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Fig. 2. Distribution of ICT services at the end of 2007 (a) dnel growth in the number of mobile phone subscribers betvi@87-2007 (b).

facilities between clinics located in remote villages ahé t to provide temporary Internet connectivity to disconndcte
Aravind Eye hospital for tele-medicine. The Wireless Adric portions of the network; a feature that can greatly faddita
project has a deployment in Mpumalanga [12], that is aim@dmote troubleshooting of network partitions. A key adeaet

at sharing the satellite Internet connection of an AIDSiclinof the Cell-Share architecture is that by opportunisticall
with the neighboring schools, hospitals and homes usingaggregating the cellular data uplink of multiple mobile pks
WiFi mesh and providing local VoIP telephony. The mesfowned by local mesh users), additional uplink capacitylman
network in Dharamsala, India [7] provides not only Interngirovided to nodes that are located far-away from the gateway
access to people in the hilly town, but also local voice nglli and obtain proportionally lower throughput than nodes near
and video streaming services. the gateway.

While these projects have made significant strides towarddn the rest of the paper, we discuss the architectural choice
providing basic connectivity to rural areas in developinfpr wireless connectivity in rural WiFi mesh network de-
regions, there are a number of challenges that have prelerdoyments. In Section Ill we present the design of the Cell-
their large scale adoption. To begin, the lack of efficierthare system that has the potential to opportunisticaléy us
remote network monitoring and debugging solutions, errafellular infrastructure to help enable wireless mesh nete/o
power supply, and voltage fluctuations in rural areas ofté providing affordable and viable communication servites
lead to node failures and network partitioning [19], [21]2 large number of users in rural areas.

Further, environmental factors and_ mechanical failuresilte Il. RURAL WIFI MESHNETWORKS
in disconnected nodes that are difficult to troubleshoat, fo
example, antenna misalignments. The lack of a reliable e Network structure of a rural mesh network can be

back-channel renders the disconnected portion of the mbtwgrOken down into three components: the backhaul that con-
unusable, even if local WiFi is still available, as the lik t "€CtS the mesh to the Internet (if present), the local mesh
the far-av;/ay gateway node is severed [16] ['19] [21] through which network-side devices communicate, and the

Due to the high ¢ of Int t uplink i | mesh router to client link. One or more mesh routers may
ue 1o the nign cost ol an fnternet uplink-in rural areagyq ¢onnected to the Internet and act as gateways. Within the

village [3], [5], [16], [20]. Such a network architeCtur@at is 4 acts as an access point providing WiFi connectivityit e

d.esigned.to _extenq connectivity from an Internet gateway t0jeyices. On the backhaul, a number of technology choices are
single point in a village, over carefully planned long dista available, such as satellite, point-to-point long-dis&awiFi

WiFi_Iinks [14], [15], becomes vulnerable to a single IOOinﬁnks, WIMAX, or a wired DSL connection. Figure 3 shows

gateway capacity often becomes the bottleneck. Further,
the absence of a back-channel, a link failure can resulten t
disruption of connectivity for a large number of users. A. Backhaul Uplink Wreless Technologies

In this paper, we propose Cell-Share — an architectureThe lack of copper and fiber communication infrastructure
that leverages the growing trend in mobile phone coveragedeveloping nations necessitates the use of wirelesssscce
throughout the world (refer to Figure 2(b)) to augment ruraéchnology, which has the scope for maximum impact in
WiFi mesh networks. We develop a system that allows tlibese regions with minimum investment. In recent years, the
use of Internet enabled mobile phones as a back-chanegbonential growth of wireless technology has made laying
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Fig. 3. Rural mesh network architecture.

of copper lines to an analog phone far more expensive thaature in which cellular networks have evolved. The network
providing wireless broadband connectivity to the Interngproviders usually upgrade their networks from one genamati
Fortunately, a variety of wireless Internet connectiviptions of technology to another (GPRS, EDGE, 3G, 3.5G, 4G),
exist. rolling out the latest technology in the urban areas firstictvh

Satellite networks provide high bandwidth and are useftilen gradually trickles down to rural areas with time. Most
for remote areas where there is no existing infrastructufe€llular networks in both Asia and Africa now support data
However, the cost of a VSAT link is often prohibitively highcommunication. An amalgamation of cellular data networks
for low income rural regions. For example, in Somaliland¥ith rural WiFi networks is a promising and viable evolu-
Africa, the installation cost of a typical VSAT link thattionary approach to provide Internet access to the devedppi
can operate at speeds of up to 2 Mbps is estimated to fl§8ions of the world.
approximately US$35,000, with a recurring cost that depend n the future, the recently unlicensed white-space spectru
on the link capacity, but which can be as great as US$20tothe US and parts of Europe has the potential to serve as an
per month for a 128 Kbps downlink and 64 Kbps uplinkNeéxpensive means to connect remote areas. However, since
connection [9]. At such a high installation and recurringtgo the availability of the white-space spectrum became ptessib

only large enterprises can afford VSAT, typically making iflue to the transition from analog to digital TV transmission
unsuitable for small community deployments. such a spectrum may not become available for unlicensed use

WIMAX operates in a licensed frequency band and has”?;\the developing nations in the near future.

centralized network architecture with a range of up to 50 km. I1l. CELL-SHARE
The IEEE 802.16j amendment defines a mobile multihop relay\ye now present the design of Cell-Share — a system to form
extension that allows WIMAX base stations that do not haygynsient local Internet gateways using one or more mobile
a backhaul connection to communicate with base statiop§ones with a data connection. The motivation for the design
that do have such a connection, in a tree topology [1Q Cell-Share comes from the rapidly growing reach of calful
Due to its licensed operation and high infrastructure cogfenworks in the developing world. In areas where the cost of
WIMAX technology is most suited to the needs of broadbang,hscribing to a dedicated satellite connection or the ratese
connectivity in urban areas, where the cost of the expensiyginexpensive DSL or WiMAX uplinks makes it difficult for
infrastructure is amortized by a large number of users - afa|| scale community mesh networks to survive, the ability
assumpti(_)n that does not hold true for low income rural areg§ estaplish an aggregated Internet uplink using multiglt ¢
Lastly, WIMAX technology has yet to be adopted on a larggnones on-demand can prove to be a significant boost for
scale in not just developing but developed nations as well. ;g mesh networks. Cell-Share enables the network users
Cellular network penetration is growing at a rapid pace ito opportunistically enhance their uplink capacity by ailog
developing nations. Figure 2(b) shows that in just a five yetire mesh network to use the cellular data connection (such
period from 2002 to 2007, the number of mobile subscribeas GPRS/EDGE/3G) of Internet enabled mobile phones. The
in the developing world has more than quadrupled. One céllular uplink can also serve as a back-channel to help the
the main reasons for the emergence of cellular phones asedwork administrator debug and troubleshoot networlkifag
key communication technology worldwide is the incrementfdlom a remote location.
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other between the mobile phone and the remote proxy server
over the cellular uplink. We implement the local and remote
— e e proxy servers in the Ruby programming language. The transfe
(wevproxy | ) ) E of proxy requests and responses occurs over the TCP tunnels
R super | / ~ " GPRS/EDGE . :
L_stiper | - via the Cell-Share mobile phones.

- As shown in Figure 4, our testbed is comprised of four
Cell-Share Windows Mobile smartphones that have a GPRS/EDGE cel-

Mobile Phones

Clients z, WiFi

{ Proxy server | lular uplink, running the Cell-Share application. We us@® tw
| suiper | IBM laptops. One acts as a proxy server connected to the
Fig. 4. Cell-Share architecture. Internet using a DSL connection. The other laptop acts as a
A. System Design m.esh access point that forwards the trgffic from its cqnmbcte
clients to the Internet proxy server via the four Windows
In the Cell-Share architecture, one or more users can V@tobile phones running Cell-share over the TCP tunnels. For
unteer to have their cell-phone uplink be used to support tBgnplicity, in our current implementation, the mesh access
local mesh. As shown in Figure 4, multiple Internet enablgsbint only routes the data of its connected clients throingh t

cell phones can associate with a mesh access point like @wll-Share system, but not the traffic from other mesh nodes.
other WiFi client. After association, the user can startdbi-

share application, which informs the mesh router that thle ce
phone is capable and willing to offer its cellular uplink for
use by the mesh network. Following the initial handshake, th NG
mesh access point starts using the connected mobile-pisone a \
a gateway device. Traditionally, when a WiFi client conseot
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g
an access point, it uses the Internet uplink of the accesg poi "s; zzz \nim\_“ 420
to route data to the Internet. In the Cell-Share architegtuwe .
use a client-gateway architecture where a mesh access point = o
may use its WiFi clients (in this case the Cell-Share mobile 100
phones) to reach the Internet. This is achieved by forming .
a TCP (for reliable delivery) tunnel between the mesh access 0 . 5 3 . s
point and a remote proxy server on the Internet, via each Cell Number of GPRS/EDGE Mobile Phones
Share mobile phone as described in Section I11-B. Fig. 5. Striping across multiple gateway phones.

The client nodes in the network are configured t0 USe a1 yerify that the cellular uplink of multiple Cell-Share

local proxy server running on the mesh access point, "?‘feat%obile phones can be aggregated effectively to provide a
already used in most rural mesh networks for caching apiapje and scalable back-channel, we run a typical web
content filtering. The mesh access point communicates Wiy, ysing traffic load comprised of HTTP requests to several
a remote proxy server on the Internet via multiple Cellye\ s search and other popular websites. Figure 5 shows a
Share mobile phone tunnels. All traffic between the IOC?]Ilot of the time taken to finish a given browsing workload
proxy on the mesh router and the remote proxy server on fagy, 5 yarying number of Cell-Share phones contributingrthe
Internet is striped on each of the available tunnels for c@pa o nqyidth. The download time is reduced on increasing the
aggregation. The web proxy running on the mesh-access pQjfjinper of collaborating mobile phones, indicating that the
delegates its client web requests to the Internet ProxXyesenVq|i-Share setup and striping mechanism is able to effelgtiv

which acts on its behalf and fetches the content from t'?;\%gregate the uplink of the available mobile phones.
Internet like a conventional web proxy. The responses are

transported back to the proxy on the mesh access point awer@ Future Directions
tunnels using striping. In other words, the mesh accesst poinin a scenario where a network can have a varying number of
transfers its state to the Internet proxy server in a tra®spa transient gateway nodes, several interesting researcigus
fashion. arise. Traditionally, a rural mesh network relies on a fixed
, capacity uplink for Internet connectivity. Since there ardy
B. Testbed Implementation a small number of gateways in a mesh network, the problem of
We have implemented a proof-of-concept Cell-Share protmuting is limited to the identification of the shortest paifihe
type on Android and Windows Mobile platform based phonesearest gateway. However, in an architecture where meltipl
To ensure ease of implementation and portability of the-Cetiell-phones act as temporary gateways, albeit with smaller
Share architecture across different mobile phone plaome uplink capacities, the problem of routing can no longer nema
keep the functionality on the mobile phone to a minimum. Thegnostic of the difference in the uplink capacity of a gatewa
mobile phones run an application that acts as a simple byféius, such a system would require changes to the routing
exchanger between two TCP connections: one connecting fltetocol to account for multiple variable capacity gateway
mesh router to the mobile phone over the WiFi link and theodes that remain active for a short period of time.
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to provide additional Internet uplink capacity, by enablin

multiple mobile phones to aggregate their cellular datanipl

capacity. We believe that an amalgamation of cellular data

networks with rural WiFi mesh networks is a promising and

viable evolutionary approach to providing Internet access

the developing regions of the world.
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