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Abstract— IP-based Radio Access Networks (RAN) are ex
pected to be the next generation access networks in UMTS an
CDMA networks. There are several benefits of IP-based RAN
including lower costs, flexibility of merging wired and wireless
networks, and network scalability and reliability. While Q uality RNC RNC
of Service issues in IP-based RAN have been addressed by
number of researchers, the question of connectivity, i.ehow best
to connect base stations to the Radio Network Controllers (RC) Point-to-point
in an IP-based RAN, has not been addressed by any researc links
literature. Furthermore, given a connection configuration an
RNC selection algorithm that assigns an incoming call to an RC
is also necessary. This paper examines Radio Access Netwao
(RAN) connectivity and its impact on the performance and
resiliency of the wireless network using different RNC seletion
algorithms. The proposed Min-Load-1 algorithm, which allows at e e
most one hard handoff in order to accommodate each incoming
request, delivers performance close to the standard Min-Lad
algorithm using a RAN of much higher connectivity and is clog
to the optimal algorithm using the same RAN. We also find that
using Min-Load-1 algorithm and allowing the base stations ©
connect to two RNCs result in resiliency to RNC failures that
is similar to having full-mesh connectivity between base stions
and RNCs.

(a) Current RAN (b) IP-based RAN

Fig. 1. Wireless access network architectures

I. INTRODUCTION

Currently, third-generation wide-area wireless networks AN IP-based RAN has a number of benefits, including:
based on the CDMA2000 [1] and UMTS [2] are being * Scalability: RNC capacity could be shared with a larger
deployed throughout the world. These networks provide both set of base stations. By load balancing calls across
voice and high-speed data services to the mobile subscriber the different RNCs, call blocking and dropping can be
As the cost of these services are being reduced to attraet mor lowered.
subscribers, it becomes important for the network opesator  « Reliability: When base stations are connected to mul-
reduce their Capita| and Operating expenses. tlple RNCs, failure of RNCs can be accommodated by

In wireless access networks today, the base stations and transferring the calls from one RNC to another, thereby
the radio network controllers are connected by point-tovpo increasing reliability.

T1/E1 links. These back-haul links are expensive and add toe Flexibility: Point-to-point links are expensive and cannot
operating costs. Additionally, in this point-to-point hitec- be shared. An IP-based RAN will benefit from statistical
ture, the Radio Network Controllers (RNCs) are only shared Mmultiplexing gains and could also be shared with other
by a small set of base stations (BSs) and can contribute to applications (such as operator’s wired network traffic) as

significant blocking during hot-spot and peak hours; thus, t ~ long as appropriate QoS can be ensured (for example,
network operator needs to appropriately scale-up the RNC Uusing MPLS tunnels).
capacity thereby increasing capital costs. Furthermar&is IP is expected to be the access network for next genera-

architecture, RNC is typically a single point of failure aisd tion UMTS networks. While IP RAN has to typically meet
thus made highly redundant - this again increases the coststifngent delay and loss constraints, several researtizes
each RNC. proposed solutions for addressing quality of service (QoS)
One effective way to reduce these costs is to replasues in IP-based RANs [4], [5], [3]. As shown in Figure 1,
the point-to-point links with an IP-based Radio Access Neittse of IP-based MPLS tunnels between base stations and radio
work [3] (IP-based RAN). The current wireless access netwonetwork controllers is another viable approach for prawgdi
architecture and an architecture based on IP RANs is sho®oS in the access network.
in Figure 1. While these studies have shown the feasibility of an IP-



based RAN to support quality of service requirements inad balancing algorithm calleMlin-Load-kthat can achieve
wireless access networks, the question of connectivigy, ithe maximum performance gain with the minimum set of
how best to connect base stations to the radio netwarknnectivity. The Min-Load-k algorithm assigns calls to ®N
controllers in the IP-based RAN, has not been addressaech that RNC load is balanced . It uses hard handoff to
by any research literature to our knowledge. Given the Qa&distribute the load dynamically while placing a bound loa t
constraints, enabling full mesh connectivity between basember of hard handoffs:} required to fulfill the assignment.
stations and RNCs can be expensive. On the other handwe compare the performance through extensive simulations
enabling full mesh connectivity may not be necessary awd Min-Load-k algorithm with an on-line optimal algorithm
may have little incremental impact on performance. Thutat has no hard handoff constrairige find that by allowing
understanding the problem of connectivity and analyzirgy tlat most one hard handoff in order to accommodate each new
impact of connectivity on the performance of the RAN isequest,Min-Load-1 achieves performance that is very close
essential for the success of transitioning current patdint to the optimal algorithmWe also find that using Min-Load-1
RANs to IP-based RANs. Note that analyzing connectivitglgorithm and allowing the base stations to connect to two
is a hard problem since even for a simple network with 10RNCs result in resiliency to RNC failures that is similar to
base stations and 10 RNCs, the number of possible connectiawing full-mesh connectivity between base stations ardskRN
configurations between the base stations and the RNCs iFhe rest of the paper is structured as follows. In Section |l,
enormous £ 21000), we present an overview of the problem. In Section Ill, we
Furthermore, given a connection configuration, we also neptesent our approach to making the connectivity problem
an algorithm to select an RNC for an incoming call (since Imetween base stations and RNCs tractable by systematically
based RANs enable base stations to connect to more than emaluating different connection topologies. In Section We
RNC). Note that the incoming call can be a new call or present several algorithms for RNC selection and an acalyti
handoff call. The RNC selection algorithm needs to ensumodel for the optimal algorithm. In Section V, we evaluate
that both dropping of handoff calls and blocking of new callthe impact of connectivity between base stations and RNCs
are minimized with priority given to handoff calls. Whilegte on the overall performance and the resiliency of the network
exists some similarity between our problem of load balamcinn Section VI, we discuss issues with modeling heterogesieou
calls across RNCs and traditional distributed systems loadtworks. Finally in Section VII, we present our concluson
balancing problems, there are two important differencest,F
load balancing mechanisms in distributed systems [6], [7],
[8] were designed so that idle machines in a network of As shown in Figure 1, the wireless access network consists
workstations could be transparently used. Thus, the chaficeof a set of base stations (BS) that are managed by a Radio
a processor on which to execute a process was primarily badétwork Controller (RNC). A Radio Access Network (RAN)
on the load conditions in the processors. However, in oug,casonnects the BSs to the RNCs. The RNC performs a number
the choice of the RNC on which to assign a call is determined functions [4], including soft-handoffs, reverse outepp
both by the load conditions as well as the current location pbwer control, and termination of the Radio Link Protocol
the mobile user and the connectivity of base stations to RN(RLP) for data users.
(that is in turn determined by proximity of the base station t The abstract network architecture analyzed in this paper ha
the respective RNC, given the QoS constraints). The secahé following components: a set of RNCR, a set of base
difference between the two problems is the impact of movingstations,B, a set of communication linkd,, that connect the
call. Since traditional process migration techniques [Bjch  base stations to the RNCs and a set of ugérdNote that in
implement load balancing in distributed systems are génepaactice, the logical communication links may translatbegi
purpose mechanisms, they result in considerable overlmeada a T1 leased line, an ATM connection or an MPLS path and
migration. In our case, moving a call from one RNC to anothenany logical links may traverse the same physical link. This
is already a well-defined and efficient feature of the RN®gical connection provides Quality of Service necessary t
called thehard handoff The only drawback in moving a call is ensure that CDMA soft handoff functions correctly. A user in
that the user might hear a “click” during the conversatiod arthe network can be eithectiveor idle. A user, whetheactive
thus it is desirable to minimize the number of hard handofts idle, is associated with a base station. An active user needs
per call. radio resource from a base station and processing resource
In this paper, we make three main contributions. Firstrom an RNC.
we systematically evaluate different ways of connectingeba Two types of user events are modeled: voice call events
stations to RNCs and provide insights into the minimurand mobility events. We focus on the voice application for
connectivity that is necessary to obtain maximum perforreantwo reasons: a) current cellular networks are predomipantl
gain. Second, we evaluate the performance under differersied for voice transmission; and b) voice has tighter QoS and
failure scenarios (such as RNC failure, base station failuhard handoff requirements than data (where retransmission
link failures etc.) and propose resilient IP-RAN topolagikat an option). Call events can be either an arrival or a departur
suffer minimum degradation in performance during failuregvent. Call arrivals for a user is Poisson distributed witram
while requiring few additional links. Finally, we propose a\ and call duration is modeled as exponentially distributed

Il. PROBLEM SETTING



with meanl /. A successful call arrival event changes a userfsair of nodes. Thearc connectivityof a connected graph is
state from idle to active. A mobility event occurs when a usé¢he minimum number of arcs whose removal from the graph
roams from one base station to another. After the movemedisconnects it into two or more components. For example,
the user stays in the new base station for a period of timeéghatvith N RNCs andM BSs (M > N), a mesh connectivity
exponentially distributed with meaty~ before moving again. hasM x N links and is of arc connectivityv.
It is assumed that mobility and call events are independmhta Our approach is to focus on a settmdlanced graphsvith
cannot occur at the same time. These are common assumptiaeperties that are desirable in a homogeneous networkewher
and are used in [10], [11]. For call event, we are interest&tNCs have the same capacity and the BSs have the same
in call blocking rate the average rate of blocking a new callaverage load. Each element in this set of balanced graptes has
For mobility event, we are interesteddall dropping rate the different number of linkd, and we can enumerate members of
average rate of dropping an existing call. this set by varying the number of links from M to NM. By

As the focus of this paper is in the study of RAN connectifocusing on this set of balanced graphs, we have reduced the
ity and RNC utilization, we do not place capacity constrainconnectivity problem from the original state space2df/ to
on base stations and communication links. Therefore, llgck N M . Given that there is very little known in the literature even
or dropping a call can only occur due to insufficient RN@bout the impact of connectivity on homogeneous networks,
capacity. Note that we are considering the aggregate hafivawe focus on the homogeneous network case in the remainder
calls from many BSs to RNCs, and the blocking and droppirgf this paper. The issues in modeling heterogeneous network
rate assumed is low. As a result, even though call blocking aare discussed in more detail in Section VI.
dropping due to insufficient radio capacity on the basetati The balanced graphs are first defined using the following
may be common in practice, the relative results obtained feenditions:
call blocking and dropping rates at the RNCs are still valid, 1) The number of BS connected to any RNC cannot differ
though the actual rates might be lower. by more than 1.

As mentioned earlier, we are interested in exploring two 2) The number of RNC connected to any BS cannot differ
important and related aspects of RAN performance in this pa- by more than 1.
per. First, we are interested in understanding how corwiscti - This set of graphs also has the following properties. First,
impacts the performance of the network. In other words, wReir arc connectivities vary from 0 t&. The arc connectivity
would like to answer the question of how should the RANf a graph withL links is k = L%J, The set of graphs with
be connected with few additional links while obtaining théhe minimum number of links to maintain an arc connectivity
maximum gains in performance and resiliency. Second, wék =1 to N ( which haskM links) is part of this set
would like to answer the question of what algorithm shouldnd we will refer to a member in this set of graphs as the
be used to select the RNC for a call so that call blocking amginimum connected balanced graphigh arc connectivityk.
dropping are minimized for a given RAN. These two issues The two conditions defined are insufficient to construct a
are inter-related as the choice of algorithms is a functibn eet of useful balanced graph. Figures 2 (a) and 2 (b) show
the RAN connectivity and vice versa. In particular, whendchatwo ways of constructing a minimum connected balanced
handoff is used as a call reassignment mechanism in the Ri@ph with 4 RNCs, 8 BSs, 16 links and an arc connectivity
selection algorithm, the connectivity need to be designeths of 2. In order to differentiate among the different minimum
that the reassignment capability can be exploited to tHedul connected balanced graphs, we introduce the concept of a

The issue of designing the connectivity of the RAN iRNC accessibility tree for a B& The RNC accessibility tree
presented next in Section Il and the RNC selection algorith for BS i is constructed as a spanning tree rooted at BBat
are presented in IV. connects all RNCs using a breadth-first search. The weight of
each arc in the spanning tree is defined to be number of base
stations connecting two RNCs which are at two ends of the

The number of possible configurations in a RAN graplirc. Thus, except for the root, all the vertices in this graph
with M BS and N RNC is2¥M. Even though some of represent the different RNCs in the network.
these configurations are not interesting, for example, &te s Using Figures 2(a) and 2(b) as examples, the corresponding
of configurations where one or more nodes (RNC or BS) aRNC accessibility graphs are shown in Figures 3(a) and 3(b)
isolated, the remaining set of possible configurationsils strespectively. In Figure 3(a), the RNC accessibility graph f
enormous. In order to make this problem tractable, in thiS 0 is shown. Due to the regular structure of the network in
section, we systematically study a much smaller set of grapgkigure 2(a), all BSs have similar RNC accessibility graphs.
with well defined and desirable properties. These graphs &igure 3(a), there is 1 path from BS 0 to RNCs 0 and 1. From
representative of the range of connectivities from a me&tNC 0, there are two paths to RNC 3 (through BS 6 and 7)
connectivity between the BSs and RNCs to a single-connectat from RNC 1, again there are 2 paths to RNC 2 (through
graph where each BS is connected to exactly one RNC. BS 2 and 3).

Before we proceed further, we need to define the conceptn Figure 3(b), the RNC accessibility graph for BS 0 has 1
of graph connectivity. This presentation here follows [18] path to all RNCs and the graph for BS 3 has 1 path each to
graph isconnectedf there is at least one path between everRNC 1 and 3 and 3 paths each to RNC 0 and 2. Obviously,

IIl. DESIGNING THERAN TOPOLOGY
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Fig. 3. RNC accessibility graph of BS 0 and 3

the graph in Figure 3(a) is more balanced. In fact, due fowith the arc weight, for all arcs, equal to 1. Clearly, tts i
its regular structure it is the most balanced RNC acceftgibilthe best possible configuration for maximizing performance
graph possible. However, full-mesh connectivity is expensive. Thus, we are
The concept of an RNC accessibility graph is very usefinterested in identifying a connectivity graph that adde th
in predicting the impact of connectivity on performancecsin minimum number of links to a point-to-point RAN while
it captures the impact of dynamic load balancing using cdifoviding close to the maximum performance obtainable in
reassignment (hard handoffs) - the more RNCs that are accgdull-mesh connected network.
sible from a given BS, the greater the impact of reassignmentA balanced graph whose corresponding RNC accessibility
the larger the arc weights, the more possibilities (pathgre graph is also balanced can be constructed in the following
calls can be reassigned from one RNC to another. A balanceay. Let there bel links and the BSs be labeled from 0 to
arc weight across all paths where the smallest arc weightNis1 and RNC from 0 to N-1. Initially, each B8is connected
maximized is the most preferable graph (Figure 3(a)) sinte k = Lﬁj RNCs starting from RNQ%J using a total of
we are focusing on homogeneous networks. Furthermore, #¥ links. If L > kN, excess links are added one per BS such
depth of the RNC accessibility graph indicates the maximuthat conditions 1 and 2 are satisfied.
number of hard handoffs that may be necessary in order toThe rationale for considering this set of balanced graphs
free up capacity to accept a new call (then the Min-Load- should now be clear since such graphs maximize performance
k algorithm). Thus, an RNC accessibility graph with a smafbr a homogeneous network where all the RNCs in the network
depth is preferred since a smaller number of hard handd#fs @mve the same capacity and the average load on each of the
sufficient to attain maximum performance. BS is the same. Furthermore, due to the “balanced” nature of
In the case of a full-mesh connected network, the RNtbese graph, the behavior of different instantiations @fséh
accessibility graph (identical for all base stations) idepth balanced graph with the sanieis the same.



Notation | Explanation

R RNCs in RAN

B BSs in RAN

N Number of RNC RNC ; ;

M Number of BS —— ! / m

A Adjacency matrix of RNCs and BSs

Ry RNCs directly connectedtoB® | [t

D(r) The normalized load at RN€ m——

C(b,r) | Calls associated with B served by RNGCr

Radio Access Networlé — Radio Access Networké

\—v—/
BS

TABLE |
NOTATIONS FOR ALGORITHMS

The concepts of balanced graph and RNC accessibility
graph reduce the state space of connectivity configurations Original Topology Max Flow Topology
from 2¥M to N M, while retaining the important configura-
problem tractable and will help us select between different
connectivities possible for the same number of availalbikesli
in the RAN and identify a suitable connectivity graph that
shows the grea-test promise for sharing of RNC resources Efggsible solution with the new set of load configuration. The
thereby improving RAN performance. However, even given . . o T

: . easible solution is solved by formulating it as a maxflow
a connection topology for the RAN, we still need an RN

. : S : problem as illustrated in Figure 4. A set of BS, each with
selection algorithm for assigning calls to RNCs that willyiu b. active users. and a set of RNCs. each with capaciti
exploit this connectivity. This topic is discussed in detai | ' ' bagis

the next section shown on the left in Figure 4. The graph is transformed by
' adding a source node (S) which is connected to all BSs and
IV. ALGORITHMS AND ANALYTICAL MODEL a destination node (D) which is connected to all RNCs. The

When a new call arrives at a base station or an existing cifik capacity between S and BSis set tob; and the link
roams to a base stationRNC selection algorithris necessary ¢apacity between D and RNE s set tor;. As a result, by
to select a RNG- to serve the call among all RNCs directlyfinding the maximum flow for the graph on the right in Figure
connected to the base station. In this section, we firstdoire 4 We can decide if the new request can be accepted or not.
three RNC selection algorithms, the Min-load algorithng th! "€ max-flow problem is a well-known problem and will not
optimal algorithm and the Min-load-k algorithm. We therPe described in more detail here. Interested reader canteefe
present an analytical model for the optimal algorithm. [12]. Assuming the maximum flow value be If f =3, b;,
Before presenting the details of the algorithms, we firgt [i§1€n the new request is admitted. Otherwise, it is rejected.
some notations that we will use in the algorithm descriptiof\Ot€ that there might be multiple placements of active calls
Let A be an|R| x |B| Adjacency matrix whered(r,b) = 1 to RNC for a single value of max flow. It is obvious from
if RNC » and BSb is directly connected by t’he RAN. the maxflow graph that the new request cannot be accepted if
Ry, = {r|r € R, A(r,b) = 1} is the set of RNC that base2-; i < 2 bi- _ _ _ _ _
stationb directly connects to. We denote the number of active Another way to view the optimal algorithm is that in order
calls associated with base station b and served by Rg 1O satisfy a new request, it is possible to move/reassigstiagi
C(r,b). Let D(r) be the load at RNG. The load value used calls such that RNC resources can be freed up to accept the
in this paper is the normalized load defined as the ratio of tfeAUest. Such movement or reassignment can be interpreted
number of active calls supported by the RNC over the totd) Practice as performing hard hand-offs. Hard handoffltesu

RNC capacity. We summarize the notations in Table I. in service degradation for the call being moved but may be
_ . an acceptable cost if it allows a new call to be accepted or
A. RNC selection algorithms a call is allowed to move into a BS without being dropped.

Min-Load algorithm: When a call request (either a new owhile the optimal algorithm maximizes the chances of a call
a handoff call) arrives at B8, and at least one of the RNC inbeing accepted, it does not take into account the number of
Ry is not full, the Min-Load algorithm selects the RNC withhard handoffs that may be necessary to accept a call request.
the minimum load among the set of RN,. Otherwise, the This leads us to the third and last algorithm.
call is rejected. This is the simplest algorithm used andiés t Min-Load-k algorithm: this algorithm extends the Min-
basis for performance comparison. Load algorithm by allowing up t& hard handoff such that a

Optimal algorithm: When a call request arrives, the optimalall request can be satisfied. An example of how a Min-Load-
algorithm attempts to admit the call as long as there is laalgorithm works is shown in Figure 5. When a new call
feasible solution. In order to do so, the algorithm treats ttarrives at BS 3, if RNC 2 is full, then the call will be blocked
new request as if it has been accepted and then tries to findyaMin-Load which does not allow reassignment. However,
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Fig. 5. Reassign an existing call from to r1 to accept a new request. where the new call arrives, the Min-Load-k algorithm traesy
the graph in a breadth-first manner until it either reaches an
RNC with non zero available capacity through a non-blocked

Min-Load-k (b, k) path or the_maximum depth is re_ached. _A path is block_ed
if the capacity/bandwidth of any directed link on the path is

for i=1to k do zero. When there are multiple RNCs with non-zero available

| = try(b,k) capacity at the same depth, the algorithm selects the one

if (I <1) admit the call

elseblock the call with the minimum load. The algorithm probes to a maximum

od depth of2k — 1 for a Min-Load-k algorithm. If no RNC can
be reached within maximum depth, the call is blocked. The

try (b,k) blocking rate decreases @sincreases untiRk reaches the

diameter of the reassignment graph. When the search depth

Ileheck for the RNC with the minimum load reaches the diameter of the graph, all RNCs have been visited

x = min(D(r)),Vr, A(r,b) =1

//if all RNCs are full, go one more level, otherwise retjirn and searching beyond will yield no additional resource.
if (x < 1) In practice, the Min-Load-k algorithm runs as a distributed
return x algorithm that is initiated at the base stations with hetmfr
else the RNCs. It is important to kedpas small as possible since a
gls(g:O) return 1 largek incurs more hard handoff and larger call setup time. We
= = min(try(, k — 1)), are in_terested in epr(_)ring how_ largeneeds to be_ (without
v Vr, Ab,r) = 1N AWM, r) =1 NCH,7) #0 reaching the graph diameter) in order to exploit the added
. return x flexibility of reassigning calls through hard handoff.
fi | B. Analytical Model
} In this section we present an analytical model for the
Fig. 6. Min-load-k Functions optimal algorithm. If we assume that number of users in the

system is constant, the system can be modeled as a closed

migration process that is based on the approach described in
with reassignment, an active user from BS 2 that is servf3]. In a closed migration process, users move randomipfro
by RNC 2 can be moved to RNC 1 through a hard handafhe queue to another and the movement is governed by the
and the new call can be served by RNC 2. Note that if noansitional rate from one state to another.
call from BS 2 is served by RNC 2, or RNC 1 is full, then For every base statiom, we are interested in two state
the call will still be blocked. The pseudo code of Min-load-kariables, the number of active users and the number of
algorithm is shown in Figure 6. In the algorithinjs the base idle usersd;. We model each base station with two queues,
station where a call arrives. one for the active users and one for the idle users. The

In order to have a better understanding of the Min-Loadsdtate of the system is thus completely defined by the vector

algorithm, we can convert the snapshot of a RAN to a directéd,, d1, ..., anr, das }. The feasibility of a set ofi1, as, ..., an
reassignment graph when a call arrives. In the reassignmdapends on not only the RNC capacities but also the RAN
graph, each node is either a base station or an RNC, ttennectivity, which can be checked by using the max flow
capacity/bandwidth of a directed link from a base station @graph, e.g., Figure 4. In additior},_ a; + >_d; = |U|, the
an RNC is+oo and the capacity/bandwidth of a directedotal number of users in the system. Let the feasible set of
link from an RNC to a base station is the number of callsa,ds, ..., arr, dar} vectors be denoted hy.
associated with the base station and served by the RNC. FoNote that moving froma; to a; and d; to d; indicates
instance, the RAN in Figure 5 can be converted into thmoving from one base station to another. Moving frento d;
reassignment graph in Figure 7. Starting at the base statimdd; to a; indicates a user in base statibgoing from active
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to idle and vice versa. Therefore,;, represents either the Equation 2 due to state space explosion. Instead, the Monte
movement rate for a single user among base stations, the Gaflo approach [14] can be used.
arrival rate, or the call departure rate. In order to sinypiife Since there is no analytical model for Min-Load and Min-
notation, we rewrite the state vectoras- {x1, 22, ..., zap}, Load-k algorithms, we compare the algorithms with simula-
wherez; = a1,22 = di; and so on.\;,z; is the transition tions.
rate going from state j to state k.

Let ai,as,....caps be the unique collection of positive
numbers, summing to unity, that satisfy

a; Y Nk = oy, j=1,2,...,2M
k k

V. EVALUATION

In this section we present a detailed simulation-based eval
uation of the performance of the wireless access network.
We first describe our simulation setup and the performance
measures of interest. In Section V-B, the performance of

For a given set of mobility rate, arrival rate and call hoglinthe various algorithms are compared. In Section V-C, we
times, the system is stable only if there are solutions to tiperform detailed evaluation of the impact of connectivity o
set of simultaneous equations given in Equation 1. In tliee various algorithms. In Section V-D, the resiliency oé th
case where the RNC capacity is infinite; is the equilibrium various connectivity graphs in the presence of a single, link
probability that a user is in state j. BS and RNC failure are evaluated. Finally, in Section V-E, th

Due to space limitations, we will omit the proof that thecost of the various algorithms, measured in number of hard
system has a product form solution except to mention tha@ndoffs performed, is presented.
the system satisfies Theorem 1.7 and Corollary 1.10 in [1
Using theorem 2.3 in [13], the equilibrium distribution fibre
system is given as

. Simulation setup

The Radio Access Network simulated ha& RNCs and
100 based stations. Each RNC can process upO® calls

(z) = B ﬁ a?j zeC @) simultaneously. The calls arrive at each base station doapr
- : e, r to a Poisson process with rate= 0.003. The call holding
s Z

time is exponentially distributed with mearyy = 1. There
where B, is the normalization constant, chosen such that tlage a total of2,250,000 users in the system. A user roams
distribution sums to 1. among base stations at rate= 1. We lay out all base stations
Using equation 2, the blocking rate and dropping rate @ a two dimensional plane where each base station has four
computed in the following way. First, enumerate all blogkinneighboring base stations. When a user roams, it has the same
and dropping states. A state is a blocking state if a new callobability to roam to any one of the four base stations which
arrival can result in a call being blocked. However, unlikare neighbors to its currently associated base station.
a single queue system, not all call arrivals result in a call The performance metrics measured are call dropping and
being blocked in our system. The blocking probability in oucall blocking probabilities. These two measures, whildeif
system is obtained by multiplying the equilibrium distrilmn  ent, are not independent. For instance, assuming a network
by the ratio of the sum of transitional rates at which callsf fixed capacity, by blocking more calls one necessarily
can be blocked over the sum of all transitional rates. Simildecreases call dropping since more resources are avéiitable
computation is used for computing the dropping rate. We ukandoff calls. This is the idea behind the use of guard chlanne
the analytical model to verify the simulation results fotiopal  for reducing call dropping [10], [11]. Thus, an algorithmyna
algorithm and find that the blocking probabilities obtaineteduce dropping probability and increase blocking proligbi
using these two different approaches are close. Unforélypat or vice versa. Cellular operators are typically interesited
we cannot compute the blocking probability for larger RANNninimizing a weighted sum of these measures, with higher
(with larger N and M) by enumerating all states and applyingeight allocated to call dropping. However, the choice of



appropriate weighting is not clear. Instead of using a weigh Load, Min-Load-1, and Min-Load-2 are evaluated for all the
sum of these probabilities, we define a single performancennectivities considered.

metric called therejection probability which is computed as  From Figure 9(a), we observe that the rejection probability
the ratio of all call requests (new call and handoff) that adrops significantly from the single-connected (100 links)h
rejected to the total number of call requests (new call andthe RAN with arc connectivity of two (200 links). However,
handoff). This is an excellent measure of the algorithms adding more links to a RAN of arc connectivify does not
this paper since a lower rejection probability automalycalreduce the rejection probability significantly. This isdrfor all
implies better utilization of RNC resources and hence faur RNC selection algorithms shown, including the Min-doa
better algorithm. Complementing these algorithms withrdguaalgorithm. In addition, we see that the Min-Load-1 algarith
channels [10], [11] can help control the relative prefeeenperforms much better than the Min-Load algorithm and the
between blocking and dropping probabilities, but this éssgi difference between Min-Load-1, and Min-Load-2/Optimal is

outside the scope of this paper. small. These differences become even smaller as the RAN
becomes more connected. Note that all four selection algo-
B. Algorithms rithm perform the same on the single-connected graph becaus

. . . ._each base station only connects to one RNC and there is no
In this section, we evaluate the different RNC selectio . :
: . : . . : alternative RNC to select. The large performance improveme
algorithms, i.e., Optimal, Min-load, and Min-load-k usirg . . -
0 . .~ from single-connected graph to graph with arc connectivity
minimum connected balanced graph with arc connectivity 2. . : .
fvo motivates the next graph which zooms into the set of

This particular connectivity is used because it is the grap . - .
. raphs with connectivities between the single-connectel a
with the smallestl. such that all BSs are connected to & e

arc connectivity? cases.

least 2 RNCS. For graphs with lower connectivity, some baseFigure 9(b) plots the rejection probability of RANS as we

stations are connected to only one RNC and the selectio(r:'{ud links in increments of 10 to a single-connected graph
algorithms have no choice in RNC selection. Figure 8 plo: '

the blocking, dropping, and rejection probabilities forrvli e x-axis is the number of links in RAN. In constructing
Load-k algorithms a% increases. The Min-Load algorithm isthe balanced graph using the methodology outlined in Sectio

indicated as Min-Load-0. The rejection probability of aopél I”.' each time we add 10 links, -we selgct _base stations
i : . ! .. with the lowest connectivity and each link is connected
algorithm is also plotted in the Figure 8(c) as a solid lin

for comparison (the blocking probability is 0.053 and thgO a different RNC. Figure 9(b) shows that the rejection

dropping probability is zero for the optimal algorithm) oF probabilities decrease dramatically for the Min-Load-inM

the figure we observe that the rejection probability of Minl—‘oad'2 and Optimal algorithms after we add just one more

load-k approaches that of optimal dsincreases. Ati=4, link to each RNC. As more links are added, the rejection

the rejection probability achieved by Min-load-k is the absh probability decreases at a much slower rate. This suggests

. . . . that most of performance gain (rejection probability retthrg
the same as the optimal algorithm. The biggest mproveme&%urs during the addition of the first ten links to the single

comes from going from Min-Load-0 to Min-Load-1 showing, oo graph. This can be explained by recalling in the

that _the even a.s.mall amount of fle>.<|b|I|ty to reassign CalrES assignment graph (Figure 7) that we constructed in Sectio
provides a significant performance improvement. Note th

we only plotk up to 5 which is the diameter of the graph. " Reassignment can be visualized as visiting the directed

Increasingk to more than the diameter of the graph does ng{aph in a breadth-first manner until an RNC with non-zero

L o . available capacity is reached. In a single-connected gtaph
reduce the rejection probability anymore as explainederarl . N ;
directed graph is disconnected and no reassignment can be

performed. By adding 10 links in the way we have described,

the directed graph becomes a connected graph with diameter
In this section we evaluate how the connectivity of RAN. In the connected directed graph, the probability of reas-

impacts network rejection probability when different RNGignment or finding a path to a RNC with non-zero available

selection algorithms are used. The connectivity of the lggapcapacity is greatly enhanced. The dramatic decrease irorletw

are varied in the following way. First, we vary the graphairo rejection probability is not observed for Min-Load whichsha

a single-connected graph to a complete graph by looking ordymore gradual decrease. This is because reassignment is not

at minimum connected balanced graphs (with arc connectiviterformed and the gain from statistical multiplexing ireses

2 to N). The number of linksL is therefore incremented more gradually with the additional links.

in units of 100 (/). This is shown in Figure 9(a). Next, Again, since the most performance improvement occurs

we evaluate graphs between single-connected and a minimiietween the first 2 points in Figure 9(b), we now look further

connected balance graph of arc connectivity 2 by increasitaysee how the rejection probability changes as we add one

L in increments of 10 k). This is shown in Figure 9(b). link at a time to a single-connected graph. Figure 9(c) plots

Finally, we evaluate all the connectivity graphs between thihe rejection probability as we add up16 links. Observe that

single-connected case and single-connected caseNviktra Figure 9(c) is different from Figure 9(a) and 9(b) in thatrthe

links by examining them in increments of 1. This is showis no dramatic decrease in rejection. The decrease in i@ject

in Figure 9(c). The RNC selection algorithms, Optimal, Minprobability is almost linear showing that the performanaing

C. Connectivity
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Fig. 10. Rejection probabilities as one base station fails

is directly proportional to the number of new links addedhe worst case network rejection probability after theufi!

We have also repeated the simulations with lower and highmrent. We assume a single point failure model, i.e., theeg is

rejection probability ranges for the network. The obseorat most one failure at a time.

is similar. In general, there are three possible types of failure: link
Summarizing our observations, we find that Min-load-1 pefailure, base station failure and RNC failure. Howevergcsin

forms significantly better than Min-Load and its performandhe failure of a single link is in the worst case as serious as

is very close to that of more complicated schemes such @se base station failure when the base station it connedss to

Min-load-2 and Optimal. In terms of connectivity, when Minsingle connected, we will not present the evaluation oflsing
Load-1 is used, a balanced graph constructed with a singliek failure in this section.
connected graph witlV extra links achieved a rejection prob-

First, we investigate the case for a single BS failure. Since
ability of 0.03 (from 0.045) , the same rejection probapilitthe minimum connected balanced graph is uniform in its con-

achieved by a Min-Load algorithm using a graph with argectivity, we can simply randomly pick any BS to fail. Figure
connectivity 2. This is a saving of 45% in terms of link cosiO(a) plots the rejection probability for RAN from single-
for the same performance. Bringing the rejection probgbiliconnected to arc connectivity of ten after one base station
down further (to 0.027) requires many more links to be addéails. We observe that rejection probability drops dracseily
and/or more complicated algorithms and is not cost effectiwwhen RAN changes from single-connected to arc connectivity
In conclusion, we find thagllowing at most one hard handoffof 2. The RAN of arc connectivity is almost as resilient as
for each incoming request (Min-Load-1) and allowing somie RAN where each base station connects to all RNCs (mesh-
base stations to connect to 2 RNCS (10% increase in numisennectivity). We also observe that Min-load-1 is supetr
of links in our network) can provide significant decrease iMin-load and slightly worse than Min-load-2 and optimal.€Th
rejection probabilities (33% decrease in our simulatians) difference between Min-load-2 and Optimal is minimal.
- Next, we investigate the impact of one base station failure
D. Resilience

to the connectivity between single-connected and arc asnne
We have demonstrated how the connectivity and RNiity 2 graphs in Figure 10(b). In picking the BS to fail, we

selection algorithm impacts the performance of RAN. In thiselect the BS with the highest connectivity so that the tasyl
section, we evaluate the impact of connectivity and RNf®@jection probability is the worst case rejection prohkapbil
selection algorithm on the resilience of RAN. This is done byherefore, after the failure, the RAN may be partitionearfrr
simulating both base station and RNC failures and computittge figure, we see that the rejection probability is reduced
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Fig. 11. Rejection probabilities as one RNC fails
significantly as we add one link per RNC to a RAN of arc 048
connectivity 1. Adding another link per RNC reduces the 3 ° o
probability further but not as significant as adding the first & °°°
link per RNC. Adding links further does not help to reduce £ % =
rejection probability any more. In case of one base station £ °?°
failure, a RAN of arc connectivity with two additional links £ o 2
per RNC appears to be as resilient as more connected RANs. g °*°[ )
h . . . . = L .
In fact, using result from Section V-C, we can justify this s §o]
observation. Recall that for the Min-Load-1 algorithm, the 005 -
minimum connectivity required to achieve good performance % 1 ) 4 5
is a single-connected graph plus 10 links added in a balanced
way. With a BS failure, a connectivity of a single-connected Fig. 12. Cost of algorithms

graph plus 20 links can always obtain this minimum configu-
ration after 1 BS failure. Thus single-connected graph with
20 additional links and the Min-Load-1 algorithm provide a

good balance between cost and resiliency due to base statifaB load decreases. One can argue that a minimum connected
failures. We next examine RNC failures. balanced graph of arc connectivity 2 is the minimum connec-

Figure 11(a) plots the rejection probability for RAN of ardiVity required to maintain low rejection after an RNC faiu
connectivity from one to ten as one RNC fails. Since the gragii'ce any graph with a lower connectivity will be partitiahe
is uniform, a random RNC is chosen to fail. We observe fro®N€ OF more base stations are not connected to any RNC) after
the figure that rejection probability drops dramaticallprir " RNC failure. As a resulin order to make RAN resilient
single-connected graph to arc connectivity The rejection (@ RNC failures at any load, arc connectivityis required.
probability of a more connected RAN is similar to the RANz. Cost of Algorithms
of arc connect|v.|Fy2. Therefore, RAN of arc connecyv@ IS In this section, the cost of the various algorithms is eval-
much more reS|I|ent_ than the _RAN of arc connec'uvltyOn_ _Uated. The cost is measured as the number of reassignments
the other ha_md, adding more links t(_) R_AN of arc connectwﬂe‘er new call arrival and handoff call. Figure 12 shows that
2 does not improve the resilience significantly. the cost varies almost linearly from 0 for Min-Load to 0.43

Again, in Figure 11(b), we look at the connectivities befor Min-Load-5. The optimal algorithm which can perform
tween single-connected graph and a graph with arc connaosy number of reassignments will have even higher cost.
tivity 2. The x-axis is the number of links in RAN. SinceThe number of reassignments is relatively high because the
the graph is uniform, a random RNC is chosen to fail. Thalgorithms are designed to minimize rejection rate indepah
result shows that there is a significant difference in ters of reassignment cost. In high load conditions, there is agpi
resilience between this range of connectivities. The tigjec pong” effect where calls are moved back and forth from one
probability decreases rapidly when the first links are add&NC to another. One way to reduce the cost is to not reassign
but the improvement tapers off after that. In this simulatio calls when the target RNCs are almost full by reserving alsmal
adding5 links per RNC appears to be the turning point wheramount of RNC resources for directly connected BSs. This is
the curve flattens in Figure 11(b). We have also evaluated timilar to the guard channel concept. From simulations, we
same connectivities at both higher load and lower load antiserved that by reserving a capacity for 2 (out of 500) calls
have found that the turning points change with load. We fourfdr directly connected BSs, the reassignment cost is retluce
the turning point moves towards the arc connectivity 2 whedyy 50% with almost no impact on rejection rate.



VI. DISCUSSION

In the approach presented so far, we have assumed that the
network is homogeneous. Therefore, all the BSs have the same

average load, all the RNCs have the same capacities and L
the link costs are assumed to be the same.

One approach to solve a heterogeneous BS and RN
problem is to map it to a constrained homogeneous netwou[ﬁl
using the following strategy. The heterogeneous RNCs/BSs
are split into homogeneous logical RNCs/BSs with capaci-
ties/loads equal to the highest common denominator of alf!
the RNCs/BSs. In order to mimic the physical locality of the
RNCs/BSs, whenever a logical BS is connected to a logicd?!
RNC in the connectivity model, additional links are added
between all the corresponding logical BSs of the originals)
heterogeneous BS to all the corresponding logical RNCs of
the original heterogeneous RNCs. However, in the preseince )
these “irregularities” in the connectivity graph, enuntena
of the balanced graphs is a much harder problem and it is
not clear if the state space can be reduced significantly as
the case for homogeneous network. Furthermore, this wansf [9]
mation is just one possible way of analyzing connectivity in
heterogeneous networks and more work is needed to expla@
ways of constructing and enumerating other forms of bakdnce
graphs that are better suited for heterogeneous networks.

Heterogeneous link costs add a new dimension to the prélbl—]
lem. Besides having different communication cost, additio
of some links may not be allowed because of QoS and/or
geographical constraints (e.g. delay is too large). In tagdi (12
the cost function is no longer just call blocking and drogpin[13]
rates but also includes total communication cost. We are
exploring these issues as part of future work. (141

VIl. CONCLUSION

In this paper, we addressed the question of how best to
connect base stations to the Radio Network Controllers (RNC
in an IP-based RAN. Furthermore, given a connection configu-
ration, we also developed RNC selection algorithms thagass
an incoming call to an RNC. We found that the Min-Load-1
algorithm, that allows at most one hard handoff in order to ac
commodate each incoming request, delivers performanee clo
to the optimal algorithm. We also found that allowing few
base stations to connect to 2 RNCs (10% increase in number
of links in our network) can provide significant decrease in
rejection probabilities (33% decrease in our simulatiokéy
further found that allowing base stations to connect to two
RNCs result in similar resiliency to RNC failures as having
full-mesh connectivity between base stations and RN@Gsse
results provide strong motivation for deploying IP-base\R
as they suggest that enhancing current point-to-point RAN
with few additional links and allowing a few hard handoffs
to accommodate incoming calls can result in significant gain
in performance and resiliency.
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