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Abstract—In third generation (3G) cellular networks, base for carrying voice traffic, is not well suited for bursty and
stations are connected to base station controllers by point asymmetric data traffic; 2) T1/Els are a source of religbilit
to-point (usually T1/E1) links. However, today's T1/E1 basd problems as adding redundancy through additional point-to
backhaul network is not a good match for next generation point links is expensive; 3) T1/E1l provisioning can take
wireless networks because symmetric T1s is not an efficientay P . . ’ S .

significant time (in some cases, months) limiting the servic

to carry bursty and asymmetric data traffic. In this paper, we . [ . .
propose designing an IEEE 802.16-based wireless radio asse Providers ability to react quickly to changing demands.

network to carry the traffic from the base station to the radio In this paper, we propose designing a wireless radio access
network controller. 802.16 has several characteristics tit make network to carry the traffic from the base stations to the
it a better match for 3G radio access networks including its radio network controller. While fixed wireless systems liase
support for Time Division Duplex mode that supports asymmety o4 | MDS/MMDS technology have been around for decades,
efficiently. they haven't been really successful in backhaul applicatio

In this paper, we tackle the following question: given a layat : . .
of base stations and base station controllers, how do we dgsi dat€ Since they have been based on proprietary technologies

the topology of the 802.16 radio access network connectingie that resul_t; in_ lock-in and high cost. _However, with Fhe
base stations to the base station controller that minimizeshe recent ratification of the IEEE 802.16 wireless metropalita

number of 802.16 links used while meeting the expected demds area network (WirelessMAN) standard [2], the cost of fixed
of traffic from/to the base stations? We make three contributons: wireless systems should be dramatically lower. Accordimng t
we first show that finding the optimal solution to the problem \\iMAX forum. an 802.16 Base Station should cost less than
is NP-hard. We then provide heuristics that perform close 10 454000 and an 802.16 Subscriber Station should cost less tha

the optimal solution. Finally, we address the reliability issue of .
failure of 802.16 links or nodes by designing algorithms to eate $300 [3], eventually reaching the same cost as an 802.11 card

topologies that can handle single failures effectively. ($30) .
Apart from the low cost, several of the 802.16 features
|. INTRODUCTION appear a good fit for the wireless radio access network ap-

Third Generation (3G) wireless networks based on Code Dplication. IEEE 802.16 has support for Time Division Duplex
vision Multiple Access (CDMA) technology are now being in{TDD) mode that enables dynamically adjusting to bursty
creasingly deployed throughout the world. As of March 2004nd asymmetric data traffic. IEEE 802.16 has both point-
there were over 200 million CDMA subscribers worldwide [1]to-multipoint and multi-hop mesh support. Mesh support is
3G CDMA networks such as CDMA2000 1X allows doublingxtremely useful when the base station controller is out of
of voice capacity over regular CDMA and CDMA2000 EV-the range of a base station but can be reached in a multi-hop
DO supports high-speed wireless data with peak rates of manner through other intermediate base stations. IEEEL802.
to 2.4 Mbps. base station controls and allocates resources to subscribe

In these third generation cellular networks, the basecstati Stations in both uplink and downlink, thus enabling the sarpp
are connected to radio network controllers or base statifar multiple quality of service classes (a necessity in tligh
controllers by point-to-point (usually T1/E1) links as shho synchronized CDMA networks). IEEE 802.16 operates in
in Figure 1(a). These links, also called backhaul links, at®th line-of-sight and non-line-of-sight modes, thus allm
expensive and their use imposes an on-going cost on tteployments in regions where there is no direct line-ohisig
service providers. As more of the current CDMA subscribefgnally, managing uncertain demands is easy as the service
migrate to higher capacity CDMA2000 and high-speed wirgrovider can enable more on-site 802.16 links dynamically
less data based on CDMA2000 EV-DO, the current radiather than wait for T1/E1 provisioning.
access network will increasingly become a bottleneck,ifgrc  In this paper, we tackle the following question: given a
service providers to add more of these costly T1/E1 links teetwork layout (base stations and base station contripllers
support the higher capacity air interface. what is the optimal algorithm for designing the topology of

In addition, today’s T1/E1 based backhaul network is nelhe 802.16 radio access network connecting the base station
a good match for third generation wireless networks due to the base station controller that minimizes the number of
the following reasons: 1) T1/E1, which provides symmetri802.16 links used while meeting the expected demands of
bandwidth in both uplink and downlink, while a good fittraffic from/to the base stations? We make three contribstio



for addressing quality of service (QoS) issues in IP-based

T1/ RANSs [7], [8], [5]- The question of connectivity, i.e. how dte
E1 to connect base stations to the radio network controllers in
the IP-based RAN, was addressed by [9]. However, all these
CDMA solutions assume that the IP-based RAN consists only ofiwire
MUX ﬂ BSC/ links. Wireless connections based on 802.16 allow the opera

Problems similar to the ones tackled in this paper have
been considered in other contexts. For example, researcher
have looked at problems of reducing the wiring cost in a
(a) Current Architecture wireline network. [10] assumes there is only one cable type
of bandwidthk and there is at most one cable between a pair
of nodes. The cost of a cable is proportional to the distance
A 802.16 between two nodes that it connects. There is a root node and
a set of demands from other nodes to the root node. The goal
is to find a minimum steiner tree rootedrasuch that the total
demands of any subtree is not greater thafil1] looks at a
generalized version of the problem where there are multiple
cable types of different costs and each pair of nodes can be

\< RNC to connect the base stations together directly, resultireyen
' lower costs than a wired IP-based RAN.
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?{?\l%/ connected by multiple cables of different types. The goal is
to minimize the total cable costs without limiting the sabut
1 to be a tree. Although the objectives of the two problems are
E close to ours, that is to reduce the cost of connecting nodes
(b) Proposed Architecture meeting a given set of demands, our problem of minimizing
wireless links is quite different from minimizing wiring sb
Fig. 1. Architecture in wireline network. In the wireless case, we do not have the

choices of different cable types between a pair of nodes. In
fact, the capacity of a wireless link between a pair of nodes
we first show that finding the optimal solution to the probleri$ & function of distance and transmission power. In addljtio
is NP-hard. We then provide algorithms that come close @€ cost of a wireless link does not depend on the distance but
the optimal solution. Finally, we address the reliabiliggue is equal to the fixed cost of installing a transmitter/reeeit
of failure of 802.16 links or nodes by designing algorithms tPoth ends of the link.
create top0|ogies that can handle Sing|e link or node fadur The link/node failure resiliency problem considered irsthi
effectively. paper is closely related to the problems of finding the 2-edge
The rest of the paper is structured as follows. In Section gonnected subgraph and the 2-vertex connected subgraph tha
we present background and related work. Section Ill, wae all NP-hard problems. However, the problems considered
motivate the benefits of an 802.16 radio access network. ifhthis paper are even harder to approximate due to the dgpaci
Section 1V, we formally define the topology design problerfionstraints of wireless links. A 2-edge (2-vertex) coneect
and show that finding the optimal solution to the probler@raph is not necessarily resilient to single link (nodejufa
is NP-hard. In Section V, we provide an integer prograffi our case. There is work [12] to find the 2-edge (2-vertex)
formulation to the problem and detail our greedy algorithrdonnected graph accounting for capacity constraints.kitsta
for designing the 802.16-based radio access network. In Stte same network and demand models as in [10] and asks for
tion VI, we address the issue of topology design that afeminimum cost spanning network such that the removal of
resilient to single link and node failures by showing that ththe root node and its incident edges breaks the network into
optimal solutions to these problems are NP-hard and detdinumber of components, each of which is 2-edge (2-vetex)
our greedy algorithm for solving this problem. In Sectiori,VI connected with a total demarkd However, these wireline
we evaluate our algorithms through simulations based on tf@siliency problems again have different constraintsssuanes
base station layout of a large service provider in the Unitdfat all the cables are of the same type and of same capacity
States and show that the algorithm delivers performanaecld: and the cost of connecting two nodes is proportional to the
to the optimal solution. Finally, in Section VIII, we presendistance.

our conclusions.
IIl. M OTIVATION

Il. RELATED WORK There are two main performance benefits to replacing the

One effective way to reduce radio access network costscisrrent point-to-point T1/E1-based backhaul with a 802.16
to replace the point-to-point links in the current architee based wireless radio access network. First, 802.16 ha®dupp
with an IP-based Radio Access Network [4], [5], [6] (IP-bdsefor Time Division Duplex which allows adapting to asym-
RAN). This allows statistical multiplexing of traffic withithe metry in uplink/downlink traffic while the symmetric nature
RAN resulting in cost savings as long as appropriate Qa® T1/Els require capacity provisioning that can handle the
can be ensured. Several researchers have proposed selutisaximum of uplink/downlink traffic. Second, a mesh-based



o Load Distrbution shown in Figure 2. There are 56 base stations with peak load
' ' ' ' ' ' ' | less than or equal to 40 resource units and all base stations

80 - 1 have peak load 80 units or less. It is clear from the figure that

ol | there is significant variation in load among the differensdoa
stations.

or 1 If this load has to be accommodated by using the current

s0 | i architecture where there is no sharing among base statiens,

#of BS

would require radio access network capacity of 2885 units.
This is the sum of all peak demands over all base stations.
£ . However, if all the demands can be satisfied by a single-hop
802.16 based architecture, then only 1525 units of cap&ity
necessary. This is the peak demand of all base stations at any
10 1 time and is much smaller since the load from different base
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ stations can be time-multiplexed on this “common” 802.16-
0 10 0 %0 o 60 o 8 ®  based backhaul. However, the pure approach assumes that the
Fig. 2. Peak demand across different base stations RNC_ IS r.eaChable from every base Ste.ltlo.n which m‘?‘y.”o.t be
feasible in some cases due to transmission range limitation
We can use the multi-hop 802.16 mesh network for these
case where some base stations use other base stationsyas rela
is not feasible in current point-to-point networks. However, since the 3G base stations are usually placed not
As shown in Figure 1(a), the current radio access netwoykry far from each other in order to provide good coverage to
consists of point-to-point T1/E1 links - this results in pooan area, (see Figure 9 for the layout of a real deploymer), th
utilization of resources as these links cannot be shareugeet additional channels required for multi-hop routing is miiai.
base stations. Direct wired connectivity between baséstt  Thus, this section motivates our proposed architecture by
is typically not feasible given constraints as to where eabljllustrating the benefits of having an IEEE 802.16 based
are laid; logical wired connectivity between two base et&i architecture for the radio access network as it supportsiasy
is possible but this would typically take a physical pathatthmetry and enables sharing of resources. This can result in
would go from one base station to a central office back to tRgynificant savings in backhaul costs, especially with tyurs
second base station, resulting in much longer physical pa{id asymmetric data traffic. However, in order to obtain this
and higher costs; thus, architecture is Figure 1(a) is 8lfic benefit, we still need to solve the problem of how best to
adopted today. connect the base stations to the RNC using 802.16 links such
In the case of a wireless radio access network, two baweat the traffic demands are satisfied. This is explored inemor
stations can easily be directly connected by a wireless linfketail in the rest of paper.
Furthermore, given that cellular base stations are mounted
on high towers (typically 30 meters above the ground) for IV. M ODELS AND ASSUMPTIONS
better cellular coverage, line-of-sight is typically nat @ssue
and directional antenna can be employed to increase theén this section, we describe our model for an IEEE 802.16
transmission range and/or throughput. Direct connegtigt network that is used as backhaul for 3G wireless network.
thus not possible only when the wireless signal is not reisleha  We consider a multi-hop 802.16 network where the nodes
from one base station to another because of either sigrtificadmmunicate with each other via wireless links. Each node
distance between the two nodes or the presence of a laiige network can communicate directly with a subset of the
obstacle that dissipates the wireless signal. These casdsec other nodes in the network. We use a bidirectional knk <
handled by a multihop wireless network allowing selectesebaw, v > to represent the fact that nogdeand nodeu is within
stations to connect to the RNC by using other base stationstlas transmission range of each other. Since 802.16 allows
relay nodes. Additional relay nodes can be added such thatdinamicl allocation of bandwidth between two directions of
base station can be connected to RNC as shown in Figure 1@ne wireless link, we are only interested in the total. Tfoes
In order to quantify the benefits of the statistical multiple we denote-(e), the transmission rate of wireless liakwhich
ing in the proposed architecture over the current architegt is the sum of transmission rates on both directions. Let us
we conducted the following experiment. We obtained datkenote the network by a gragh= (V, E') whereV represents
from a study [13] that had the load distribution for 90 basthe set of nodes in the network aftthe set of wireless links
stations. While that study was for users of cellular voici the network. Following the 802.16 protocol, we assume tha
service, we extrapolated the voice usage to obtain a simigystem operates in a synchronous time-slotted mode, where t
distribution for wireless data load. Each user’s data retguelength of a time-slot is- seconds.
were modeled assuming a simple web session with exponen¥e assume that 802.16 nodes are station@mpunted on
tially distributed think times. The user power-up/powemth 3G base station towers) and there is no necessity to employ
behavior was dictated by the model from [14] based on tliynamic power control. Thus, given a pair of fixed nodes and
Metricom network. We further assumed that each data evestationary channel conditions, the capacity of the linkugen
corresponded to the use of a single unit of resource. Tthee nodes is pre-determined and the link is always activated
cumulative peak load distribution for the 90 base statians at this rate using the optimal power level.
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In order to achieve the high rate required by the 3G
backhaul, we further assume that the directional antenna is
used where possibkes described in the previous section. Thus,
different 802.16 wireless links do not interfere with eadheo;
side-lobe interference can be avoided by placing the differ
links at different heights in the 3G tower.

In the backhaul of 3G data network, traffic typically tra-
verses only between the RNC and different base stations (BS)
We locate the 802.16 base station with the RNC and an 802.16
subscriber station is co-located with every 3G base statn
will refer the 802.16 base station as root node in the graphs, S Sn-1 Sn
from now on. For a given subscriber statian there is a
demandd, to reach subscriber statianfrom the 802.16 base Fig. 3. Bin packing reduction
station. We letD = (di, da, . .., d}y|) denote all demands. For
bursty data applications, the downlink traffic (from RNC 6 3
base station) results in significantly higher bandwidthgesathe least number of links that can deliver the given demands
than uplink traffic (for e.g., CDMA EV-DO has a peak rate ofimplies a solution of the corresponding bin-packing prahble
2.4 Mbps downlink but only 384Kbps uplink). Thus, for thdn this case, the degrees of nodgsl < i < n have to be
rest of this paperwe assume that the demands represent exactly one. Minimizing the total number of links can only
peak demand in the downlink directiand the uplink demands be done by minimizing the number of links connecting node
can be supported by appropriately sizing the Time Divisioh andb;,1 < j < n. Since each such link corresponds to a
Duplex (TDD) behavior of 802.16, as long as the total demarih, minimizing the number of these links is to minimize the
(uplink and downlink) on every link is bounded bye). number of bins. [ ]
Further, the quality of service support in 802.16 can be usedHowever, the solutions of MLP allows that a demand can
to appropriately service delay sensitive traffic - for exéemp be carried by multiple flows taking different paths. We now
the voice traffic can be scheduled using the TDM mode @irther show that the best solution for the particular peol
802.16, resulting in no delay jitter. reduced from bin-packing is obtained when every demand is

Note that the deployment cost of the proposed 802.16 ndelivered by a single flow. Assume demand of nageis
work is mainly the sum of the cost of 802.16 base/subscribéelivered by multiple flows in the best solution, i.e., thare
stations and the cost of setting up each of the links.Sinee timultiple b; connected to node;. We can convert this to the
802.16 stations are co-located with 3G base stations, tioey i unsplitable flow version by picking a differemy, such that
very little additional cost. Each wireless link generaligirs the residual capacity on link 0, b, > is greater thars;. We
a fixed cost for the installation of the transmitter/recepair. replace all the links connecting tg by links < b, s; > and
Therefore, the cost of using 802.16 as radio access netwerk), b, > (if it is not used by other flows). We now have a
is mainly determined by how many wireless links needed swlution with the same or less number of links.
be set up. In this papewe consider the problem of finding
an 802.16 network with minimum number of links that can V. MINIMUM LINK TOPOLOGIES
achieve the given demandSormally speaking, we want to
find G’ = (V, E’) where E’ C E such that E’| is minimized
subject to demands, for all v € V' being met. We will refer
to this as the Minimum Links Problem (MLP).

Theorem 1:Finding an 802.16 network of minimum num-
ber of links that can achieve a given set of demands is NP.—haAd

Proof: This can be proved by reducing the bin-packing”
problem [15] to it. In the bin-packing problem, the goal is to Let p denote a path that is consist of a set of links.
determine how a given number of objects (of different sizeggnotes all the possible paths from root node to nedg,
can be placed into the least number of fixed space bins. Thisrehe amount of traffic carried by path z. is a binary
are several variants of the problems that are all NP-hard. W@riable that isl when z. is in the set of least number of
reduce the following version of bin packing problem to thénks otherwise). The MLP problem can be formulated as the

In this section, we first demonstrate how to formulate MLP
as an 0-1 integer programming problem. Since the integer
programming cannot be solved in polynomial time, we present
a greedy algorithm that delivers close to optimal solution.

0-1 integer programming

MLP. Let define a set of objects with sizg, so, ..., s, and a following integer program

set of bins of capacity. The number of bins is not bounded. ]

The goal is to put all objects into the least number of bins. min Z Le
Obviously we havé&'i, s; < c¢. For such a bin-packing problem, VeeEl

we construct a graph as shown in Figure 3. We createdes Yoo Zpepv;eep Yp

bi,...,b, and attach them to node The capacity of link r(e) Sz Ve€k

< 0,b; >,1 < i < nis c. In addition, for all object; with

size of s;, we create a node with demand Node0 is the Z Y 2 dv VU
source for all demands. We connegtVi to all b; with links pEPy

of infinite capacity. If we assume that a demand can only be Y = 0 Vp € Py, Vo
carried by a single flow, the solution of finding a sub-graph of z. € {0,1} Ve e E

4



The first constraint is to ensure that the aggregated tra
from all flows traversing a links does not exceed the capac
of the link if the link is in use. Otherwise the aggregatedfica
is zero. The second constraints states that the aggregatféd t
among flows from root node to nodeat least satisfies the
demand of node. The third constraint is to prevent a negative2
valued flow and the last one ensutesis a binary variable.

Unfortunately, the integer programming problem can
solved for only small sized problems in practice becausaef t
integer requirements and the exponential number of varsabl
We now describe our heuristic-based greedy algorithm f . o
solving MLP. We will use the integer programming to evaluats greater than the sum of the maximum of all popularities
the quality of solution yielded by the greedy algorithm wheft

Fig. 4. PickLeastLink§

the problem size is small.

B. Greedy algorithm for MLP

We have three main preferences in choosing a path for Mt

with the objective to use fewer links:
« shortest path for each individual demand

« share usage of links between different demands
« choose high capacity links over low capacity links

PickLeastLinks (G’ = (V, Ey), D) MLP _heuristic (G = (V, E), D)
1. YweV\{s} 1. Sort all linkse € E as

find P,, set of all paths inG’ from s to v e1,€2,...,eg Ste; >e;if i <j
2. u(e) =2 ,cv 2ceppep, 1 Ve € Es 2. E;={}, min=+oc0
3. OLD = maxecp, u(e) 3. Fori=1to |E]|
4. SUM_POPULARITY = max.cp, u(e) + OLD 4 E; = E; U {e;}
5. u(e) = SUM_POPULARITY — u(e) 5. If there is at least one path frogto all v € V
6. SortallveV\{s} as 6. R = PickLeastLinks§’ = (V, E;), D)

V1,02, .., V|1 Stdy, > dy, i i< 7 If R+#{} and|R| < min
7. L={} 8 min = |R|,minR = R
8. Fori=1to|V|]—-1 9. EndFor
9. Findp,, = minyep,, > ., ul(e) 10. return miR

and) ;. e, dv; <7(€),Ve€E
10.  If no suchp,, can be found, returf} Fig. 5. MLP Greedy Algorithm
11. VYeep, \L
12 I— Z(S)p_ u(e) - OLD uses less hops) tends to join stations that are far aparte whi
’ vi high capacity links tend to use links joining stations tha a
13. EndFor
close together.

14. Sortalle € L as L The basic algorithmPickLeastLinks()computes the mini-

e, €2,..., e Str(er) <r(e) if i < j mum set of links needed to support the demand D given the
15. Do graph G'. It is a greedy algorithm that tries to combine the
16. Fori=1to [L| first two preferences, shorter path for each individual deina
17. remove linke; from L and more sharing of links among paths for different demands.
18. reroute all flows that traverse lirk The details of the algorithm is described in FigureMLP
19. If any flow cannot be rerouted, addto L Greedyalgorithm described in Figure 5 is the main algorithm.
20. EndFor It tries to cater to the third preference (choosing high cépa
21. Until no link removed in the round links over low capacity links) and uses the results of thédas
21. returnL greedy algorithm to minimize the number of links used in

MLP.
In order to encourage sharing of links among different paths

we rank the links in a graph by popularity metric. The
popularity of a linke, denotedu(e), is initially the number of
paths that traverse the link among all possible paths that ca

igher the popularity of a link, the more likely it can be sithr
among different paths. The goal of the greedy algorithmés th
to pick a path of fewer hops while using the more popular
links. This is done by converting the popularity meti¢) to
n unpopularity metri@(.) = SUM_POPULARITY —u(.)
and treatingu(.) as the cost of links (line 5). A standard

ortest path algorithm can then find the shortest path that

maximizes the popularity (line 9).

Our simulation evaluation suggests that the choice of
§|UM_POPULARITY is not very important as long as it

,R%ry demands (lines 1-2 of Figure 4). The intuition is tHhnes t

nd a constan© LD (explained next). Once a link has been
used by any path for satisfying a demand, the unpopularity is
reduced byOLD (line 11). OLD is a constant designed to
encourage the greedy algorithm to pick paths traversirglin

t is already part of existing links. The larger the valdie o
LD, the less likely a new link is picked. According to our
simulation results, settin@ L D to be the maximum popularity
(line 3) is sufficient and there is no gain in using any greater
values.
Once a path has been picked for every demand, we further

Note that some of these preferences are inter-related ¢ofigo improve the results by pruning the chosen set of links in the
high capacity links allow more sharing etc.). On the othegrevious step. This is done by first sorting the links in the
hand, some preferences are conflicting. A shorter path fwhidescending order according to the link bandwidth (line 14) .



Starting from the link of the least bandwidth, we remove oral demands. The solution of finding the minimum number
link at a time (line 17) . Once a link is removed, we try t®f links that can satisfy the demands even when there is a
reroute all paths that traverse this link (line 18). If ati@iives single link failure implies a solution to the minimum 2-edge
can be found for all the paths, we permanently remove tlkennected subgraph problem. Obviously if a graph is not 2-
link - otherwise we add the link back (line 19). We repeatdge connected, our resilience requirement cannot be met.
this process until some demand can not be satisfied upon @ the other hand, if the resilience is not met, the graph is
removal of any single link. definitely not 2-edge connected. This is because remove any
We observed during the simulation that the presence a@f the link, the graph much be disconnected. [ ]
too many low bandwidth links can result in reducing the Theorem 3:Finding an 802.16 network of minimum num-
performance oPickLeastLinks() The reason is that these lowber of links that can achieve a given set of demands even when
bandwidth links provides too many choices to the greediere is at most one non base station node failure is NP-hard.
algorithm. In addition, since the bandwidth of the wireless Proof: This can be proved by reducing the minimum 2-
links is inversely proportional to the square of the distgrihe vertex connected subgraph problem [15] to it. The reduction
path that uses these low bandwidth links tends to be shoyterib very similar to the proof of Theorem 2 ]
hop-count - this makes the link more likely to be chosen by The basic idea of both the integer programming and the
the greedy algorithm. However, the low bandwidth links cagreedy algorithms in this section is to not only pick a prignar
be shared by fewer paths due to the capacity constraint whigdth but also pick a disjoint backup path for each demand
ends up using more links. We propose that the MLP Greedyich that the backup path has enough bandwidth to carry the
Algorithm makes use of this observation by giving highedemands when the primary path is broken due to any single
preference to high bandwidth links. We sort the links acoayd link/node failure. Unlike the primary path, not all backup
to the link bandwidth in the decreasing order of bandwidihaths are used at the same time. Thus, some of the backup
(line 1 of Figure 5). We use the smallest connected subgramdths can share their bandwidth. The intuition behind bpcku
that contains the highest bandwidth links as the initialuinp bandwidth sharing can be explained as follows. In order to
graph. After each computation by PickLeastLinks(), theuinp handle a single link/node failure, it is only necessary teree
graph is expanded by adding the next largest link (line 4nough bandwidth such that only flows affected by the single
The minimum set of links returned by PickLeastLinks() oveink/node failure can be rerouted. Therefore, if two flows do
all the different input graphs (line 6-8) is the output of MLFhot share any link/node in the primary path, they can share
Greedy algorithm. the same link(s) (and bandwidths) on the backup paths. The
resource needed per link is the maximum resource required
VI. NODE AND LINK FAILURE RESISTANT TOPOLOGIES  petween the two flows. Based on this observation, it is ptessib

In the previous section, we described our algorithms fé@ substantially reduce the amount of resource required for
finding the minimum number of links in an 802.16 networleackup paths and thus potentially the number of links.
that can satisfy a given set of demands. Since both the links
and the nodes can fail during network operation, in this’
section, we investigate how to build a network with the least The MLRLP can be formulated as the following integer
number of links that is resilient to a single link or nodérogramming problem. The basic idea is to reserve enough
failure. We first show that both the link-failure resistaresel  bandwidth on the links such that the affected flows can be
node-failure resistant topology design problems are Nfg-harerouted using reserved bandwidth when there is a singte lin
We then formulate integer programming solutions for bot@ilure.
problems to solve them exactly. Since the integer progrargmi

0-1 Integer programming solution for MLRLP

is not practical for large networks, we then propose greedy min Z e
algorithms for these two problems. Veek

For a networkG = (V,E) and given demandd = yp = >y VeeEWweV
(dy,ds,...,dy), our goal is to find the least number of links p'EP) e€p:peP,
such that the demands can always be satisfied even when ther )
is a single link or a single no root node failure. We refer the GZ: Z o ¥ \53%52 L /Z . /y,,
problems as Minimizing number of Links Resilient to Link v pefuieer i
failure Problem (MLRLP) and Minimizing number of Links < wer(e) VeeE
Resilient to Node failure Problem (MLRNP). Z Yp = dy YV

Theorem 2:Finding an 802.16 network of minimum num- pEP,
ber of links that can achieve a given set of demands even when yp > 0 Vpe P, W
there is at most one link failure is NP-hard. z. € {01} VeeE

Proof: This can be proved by reducing the minimum
2-edge connected subgraph problem [15] to it. For a giv&here theP, and P, is the set of primary path and backup
graphG = (V, E), the goal of the minimum 2-edge connectegath for demandi,. The first constraint states that there is
subgraph problem is to find a 2-edge connected spannisgough bandwidth on backup paths when any single link fails.
subgraphG’ = (V, E’) such that the number of linkgZ’| The second constraint is to ensure that the sum of the total
is minimized. Let us pick a node 67 as the root node traffic traversing a link and the capacity reserved on tHefim
and assign demands, dz, . . ., d|,|—; to the other nodes. We backup paths to handle any single link failure can not exceed
further assign a capacity to each link that double the sum thie link capacity if the link is in use, otherwise zero. The



MLRLP _greedy G = (V,E),L,D)
1. Sort all links as
e€ FE asey,e,...,eg Slte; >e;if i<y
2. E,={}, min =400
3. Fori=1to |E|
4, ES = ES U {61}
5. If there is at least one path fromto all v € V
6. R = PickLeastLinksG’ = (V, E;), D)
7. If R+#{}
R’ = PickLeastLinksResL{’, R, D)
8. If R'#{} and|R’| < min
9. min = R, minkR’ = R’
10. EndFor
11. return mik’
Fig. 6. MLRLP Greedy Algorithm

rest of the constraints is the same as in the previous inte
programming for MLP.
B. 0-1 Integer programming solution for MLRNP

In the case of MLRNP, we have to reserve enough ba
width for a single node failure. Leti(u) denote the links

PickLeastLinksResL (G’ = (V, Es), L, D)
1. YweV\{s}
find set of all paths inG’ from s to v that
are link disjoint from primary pattp,,, P,

2. u(e) = ey Zeep:peP,; 1, Ve € Ej
3. OLD = maxccp, u(e)
4, MAX _ POPULARITY = maxcg, u(e) + OLD
5. u(e) = MAX_POPULARITY — u(e)
6. VeelL,

a(e) = u(e) — OLD
7. Sortallve V\{s} as

V1,02, ., V|y|-1 s.t. dvi > dvj if 1< J
8. L'=1{}
9. Fori=1to|V|-1
10.  Findp;, = minpep; 3., u(e) andVe € pi, ,

ZvGV:erU dv + maxve/# ZUEV 92/ (U) S r(e)
11.  If no suchyp;, can be found, returf}
12.  Veep, \L\L, u(e) =u(e) — OLD
T3, ' =L'Up,,
14. EndFor
15. returnL’
d-

Fig. 7. PickLeastLinksResL

attached to node, and N(p) to denote the set of nodes on
pathp. The MLRNP can be formulated as the following integer

programming problem, using a similar idea as in Section Vl{d,,, d.,, . ..

A.
min Z Te
VecE
Zyp/ - Z Yp V’UJ,UEV,U#U
p'eP) wEN (p):pEP,
> 2w+ max D > Uy
v pEP,:e€p v#u pEN (u):e€p’:pEPy:p’' €P),
< zer(e) VeeFE
Z Yp = dy Vv
PEPy
Yyp = 0 Vpe P,V
ze € {0,1} VeeFE

.dy,). Let 8¢ (v) denote the amount of capacity
needed to be reserved on lirkfor demandd, when link e’
fails. Thus,0¢ (v) = 0 whene’ is not on the primary path for
demandd,, i.e.,e’ & p,; otherwiseeg' (v) = d,. The capacity
reservation on linke is maverze Y4 s ¢ (v).

The detailed algorithm is presented in Figures 6 and 7.
The MLRLP greedy algorithm, similar to the MLP greedy
algorithm, sorts the links in decreasing order of their citpes
(line 1 of Figure 6) and then adds one link at a time (line 4)
and executes the following: a) it first places all primaryhsat
using the greedyickLeastsLink(.Xline 6) presented in the
previous section. b) it then calRickLeastsLinkResL(tp find
the backup paths (line 7). This process is repeated unthall
links are added and then the solutionRitklLeastLinksResL(.)
that returns the least number of links added is returned.

The functionPickLeastLinksResL(first finds all the link
disjoint pathsP, from the primaryp, for every demandi,

Where theP, and P} is the set of primary path and backugline 1 of Figure 7). Each link is weighted with popularity
path for demandl,. The first constraint states that there i¢hat is the number of paths idy,cy\ (5} P, that traverse the
enough bandwidth on backup paths when any single node faiisk (line 2). Similarly as in MLP-heuristic, we convert the
The second constraint is to ensure that the sum of the tgpalpularity metric,u(.), to an unpopularity metrici(.), for
traffic traversing a link and the capacity reserved on thk lireach link (line 5). In order to encourage the paths using less
for backup paths to handle any single node failure can neg¢w links, all the links that are part of any primary path are
exceed the link capacity if the link is in use, otherwise zerawarded with an additional popularity valu@,LD (line 6).

The rest of the constraints is the same as in the previougenteFor each demand, a shortest path algorithm is executed (line

programming for MLP.
C. MLRLP Greedy Algorithm

10) that treats unpopularity as the link cost and finds a backu
path of less hops and that traverses more shared links vtithou
violating the capacity constraint (the sum of the capac#gdi

In this section, we present our MLRLP greedy algorithmby all primary paths traverse the link and the reserved dgpac
The approach is similar to the MLP presented in Section V-Br backup paths does not exceed the total link capacityyeOn

and differs mainly in the selection of backup paths.

a backup path is chosen, all the links on the path receive a

We now derive the amount of capacity reservation required

when a linke is on the backup path of a set of demane-

1s represents the root node
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PickLeastLinksResN (G’ = (V, E,), L, D) of ‘ ‘ ‘ 1
1. YweV\{s} sl 2 |
find set of all paths inG’ from s to v that ¢
are node disjoint from primary link,, P/ wf * ° 8 1
2. u(e) = ey Zeep:pePg 1, Ve € Ej - | 13 ” 2 |
3. OLD = max.cg, u(e) g wl 3 530 18 s » ]
4, MAX_POPULARITY = maxcep, u(e) + OLD g . 2 2
5. d(e) = MAX_POPULARITY — u(e) 51 h O . 1
6. Veel, 10 00 31 ° 16 E
a(e) = a(e) — OLD 2 . :
7. SortallveV\ {s} as ) 2 " ]
V1,02, .-, U|V|-1 S.t.dy, Zd'Uj ifi<j % s 10 5 20
8. L/ — {} Longitude [km]

Fig. 9. Geographical locations of base stations

9. Fori=1to|V|-1
10.  Findp), = minpep; > ., u(e) andVe € p}, ,

D vevieep, ot . VII. EVALUATION
MaXyy e¢ A(w) Zv;éwev 9e (’U) < 7’(6) : _
The map of base station layout that we use for the perfor

11.  If no suchp;, can be found, returg}
12.

Ve € pl, \ L\ L, i(e) = a(e) — OLD

mance evaluation of our algorithms is presented in Figute 9.
is part of a 3G network operated by one of the major service

i !/
13. L'=L'Upy, providers in United States. All these base stations conteect
14. EndFor/ the RNC through wireline such as T1/T3. We evaluate the
15. returnL number of wireless links required when we replace the wire-
line network with a 802.16 wireless network. The longitude
Fig. 8. PickLeastLinksResN and latitude distances are all relative to a reference point

Note the location of the reference point is not importantlyOn
the distances among base stations matter in our simulation.
popularity award) L D (line 12) through which the subsequenfThere are a total o84 nodes in the map. It is well known
backup paths are encouraged to use existing links when thdrat the signal strength is inversely proportional to theasq
is enough residual capacity. of the distance. Therefore we assume the transmission rate
Note that there is an interesting trade-off between sharinfj a wireless links is inversely proportional to the square
links among primary paths and sharing bandwidth amomj the distance. We set the maximum transmission range of
backup paths. While in the choice of primary paths, we woukl wireless link to be20Km. This gives us a total of 463
like to reduce the total number of links by sharing as marbjidirectional links. The link capacities are normalizectisu
links as possible, the backup paths for these primary pathat they range from 2.53 (longest link) to 2180 (shortest
that are sharing links, cannot share bandwidth. Finallghis link) units. We assume the RNC is connected to one of the
algorithm, we only consider flows going in a single directionodes, called tha@oot node using a wired link (such as
and assume that the failure in one direction does not affiect tOC3) - this allows the RNC to be located far away from the
failure of the other direction. base stations, for example, in a central office. We consider
the sensitivity of choosing the root node in our evaluation.
D. MLRNP greedy algorithm The rest of the nodes are 3G base stations which demands
traffic from the RNC. We assume that the demands of each
The MLRNP greedy algorithm is very similar to that forbase station is uniformly distributed betwe@mnd Maxload
MLRLP. The heuristic in Figure 6 can be used for MLRNPrhree different load conditions are experimented with, low
if we replacePickLeastLinksResl\jth PickLeastLinksResN() load (MaxLoad=1), medium load (MaxLoad=6) and high load
in Figure 8. There are two major differences betwédck- (MaxLoad=12.0).
LeastLinksResL(with PickLeastLinksResN()First, the set  All our algorithms are implemented in C. The integer pro-
of backup pathsP, for a demandd, using primary path gramming is solved using a public domain softwisesolve
p, are the paths from root node to that do not share that allows us to specify that certain variables must beyers
any node with the primary path. Second, the bandwidth ) )
reservation required for backup paths should be valued dff- Evaluation of MLP Greedy Algorithm
ferently. Lets assume a link is on the backup paths of We first evaluate th®ickLeastLinks(lgorithm and show
a set of pathsP = {p,,,pu,,--.,pvx)} carrying demand how the results are improved when usihgP_Greedy()
§ = {dv,,dvy, - ., dy, }. 0% (v) denotes the backup bandwidthFigures 10 and 11 show how the number of links found by
reservation required for demarntj when nodeu fails. A(u) PickLeastLinks(yaries with increasing size of the input graph
denotes the links that are adjacent to nedéy(v) is 0 when @G. First, note that the algorithm does not strictly decrease
uw IS not on the primary patlp,, otherwised?(v) = d,. the number of links needed even though the smaller input
The total capacity needed for backup paths on links graph is a proper subset of the larger input graph. Second,
MAXyy, e A(u) vaep 0% (v). the performance can change rapidly with the addition of new
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link(s). These observations are explained as follows. As th
number of links increases, the algorithm has a larger choigeth the integer programming and thN.P Greedyalgorithm
of shortest paths and may end up picking the “wrong” pattxhen different nodes are picked as the root node for the dase o
Hence, a larger input graph can degrade performance. @edium load and high load demands, respectively. The root
the other hand, the addition a new link sometimes providasdes are sorted according to its optimal solution to make
necessary connectivity between bottleneck nodes, regulii the figures easier to read. Note that the absolute minimum
a path that can be routed more efficiently with less linkgwumber of links required, without capacity constraint is to
Therefore, thtMILP_Greedy()algorithm that we propose growssimply form a tree connecting all 34 nodes using 33 links. It
the input graph sequentially, link by link, and outputs thean be observed for the medium load case MiaP Greedy’s
minimum number of links found byickLeastLinks(among performance is identical or fairly close to the optimum sl
all different input graphs. in almost all the casesWhen the load is increased, the

We now evaluate the performance of thP Greedyby performance gap betwediLP Greedyand optimal widens a
comparing its solution with the optimal solution yieldedus little, but MLP Greedyis still reasonably close to the optimal
ing integer programming. However, the integer programmirgplution (within 2 links of optimal up to the first 13 differen
can be solved in reasonable time (days) only for small sizeot nodes). It is clear from these figures that the number of
problems, i.e, a small network. As a result, we artificiallinks needed depends strongly on the root node selected. In
reduce the original network size by reducing the maximufact for a few high load cases, no solution is found MiP
transmission range of each wireless link frafikim to 5km so  Greedy?. This tells us thaif there is a choice of nodes that
that we can compare the solution of the MLP Greedy algoriththe RNC can be connected to, one can select a “good” root
with the optimal solution. This is identical to removing thenode based on the minimum number of links returned by the
long range low bandwidth links from the original network andLP Greedy algorithm
results in a network o061 bidirectional links, that is a subset Lastly, we present the results &iLP Greedywhen the
of the original network which had a total d63 links.

Figures 12 and 13 shows the number of links obtained fromPThat is why there is less points in Figure 13 than in Figure 12
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maximum transmission range &)km, thus, on the much

larger original network, for both medium load and high load . ]
in Figures 14 and 15 respectively. Even after several daygvhenPickLeastLinkResL(is used. The range ai shown

of running the integer programming solution, we obtaingg those where a solution can be found, which starts when
no solution and thus only the results for MLP Greedy ardas more than _150 bl-d|rect|(_)nal links. For the _Iow load case
presented. Comparing the results of Figures 14 and 15 wifi¢ number of links needed is the number of links necessary
Figures 12 and 13, we can see that thality of the greedy 0 make the graph two-connected, whichsis Compared to
algorithm is improved when the network size is increasdfi® case of a pure ring topology, which requires the minimum
as there are more links to choose frovoreover, some NuMber of links 34 to support single link failurel8(52 —34) -
infeasible problems in the smaller network case now becorf@ditional links may appear as high overhead. Howeverishis
feasible in the original larger network. This is because tHot the case for our problem domain because of the following
MLP Greedy algorithm tries input graphs of different sizefiree reasons. First, typically a ring traversing all theles
(sorted by the link bandwidths) and produces either the safid'0t possible in our network given the wireless transroissi

or better solution in a large network when the small netwofi@Nge constraints. Second, a ring structure can be used only

is a subset of the large one. if the capacity of every link is equal or greater than the sum
_ _ of all the demands - this is typically not possible over the
B. Evaluation of MLRLP/MLRNP Greedy Algorithms limited bandwidth wireless links. Third, a ring structurash

In this section, we consider the problem of designing arery long primary and backup paths which is not preferred in
802.16-based radio access network topology that is resistthis problem domain since the access network delays would
to link or node failures. Since the MLRLP and MLRNPbe excessively large.
algorithms use similar heuristics, we only present theltesu For the case of medium load, the links needed increases
for the MLRLP algorithm that handles link failures. The riksu from 52 to only 55. Notice that the minimum number of links
of MLRNP algorithm are similar. required obtained for the low load and medium load cases are

Figures 16 and 17 show how the number of links needé&wm very different initial graphs(. For the low load case,
vary with increasing size of the input graghfor the root node the minimum number of links is found over a large range of
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“%- Low load of the wireless backhaul in terms of limited connectivity,
gl ” -©- Medium load bandwidth etc., the two-connectivity solution provided by
" MLRLP greedy algorithm has a topology with significantly
B 75l x ] less than twice the number of links needed to construct a ring
o ; topology.
g . VIIl. CONCLUSION
S g5t C? ;' \ In this paper, we proposed designing an IEEE 802.16-
é ! ) o) based wireless radio access network to carry traffic in the 3G
3 60f o P9 R P backhaul network between base stations and radio network
P \@%@ ! S LS controller. Specifically, we tackled the following questio
58 | Vg O-¢ X o e @ ] Given a network layout (base stations and base station con-
s Raalan™ &*ﬁw‘f‘%”}@%@*ﬁ%ﬁ trollers), how should the backhaul topology be designedh suc
0 5 10 15 20 25 30 35 that the number of 802.16 links used can be minimized while
Root node meeting the expected demands of traffic between base station
Fig. 18. Number of Links Needed wrt Root Node (Medium Load) and radio network controller?

We first showed that the optimal solutions to this problem
and its variants are NP-hard. The optimization problems

G but for the medium load case, the best solution occurs o _forn&u{?tetljv”zi\; Integgzr Plrog_rtimnj[lr?gt pro?lemsd VYe th?n
whenG is just large enough to obtain a solution. For the hig signed the MLF greedy algoritnm that performed close 1o
load case, as can be expected, there is no feasible solotion tf1e optimal solution for the case with no link failure when we

accommodating the demands for the backup paths so that 8Iuated the algorithm using a 3G base station layout from a
topology can be made link failure resistant major U.S. provider. Next, we considered the issue of link or

e ; ; de failure in the 802.16 network and designed algorithms
Similar to the MLP Greedy algorithm, Figures 16 and® . .
17 suggest that the best soIl}Jltiong obtained ?rBinkLeast— MLRLP/MLRNP Greedy) to find topologies that can handle

LinkResL (.)is when some lower bandwidth links are ignore ingle failure effectivgly. Using simulation,_ we found thiae .
from the input graph. This is the motivation for oMLRLP LRLP greedy algorithm was able to design a topology with

Greedy()which adds one link at a time to the input graph amaignificantly less than twice the number of links needed in

outputs the solution oPickLeastLinkResL(.)vith minimum
links. the
Finally, Figure 18 shows how the number of links needed
varies with different choices of the root nodes for low andy;
medium load cases. The case for low load is shown to seryg
as the base case for how many links are necessary to simply
provide two connectivity with fewer capacity constrain@n (3]
average, 19.2 links are needed to provide the extra comtgcti [4]
during link failures. In order to support traffic generated b
the medium load case, 6.1 additional links over the low loadP!
case are required on the average.
C. Summary 6]
We first evaluated the performance of &P Greedyalgo- 71
rithm for determining the topology of the radio access nekwo
with the minimum number of 802.16 links while meeting[8]
the demands of the different base stations. We showed using
a smaller network (where the optimal integer programmin%]
solution is practical) that the MLP Greedy algorithm prasd
results that are fairly close to that of the optimal solutidr33
links. Furthermore, on the original network (where the gete [1°]
programming does not result in a solution), MLP Greedy was
able to improve its solution by taking advantage of avaligbi [11]
of more paths and resulted in the optimal number of links for
several choices of root nodes. 2]
We then considered the problem of designing an 802.1[(]5—
based radio access network that is resilient to link/node
failures. We found that the MLRLP greedy algorithm providet3]
feasible results for the low load and medium load cases wm]
networks consisting 062 and 55 links respectively. While
this is significantly more than the minimum number of link§15]
necessary34 for ring topology), given the specific constraints

11

constructing a ring topology (if it is feasible), while hdimg

demands subjected to possible single link failure.
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