmemory. The goal is
twofold. First, as future work, we plan to correlate the amount tifctigenerated by different
applications. While at this point, there is no easy way of caloglthie data usage of individual
third party applications, we plan to use regression analysis o timf statistics. Second, the
number of applications resident in memory helps us fine tune our mogitmol to use the
optimal amount of system resources such as processing power aondymdfa presently collect
the currently running processes along with their user-id and tames The processes can be
system processes or user processes. The process list alsashalpderstand usage patterns of
mobile phone users. For example, if #r@roid.at&tmusic process runs frequently we can infer
that the user listens to music most of the time. Ifahdroid.browserruns frequently the user

uses the web frequently.

Battery Statistics

We have discussed the battery statistics collected by our mogitool in the previous chapter.

Here, we concentrate on the battery states that are aleotedllas part of the statistics collected

14



by our monitoring tool. Specifically, we collect data on batstatus, level, voltage, temperature

provided by various labels.

The health of a battery: The following labels refer to the various states regarding the health of a
battery.

e Dattery info_health_unknown

e Dbattery info_health_good

e Dbattery info_health_overheat

e Dattery info_health_dead

e Dbattery info_health_over_voltage

e Dbattery info_health_unspecified_failure

Here the application checks whether the battery health is good, overheatedveeaoltage or

any other unspecified failure.

Call states

The various call states of the phone are also recorded by the application
CALL_STATE_OFFHOOK: This indicates that the device call state is off-hook
CALL_STATE_RINGING: This indicates that the device call state is ringing.
CALL_STATE_IDLE: This indicates that there is no call activity

We useTelephonyManagepackage in android sdk to track these states. These statistics helps us

track the phone activity of the user.

15



Chapter 5: Evaluation

In our evaluation we answer the following key questions using data collectechidout
Android users
o How does the data usage over 3G and Wi-Fi vary at different locations andndliffere

times of the day?

. What is the period of time a user uses 3G and Wi-Fi at different locations?
o What is the bandwidth of 3G and Wi-Fi at different locations and different timés of t
day?

While answering these questions, we also present results on thermafméeharges that users
perform during the period of data collection. Further, we presenttsesn the number of

memory resident processes while the user is actively using his mobile.devic

How diverse arethe user visited locations?

We have collected GPS statistics from four test users.hediirst user the location coordinates
varied a significantly, indicating that the user travelled dutime period when the data was
collected. On the other hand, the other two users remained iniaWeir For the fourth user the

data variation was small indicating that he remained in a relatively srea.

The data for the first user was a combination of Fayetteailie@ Chicago. There are several

sources of inaccuracy in the location data. First, location ddliected indoors are inaccurate

since the receiver does not get a direct line of sight wighsatellites. Additionally, we found

16



that the location coordinates are inaccurate when the user moweghhiunnels and urban

canyons and railway tunnels.

A feature that we found in our experiments was the inaccura@pitd readings when the user
was traveling in a vehicle at high speed. For example, we foundhina&PS readings were
inaccurate up to 35m when the vehicle was driven at a speedtal@®enph. We claim that

several techniques including Software-based receivers oratiffak GPS units can circumvent

the above errors.

What network stateswasthe Android devicein?

We collected statistics on the states of the Wi-Fi networl ain. These include scanning,
obtaining DHCP leases, associated, and data transfer. Theotlatéed is event triggered and
hence it is collected whenever the network state changes. A change iroekrseaite also occurs
when the user connects or disconnects from a network or when hkesnafitom one network to

another.

These statistics help us to determine the number of times ase®elVi-Fi or switched from one
Wi-Fi network to another. Moreover, it helps us understand how robust t#e &gsociation
process is? Figure 2 shows the average of number of timesehes in a particular network

state for four days.

17
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Figure 2: Average number of timestheuser isin a particular network state for four days

How many processes does an Android phonerun?
We used the process service counter to collect data on the nafrfrecesses resident in the
phone’s memory. The Figure 3 below shows the number of processasseyepver four

intervals.
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Figure 3: Number of processrunning during atimeinterval

Clearly, the number of processes resident in memory is largece it is critical that our
logging tool consumes a minimal amount of energy, to be minimatysine. Further analysis
of data shows thatom.google.android.youtub@as the most frequently used process, indicating
that the users spend a large fraction of time watching stngawideos. This also illustrates the
need for offload 3G data to networks such as Wi-Fi. There arec@msmns for the above. First,
the network speed of 3G is lower than Wi-Fi, as we illustraés.|dhus, watching videos over a
Wi-Fi connection would lead to better user experience than 3Gn&ewith differentiated caps
such as 2GB/month, it limits the number of videos that a user dah weer youtube. Hence, it
calls for offloading data from 3G to radios such as Wi-Fi. The process lis etbbve figure is a
mix of user and system initiated processes. Moreover, severéleo$ylstem processes are

background processes.

19



How often do usersrechargetheir phones?

We are interested in the number of times a user recharges his phone. Thi®iandsgrstanding
whether it is feasible to use energy hungry radios such ds V- data transfer. Similarly, it
also provides information on whether our service can offload data tcetiver often---an
optimization to our monitoring service could be to upload data to the server only when tiee devi
is plugged in. Figure 4 shows that the number of recharges thausacherformed during the
course of four days was of the order of 3-4. This points to theHhfacit is feasible to use energy

hungry radios like Wi-Fi for data transfer when 3G is either unavailabbepensive.

3.5

o

. /\ /
2 \-/ —— Uszer 1
/ ——User 2
15 User 3

J NN

User 4

Number of times charged

Day 1 Day 2 Day 3 Day 4

Number of Days
Figure 4: Number of timesthe userscharged their phones

Another important profile that we measured was the energy consumygdtithe SystemSens+

application. Our measurements show that the application did not #feecumber of times a

user charged. Since it is built on top of the SystemSens+ seiwisehighly optimized to

consume the minimal amount of energy throughout the day. Another ontdogeature

20



deficiency that we found on the Android phone was the battery levetaiodi We have
observed that the battery discharges slowly when the indicatrisehigh and quickly when the

indicator level is low. However, in the ideal scenario the discharge ratelsl figouniform.

How much data was transmitted/received over 3G?

In this section, we present results from data collected inaGbieand Fayetteville on the amount
of data transmitted/received over the 3G radio. We collectédtsts on the number of packets
and number of bytes transmitted/received for upstream and downsB8@atraffic. For the
Samsung phone we used tpdpO interface for data collection. Specifically, we used the
getnetDev()function call that parses the file in /proc/net/dev in to obtagnresults from the

pdpO Interface. The results are returned in the form of JSONobject.

The usage of 3G of various users during peak and off-peak hours is shown in the graphs below.
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There are several conclusions that we can make through theés.gfast, the amount of data
transferred by various users varies. While certain usersnrifireceive 40 MBs of data, others
transmit fairly low amounts of data. Moreover, the usage hamés depending on the day and
peak or off-peak hours. A counterintuitive result that we find frieengraphs is that the amount
of data transferred during peak hours is less than non-peak hours foc8@& wken the user

was on a trip. We conjecture that the reason for the above obsersatemmore frequent use of
Wi-Fi during peak hours. Additionally, we find the total amount dadeansferred during a day
is less than 50 MBs in most cases. This points to the facthtbaisters are cognizant of the

bandwidth caps and try to use the 3G radio as minimally as possible.

How does thetime of use of Wi-Fi and 3G compar e?

Table 1: 3G and Wi-Fi usage of User1

Place 3G Wi-Fi
Residence 15min 4.3hrs
Office 32min 3.1hrs
Downtown 4.1hrs 32min

Table 2: 3G and Wi-Fi usage of User2

User 2 3G Wi-Fi
Residence 26min 3.3hrs
Office 21min 3.1hrs
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Table 3: 3G and Wi-Fi usage of User3

User 3 3G Wi-Fi
Residence 12min 2.3hrs
Office 6min 3.4hrs

Table 4: 3G and Wi-Fi usage of User4

User 4 3G Wi-Fi
Residence 6min 3.23hrs
Office 3min 2.6hrs

What isthe usage of Wi-Fi?

The SystemSens+ service collects the amount of packets and dfyteth upstream and

downstream of the Wi-Fi network interface (ethO) along with tha dad time for every two

minute interval. The results show that users preferred to usda Whén an access point was

near.

Experiments in downtown of Chicago show that there are at lemg¥it&i access points at any
location. Out of these at least three were open to connectiortoDhis high density of Wi-Fi

access points, they are also used for indoor localization where GPS does not work.

A comparison of the data usage through Wi-Fi of various users is shaiva graphs below. It
was interesting to note that three of the four users were static wimte\WsiFi.
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Figure 8 Wi-Fi data usage at off-peak hours

Recently some of the Wi-Fi routers are being fitted with timeal antennas. They allow Wi-Fi
access only in a particular direction. These might be a diséaye in our case although they

were built in order to address the privacy issues.

Also, there are various factors which affect the Wi-Fi netwspked. The network speed is
reduced if the access point has peak number of users. Diffesgsapoints have their peak
number of users at various times in a day. For example, googds at a cafe experience the
peak during evenings. In order to avoid this problem we have collectagatimgs from the
same access point at various times in a day. Also, the access {hait are stable have been
identified where the peak hours are not significant. Most of thtekdesaccess points were in
hotels or in residential areas.
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How does the bandwidth of 3G and Wi-Fi compare?

In this section, we compare the download speeds for 3G and Wi-Fi. Tornpethese
experiments, we used inetwork tool. The goal is to understand wisethsituting 3G with Wi-

Fi at different locations is feasible for applications thgunme high bandwidth and speed. In a
nutshell, our analysis shows that Wi-Fi has double the speed of 3G aveeage. So, Wi-Fi
would be a preferred solution over 3G if we are interestechplications that require high

network bandwidth, such as watching videos.

In downtown, we have considered experiments at locations that halteaddéions for Wi-Fi
i.e., the mobile device is near an open access point and the sigamajth is strong. In other
locations the Wi-Fi speed was sometimes less than that of 3@®utmty when the signal

strength was poor.

Broadly speaking, top-down, virtually integrated approach is offere@®yfor delivering
wireless Internet access. It represents a natural evolafidhe business models of existing
mobile providers. The providers of this service have already invésliémhs of dollars in
purchasing licenses to support the advanced data services and equipsmkers have been

gearing up to produce the base stations and handsets for wide-scale deployment\€8& ser
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In the Figure 9 and Figure 10, we compare the speed of the WieFB& connections at
workplaces like offices and labs in the University of Arkansasaddrements were performed
for every two hours during peak and off-peak hours at three locationsffidg, GACL lab and
Hotz hall). Clearly speeds varied significantly and the spea&llidfi was almost twice that of
3G both during peak and off-peak hours. Also, the speeds during peak leoeless compared
to off-peak hours. This difference can be attributed to the largebewuof users sharing the

medium during peak hours.
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Figure 11: 3G vs Wi-Fi speed in downtown Fayetteville at peak hours

29



1800

1600

1400

BWi-Fi

H3G

Speed in Kbps

Location 1 Location 2 Location 3 Location 4 Location 5 Location B

Figure 12 3G vs Wi-Fi speed at downtown Fayetteville at off-peak hours

Figure 11 and Figure 12 compare the speeds of Wi-Fi and 3G downlozatsoas locations in
downtown Fayetteville recorded for every 2 hours when the usematking. The downtown
could be considered as a place where the user spends time @tesi@af- popular locations for
users to spend time working. Again we find that there is variatitine speeds of Wi-Fi and 3G
--- moreover, the variance is larger for Wi-Fi as compareglaoThis points to the known fact
that long range radios are immune to multipath effects and hkedestantaneous bandwidth

can show larger variance in Wi-Fi compared to 3G.

We further compare the speeds of Wi-Fi and 3G recorded for evertyadwrs at residential areas

during the peak and off-peak hours on foot.
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Figure 13 and Figure 14 clearly show that Wi-Fi speedsvasemore than 3G although Wi-Fi
availability is meager. While we performed experiments on 3G \&inéFi connectivity in

downtown Chicago, it was difficult to stay connected to Wi-Fi at vehicular speeds.

Can 3G be augmented with Wi-Fi?

The goal of this section is to determine what percentage oa8®e substituted with Wi-Fi at a
given location. Experiments were conducted on foot for four days. Imtdewa Chicago, the

user used Wi-Fi 9% of the time (Figure 15). And, 34.1Mb of datatraasmitted through Wi-Fi

and 266.4 Mb was transmitted through 3G. Given speeds of Wi-Fi and 8& agsume that 3G
is used 100% of the time, from the above results we observet tlieaist 11% of the total data
(300.5 Mb) on 3G can be offloaded to Wi-Fi. Note that this is a coatbee estimate, since the
user may be using Wi-Fi only on demand. If we have a syshat does this offloading

automatically, a larger amount of data can be transferred over Wi-Fi.
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Figure 15: Data usage of 3G and Wi-Fi in Downtown Chicago

We also measured data transferred over Wi-Fi and 3G at vanoasohs on foot in the
downtown Fayetteville for four days. We found that the user used 3@afmferring data 96%
of the time (Figure 16). However, given that about 4% of the Wvnéi was used, about

5.6Mb (5%) of the total data (109.355Mb) transfer can be offloaded to camscwer the

Wi-Fi radio.
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Figure 16 Data usage of 3G and Wi-Fi in downtown Fayetteville

Challenges with augmenting 3G with Wi-Fi

While it might be practically feasible to augment 3G with-f/in several places, there are
several challenges that need to be encountered. When the usdrlesimsemi-urban areas, he
sees very few open access points. Most of the access points base eaontrol restrictions or

are secured. Hence, finding access points that are open and free is challenging.

The second challenge is to develop an architecture that can proamdiese transition from Wi-

Fi to 3G. There are several options to build such architecture.

o Tightly couple integration, where a WLAN emulates functions ofGarddio access

network. It is treated as a 3G access network from the point view of the 3G coreknetwo
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. In loosely coupled Integration, access point connects the gateway wtiigim iconnects
to the Internet. A mobile station contacts 3G towers via an scqoemt. Mobile IP and
authentication, authorization and accounting (AAA) services are ingpled by the gateway to
interact with the 3G's home servers. This service helps enablexitteange accounting

information and billing information between a 3G network and a WLAN network.

. A hybrid coupled integration schema differentiates the data patwsding to the type of
the traffic and can accommodate traffic from WLAN efficignthith guaranteed seamless

mobility.
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Chapter 6: Conclusion

This thesis demonstrates the feasibility of augmenting 3@anks$ with Wi-Fi. Specifically, we
show through experimentation and measurements that there ard kmatians where 3G and
Wi-Fi connectivity co-exist. Moreover, the speed of Wi-Fi iscevthat of 3G at both peak and
non-peak hours. Hence, on mobile systems, there are several oppgstwhigre traffic from 3G
can be shifted over to Wi-Fi. Specifically, we show that 11% of ma@Ghicago and 5% of the
data in Fayetteville can be offloaded to Wi-Fi. This couldascta solution to ever increasing
congestion on 3G networks and bandwidth caps imposed by cellular provieeSTE&T and
Verizon. Additionally, we present the design of a general purpose lablcan be used for
collecting usability statistics on Android devices. The tool can bd e several measurement

studies related to the Android phones in the future.

However, there are several challenges that need to be solved ©igfbraugmentation becomes
a reality. First, Wi-Fi is inherently unreliable. While there 21,000 public hotspots in the US
alone, Wi-Fi is a short-range radio and is prone to losses deéldotion, multipath fading, and

obstacles. Hence, key to augmenting 3G with Wi-Fi lies is making WieFe mobust.
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