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Abstract—Distributed dynamic channel allocation (DDCA) is a fundamental resource management problem in mobile cellular

networks. It has a flavor of distributed mutual exclusion but is not exactly a mutual exclusion problem (because a channel may be

reused in different cells). In this paper, we establish the exact relationship between the two problems. Specifically, we introduce the

problem of relaxed mutual exclusion to model one important aspect of the DDCA problem. We develop a general algorithm that

guarantees relaxed mutual exclusion for a single resource and prove necessary and sufficient conditions for the information structure.

Considering distributed dynamic channel allocation as a special case of relaxed mutual exclusion, we apply and extend the algorithm to

further address the issues that arise in distributed channel allocation such as deadlock resolution, dealing with multiple channels,

design of efficient information structures, and channel selection strategies. Based on these results, we propose an example distributed

channel allocation scheme using one of the information structures proposed. Analysis and simulation results are provided and show

that the results of this research can be used to design more efficient distributed channel allocation algorithms.

Index Terms—Mutual exclusion, dynamic channel allocation, cellular networks, distributed algorithms.
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1 INTRODUCTION

CHANNEL allocation is a key problem in mobile cellular
networks. In such a network, the geographical area is

divided into hexagonal cells [7], [13]. The mobile telephones
in each cell are serviced by a base station (BS) located at the
center of the cell and the BSs are interconnected via a wired
network. The available wireless bandwidth is divided into
channels, where each channel is capable of supporting a
communication session. A given channel can be used
simultaneously in different cells without unacceptable
interference provided the distance between each pair of
cells is greater than or equal to the minimum reuse distance
[15]. The problem of channel allocation is to allocate channels
to the various cells so that the available bandwidth is most
effectively used by the various cells to meet the traffic
demand in each cell without interfering with calls in
neighboring cells.

A number of different approaches have been used to

address this problem. One possibility is to allocate the

channels in a static manner, i.e., each cell is permanently

allocated a fixed set of channels that it uses to handle all

calls within that cell. One approach of this kind [16], [25],

[27], [22] is to map the channel allocation problem to the

graph multicoloring problem with the nodes of the graph

representing the cells and the edges representing the

constraints on which pairs of cells may (simultaneously)

use which channels. The resulting channel allocation

schemes are appropriate, even close to optimal, if the traffic
pattern in the mobile network is static.

Our interest in this paper is to consider the problem of
dynamic channel allocation. Whereas, in static channel
allocation, a set of channels is assigned permanently for
use by a given cell, we want to be able, as traffic patterns
change, to move channels from cells with less demand to
those with heavier demand. The traffic pattern in a cellular
network may change for a variety of reasons, from heavy
demand in business districts during working hours, to
increased demands in outlying suburban areas during
evening hours, to heavy demands around a sport arena
on game days. Whatever the reasons for the changes, being
able to move channels among cells to meet current demands
clearly makes it possible to use the bandwidth more
effectively than is possible with a static allocation. The
tradeoff is the additional computation that needs to be done
in keeping track of the changing traffic patterns, and in
deciding which channels are to be moved from which cells
to which other cells.

Centralized dynamic channel allocation has a long history
[11]. Here, a single central pool of all available channels is
maintained from which a central computer allocates
channels to various cells on demand, and the cells return
the channels to the central pool as the traffic in the
respective cells go down. Various strategies that the central
computer can adopt in choosing the particular channel to be
allocated dynamically to particular cells, have been pro-
posed; given these strategies, centralized allocation schemes
can be quite effective in maximizing channel usage. But,
such schemes have a high centralization overhead, as well
as a single point of failure at the central computer; both of
these are serious concerns when the number of cells is large.
Thus, in this paper, we will consider distributed schemes for
dynamic channel allocation.
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Some work has been done on the problem of distributed
dynamic channel allocation, which we will henceforth
abbreviate as DDCA. The focus of early work on DDCA
[8], [9], [6] was on maximizing channel reuse in various cells
at the possible expense of interference among cells caused
by more than one cell (within the minimum reuse distance
of each other) deciding to use the same channel. Thus, for
example, I and Chao [8] propose a scheme in which each
cell maintains in the augmented channel occupancy matrix
information about which channels are currently in use by
the cell in question, as well as by neighboring cells. When a
new call needs to be serviced by the current cell, it identifies
a free channel by consulting the occupancy matrix and
assigns it to that call. The problem is that a neighboring cell
might also, at about the same time, have decided, by
consulting its occupancy matrix, to allocate the same
channel to service one of its calls. The cells in this scheme
do, of course, exchange messages with each other providing
information about which channels they are currently using
so that each cell can update its matrix to reflect not only its
own channel usage but also that of neighboring cells; but
the issues, well-known in the distributed computing
literature, that can arise as a result of such messages being
sent simultaneously by the two processes to each other, or
the fact that information that any cell may have about the
other cells is necessarily slightly out-of-date, etc., are not
addressed. In other words, the focus of the work, as we
noted, is on maximizing channel use; the complementary
problem of ensuring that neighboring cells do not make
conflicting decisions that can lead to interference between
the calls is given little attention.

Recently, researchers [2], [4], [20] have recognized the
importance of preventing interference among cells. The
problem of ensuring that neighboring cells do not simulta-
neously use the same channel can be viewed as a problem
of resource sharing. In effect, the channel in question is a
resource and we want to ensure that the neighboring cells
access the resource in a mutually exclusive manner. But, there
are some important differences between the DDCA pro-
blem and the classical mutual exclusion problem. First, and
perhaps most important, is that while in standard mutual
exclusion two processes are not allowed under any
circumstances to use the resource at the same time, in our
case the same channel can in fact be used simultaneously by
several cells; what is not allowed is two (or more) cells
within the minimum reuse distance of each other doing so.
A second difference is that in DDCA we are dealing not
with a single resource but a collection of them, each channel
being a resource. Despite these differences, we believe that
the lessons learned from distributed mutual exclusion
algorithms can help us design efficient distributed channel
allocation algorithm.

One class of algorithms for solving the mutual exclusion
problem is the token-based algorithms [3], [19], [28]. Here,
there is a single token in the system; the process that
currently holds the token is the one that is allowed to use
the resource. A process that wants to have access to the
resource has to wait until it is in possession of the token.
Since there is only one token in the system, mutual
exclusion is guaranteed. This type of approach seems

unsuitable to our situation because we do not, in fact, want
to forbid two cells from using a given channel at the same
time as long as these two cells are sufficiently far apart.

The other class of algorithms for the standard mutual
exclusion problem is nontoken-based algorithms [3], [17],
[18], [23]. While there are important differences between
these algorithms, a common idea is that the various
processes exchange information with each other about
which process is currently using the resource, which
processes are waiting to access the resource, etc. When a
process wishes to access the resource, it sends appropriate
messages to a subset of the processes and waits for
appropriate responses from some processes in order to
gain access; similarly, when a process is done with using a
resource, it sends appropriate messages to a subset of
processes, “releasing” the resource. Sanders [24] introduced
the idea of an information structure which consists of a
number of sets (for each process in the system) in which
appropriate information about the current state of the
system, such as which process currently holds the resource,
which others are waiting to access it, etc., is stored; Sanders
[24] introduced a generalized mutual exclusion algorithm
such that the other nontoken-based algorithms can be
considered as special cases, with the differences between
them being represented in terms of the differences in the
corresponding information structures. Sanders also estab-
lished a necessary and sufficient condition that the
information structure needs to satisfy in order for the
generalized algorithm to implement mutual exclusion
correctly.

In this paper, we first introduce the notion of relaxed
mutual exclusion (RME) which represents precisely the kind
of mutual exclusion that we want to achieve, i.e., that
certain pairs of cells may not simultaneously use the same
channel but certain other pairs may. Next, we introduce a
suitable notion of information structure that allows us to
store information appropriate for the DDCA problem, and a
relaxed-mutual-exclusion-algorithm that uses this informa-
tion. We also establish a necessary and sufficient condition
that the information structure must satisfy in order to
implement RME correctly.

There is another aspect to the problem. In the standard
mutual exclusion case, we not only want mutual exclusion
but also deadlock freedom. In our case, we have to go one
step further; deadlock freedom simply means if we wait
long enough, we will get the resource; in our case, this is not
sufficient since it not satisfactory, when a call comes in, to
wait indefinitely for a channel. It would be preferable in
such a situation to reject the call. In our work, we show how
such a feature can be added to our RME algorithm.

Next, we turn to the question of dealing with multiple
channels. We show how the information structure can be
enriched to include suitable information about multiple
channels, and how our algorithm can be extended to use the
information to allocate channels to various cells to meet the
needs of the traffic in each cell. In effect, our approach
decomposes the DDCA problem into five subproblems, each
raising an interesting design issue. The subproblems are:

1. How to implement RME for a single resource?
2. How to resolve deadlocks?
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3. How to deal with multiple channels?
4. How to design efficient information structures?
5. How to implement efficient channel selection

strategies?

The first four subproblems deal with ensuring that

neighboring cells do not simultaneously use the same

channel, whereas the last subproblem is concerned with

maximizing channel reuse.
The rest of the paper is organized as follows: Section 2

clarifies the problems addressed in this paper and their

relationships to each other. Section 3 proposes a general

relaxed mutual exclusion algorithm for a single resource

(channel), which includes an information structure and an

algorithm; the necessary and sufficient conditions for a

correct information structure is given and its correctness is

proved. Section 4 presents a simple strategy for resolving/

avoiding deadlocks. Section 5 extends the proposed general

relaxed mutual exclusion algorithm to deal with allocating

multiple channels. Section 6 explores possible information

structures that can be used by the proposed algorithms.

Section 7 takes a closer look at channel selection strategies

in distributed channel allocation. Section 8 proposes an

example distributed channel allocation scheme, which is

then analyzed and compared with other distributed

channel allocation schemes by simulation study. Section 9

concludes the paper.

2 PROBLEMS AND THEIR RELATIONSHIPS

In this section, we will briefly consider the problem of

mutual exclusion, the problem of relaxed mutual exclusion,

and the problem of channel allocation. In this section, our

main purpose is to discuss the relations between these

problems, thereby laying the groundwork for developing

related solutions which we do in the rest of the paper.

2.1 Mutual Exclusion

A distributed system consists of N processes which

communicate asynchronously via message passing [14],

[26]. The processes have a simple structure in which they

alternate between computations inside a critical section and

computations outside the critical section. The problem of

distributed mutual exclusion (ME) is to design a protocol to

coordinate entries into the critical section so that at any

instant at most one process is in the critical section.

2.2 Channel Allocation

A cellular network is regarded as a regular grid of hexagonal

cells [7], [13], [15]. An n�m cellular network has n rows and

m columns of cells. (Fig. 1 shows a 7� 7 cellular network.) The

cell at row i and column j is denoted as ði; jÞ. The distance

between two cells is defined as the Euclidean distance

between the centers of the two cells. Thus, if the radius of

the cell is normalized as
ffiffiffi
3
p

=3 (i.e., the Euclidean distance

between the centers of cell ð0; 0Þ and ð0; 1Þ is 1), then the

distance between any two cells c1 ¼ ði1; j1Þ and c2 ¼ ði2; j2Þ is

distðc1; c2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ði1 ÿ i2Þ2 þ ði1 ÿ i2Þðj1 ÿ j2Þ þ ðj1 ÿ j2Þ2

q
:

A finite set of channels is available for the network. Each

channel can be used to support a communication session.1

A (real) number Dmin, the minimum reuse distance is also

specified. A channel can be used simultaneously by a

number of different cells only if the distance between each

pair of cells using the channel is greater than or equal to the

minimum reuse distance. Thus, each cell c is associated

with an interference neighborhood INc which is the set of cells

whose distance to c is smaller than Dmin:

INc ¼ fc0 : distðc; c0Þ < Dming:

If a channel is being used by cell c, then it cannot be used by

any cell in INc. Conversely, a channel is available for use by

cell c if it is currently not being used by any cell in INc.
When a call arrives at a cell, the cell attempts to acquire a

channel to serve the call. If there is no channel available to the

cell, the call is blocked. Similarly, when the mobile user of an

ongoing call moves to another cell, the new cell attempts to

acquire a channel to serve the handed off call. If no channel is

available, the ongoing call will be dropped (disconnected).
The distributed dynamic channel allocation (DDCA) problem

is to design a protocol for the cells to exchange information so

as to acquire channels without violating the interference

constraint. The goals are to avoid interference, minimize the

call blocking/dropping rate, and maximize bandwidth

utilization.
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Fig. 1. Hexagonal cellular model.

1. In some systems, a channel can be used to support more than one
communication session using time division multiplexing (TDM). In this
case, a channel is called a carrier and the channel allocation problem is
referred to as the carrier allocation problem. All our results apply to such a
system, with “channel” being replaced by “carrier.”



2.3 Relaxed Mutual Exclusion

A system consists of a set of sites, S ¼ fs1; s2; . . . ; sng, and a
set of critical resources CR ¼ fr1; r2; . . . ; rmg. At each site si
there are ki concurrent, independent processes, each of
which repeatedly alternates between computations that
need a critical resource and computations that do not need a
critical resource. Among the sites, there is a binary relation,

, which is reflexive and symmetric, but not necessarily
transitive. Two sites x and y are said to be conflicting or
interfering with each other if and only if x
 y. Critical
resources may be shared according to the following rules of
relaxed mutual exclusion:

1. A given critical resource may be used simulta-
neously at different sites as long as no two of them
are mutually interfering.

2. At any single site, a given critical resource may not
be shared by two or more processes.

The problem of distributed relaxed mutual exclusion (RME) is
to design a protocol to dynamically assign critical resources
to different sites so as to comply with the above rules.

2.4 Relationship among the Three Problems

It is easy to see that ME is a special case of RME, where
there is only one critical resource, each site has only one
process, and x
 y for every pair of sites x and y. ME can
also be viewed as a special case of CA, in which there is
only one channel in the cellular system and the minimum
reuse distance is infinity.

We can also draw a relation between CA and RME. Let S
be the set of cells (or base stations) and define x
 y if and
only if the distance between site x and site y is less than the
minimum reuse distance. Then, the problem of allowing the
same channels to be used simultaneously by different cells
becomes a special case of RME. But, we should note that
there are also some important differences. In particular, in
the CA problem, a cell requesting a channel does not really
care which particular channel is allocated so long as it is able
to use it without interference from other cells. By contrast,
in the RME problem, when a particular site requests a
critical resource, it is interested in acquiring a specific
resource. Thus, in the CA problem, we have to concern
ourselves with the question of choosing among numerous
channels that may be available, when deciding which
channel to allocate to a requesting cell. Indeed, as we noted
in the Introduction, much of the work in the cellular
literature has focussed on this question and a number of
channel selection schemes have been proposed. In Section 7
we will consider the question of channel selection and see
how some of these schemes can be integrated into our
overall approach.

In the rest of the paper, we will use the terms relaxed
mutual exclusion and distributed channel allocation, critical
resources and channels, sites and cells, interchangeably.

3 GENERAL ALGORITHM FOR SINGLE RESOURCE

As laid out in the introduction, our first step in attacking the
RME problem is to develop a general algorithm that
guarantees RME for a single resource. The algorithm we
propose is a generalization of Sanders Algorithm [24] for

mutual exclusion. We start by presenting the information

structure we use. Next, we develop our algorithm. Finally,

we consider the necessary and sufficient condition that the

information structure must satisfy in order to to ensure the

correctness of the algorithm.

3.1 Information Structure and Variables

The concept of information structure forms the basis of

Sanders Algorithm as well as our algorithm. Our informa-

tion structure consists of two sets: a request set Ri and an

inform set Ii.

. Ri: site i must acquire permission from all the sites
in Ri before acquiring the resource.

. Ii: site i must inform all the sites in Ii when it
releases the resource.

We will also use the following three sets, which,

however, are not part of the information structure:

. Si: the status set for site i, is defined as j 2 Si if and
only if i 2 Ij.

. Li: the set of requests that have been received by site i.

. CRUi: according to i’s knowledge, the sites in CRUi
may be currently using the resource.

3.2 Algorithm

Sites communicate with each other by message passing. The

communications between any two sites are assumed to be

First-In-First-Out (FIFO) and communication delay is

arbitrary but finite. We use Lamport’s logical clock scheme

[12] to assign timestamps to events so that events at

different sites can be totally ordered. Each message is

assigned a timestamp. To break ties among requests,

timestamp-based priorities are used. A request has a higher

priority if and only if it has a smaller timestamp. Three

types of messages are used: Request, Grant, and Release.

The algorithm is described as a set of rules. The computa-

tions involved in each rule is considered as an atomic

action.
The algorithm is a generalization of the Sanders

algorithm. The generalization lies in Rule E, which specifies

under what condition a site can grant a request. The

algorithm described in this section is only concerned with

RME. Deadlocks and other issues will be considered later.

The following algorithm is called general relaxed mutual

exclusion for a single resource (GRME).

ALGORITHM GRME

A. Requesting the critical resource.
When site i wishes to acquire the resource, it sends a

Request message to every site in its request setRi; also,

i sets its “pending flag.” (The flag is cleared in Step B.)
B. Acquiring the critical resource.

Site i acquires the critical resource only after it has

received a Grant message from every site in its

request set, Ri. On acquiring the resource, i clears its

pending flag. (The site cannot make another request

until after the pending flag has been cleared.)
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C. Releasing the critical resource.
When i releases the resource, it sends a Release

message to every site in its inform set Ii.
D. On receipt of a Request message.

On receipt of a Request message, i places the request

in its request list Li. (Li is not necessarily a queue.)
E. Granting a request.

Site i may grant site j’s request (stored in Li) if both

of the following two conditions are satisfied:

a. either i has no interference with j or it has no
pending request of higher priority (or both);

b. no site in CRUi has interference with j.

When granting j’s request, site i performs the

following:

a. send a Grant message to site j,
b. remove j’s request from Li,
c. if j 2 Si, then add j to CRUi.

F. On receipt of a Release message.
When site i receives a Release message from site j, it

removes j from CRUi.

3.3 Necessary and Sufficient Conditions

Arbitrary choices of request and information sets may not

result in a correct GRME algorithm. The following theorem

establishes a necessary and sufficient condition for an

information structure to be correct in the sense that the

resulting GRME algorithm will ensure relaxed mutual

exclusion.

Theorem 1. Assume Ii � Ri for every site i. A necessary and

sufficient condition for Algorithm GRME to guarantee relaxed

mutual exclusion is that for any two conflicting sites i and j

their information structures satisfy

½ði 2 Ii \RjÞ ^ ðj 2 Ij \RiÞ� _ ðIi \ Ij 6¼ ;Þ:

Proof. Sufficiency. Suppose the condition of the theorem is

satisfied. Let i and j be two conflicting sites. We show

that i and j will not use the resource at the same time.

There are two cases:

Case 1: ði 2 Ii \RjÞ ^ ðj 2 Ij \RiÞ. Two scenarios need

to be considered. In the first scenario, both i and j send

their requests simultaneously. Assume that i’s request

has a higher priority than j’s. Since site i has a pending

request of higher priority, it will not send a Grant until it

has acquired and released the resource. The second

scenario occurs when a site, say j, decides to acquire the

resource after it has received and granted a Request from

site i. When i receives j’s request, either it still has its

own request pending (which has a lower timestamp,

thus higher priority, than j’s request) or it has already

acquired the resource (in which case i 2 CRUi as i 2 Si).
Site i cannot grant j’s request until after it has released

the resource.
Case 2: Ii \ Ij 6¼ ;. Let k 2 Ii \ Ij. For this k, fi; jg � Sk.
Once k grants a request to i (or j), i (or j) will be in CRUk.

This will prevent k from granting the other site’s request.
In both of the above cases, i and j will not use the

resource at the same time. This establishes the sufficiency.

Necessity. Assume that the condition stated in the
theorem is false. It suffices to construct a scenario in
which relaxed mutual exclusion is violated. Since the
condition is false, there exist at least two conflicting sites
i, j such that i =2 Ii \Rj or j =2 Ij \Ri and Ii \ Ij ¼ ;.
Without loss of generality, assume i =2 Ii \Rj.

Let i and j each have a request of priority(i) and
priority(j), respectively. We first show that if the requests
arrive at a site in a certain order, they will both be
granted. We then create a scenario in which i’s and j’s
requests arrive at each site in the required order. We
consider three classes of sites: i, j, and others.

First consider site i. We have assumed i =2 Ii \Rj, so
i =2 Ii or i =2 Rj. The case i =2 Rj is trivial since j does not
ask i for permission. If i =2 Ii, then i will never be in
CRUi; it may grant its own request and then grant j’s
request (either immediately or after acquiring the
resource, depending on whether priorityðiÞ is less than
or greater than priorityðjÞ). Thus, in our scenario, we will
let i’s request arrive at i before j’s request.

Now, consider site j. There are two cases depending
on whether j is or is not in Ii.

. Case 1: j =2 Ii. In this case, i =2 Sj; thus, j keeps no
record of granting i’s request. It may grant i’s
request and then grant its own.

. Case 2: j 2 Ii. In this case, since Ii \ Ij ¼ ;, j =2 Ij
(and, thus, j =2 Sj) and so j may grant its own
request and then grant i’s request (either im-
mediately or after acquiring the resource, de-
pending on whether priorityðiÞ is greater than or
less than priorityðjÞ).

Now, consider those sites k 6¼ i; j. Obviously, if
k =2 Ri \Rj or k =2 Ii [ Ij, then k is not capable of
preventing i and j from violating relaxed mutual
exclusion. Thus, we concentrate on those sites in

R ¼ ½Ri \Rj \ ðIi [ IjÞ� ÿ fi; jg
¼ ½ðRi \ IjÞ [ ðRj \ IiÞ� ÿ fi; jg:

Fig. 2 illustrates these sets. Split R into two sets, A and B:

A ¼ ðRi \ IjÞ ÿ fi; jg and B ¼ ðRj \ IiÞ ÿ fi; jg:

It is obvious that A \B ¼ ; and A [B ¼ R. Furthermore,

since Ii \ Ij ¼ ;, i =2 Sk for all k 2 A and j =2 Sk for all k 2 B.

That is, for every site k 2 A (k 2 B), k does not keep record

of granting i’s (j’s) request. Thus, if i’s request arrives at

each site in A before j’s request, and j’s request arrives at

each site in B before i’s request, then both i’s and

j’s requests will be granted by all sites in R.
In summary, to make i and j violate relaxed mutual

exclusion, we will let their requests arrive and be granted
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at various sites as indicated in Table 1, in which, for
example, the last row indicates that j’s and i’s requests
are granted at t2 and t3, respectively, by every site in B.

Based on the above discussion, we now create a
scenario to fool all the sites in R [ fi; jg. (Since the
sites outside R [ fi; jg are not capable of preventing i
and j from violating mutual exclusion, we may assume
without loss of generality that Ri;Rj � R [ fi; jg.) Let
t0 < t1 < � � � < t4 < t5:

1. Let the system start at time t0, with CRUk ¼ ; for
every site k in R [ fi; jg.

2. At time t1, site i issues a request, which is
immediately received and granted by i if i 2 Ri,
by j if j 2 Ri ÿ Ii, and by every site in A.

3. At time t2, site j generates a request, which is
received and immediately granted by i if i 2 Rj

and priority(i) < priority(j) and by every other
site in Rj.

4. At time t3, i’s request is received and granted by j
if j 2 Ii and priority(i) > priority(j) and by every
site in B. By now, except for the case where j 2 Ii
and priority(i) < priority(j), i’s request has been
granted by every site in Ri, it thus acquires the
resource and clears its pending flag.

5. At time t4, j’s request is received and granted by i
if i 2 Rj and priority(i) > priority(j). (i is able to
do so because its pending flag has been cleared.)

6. By time t5, j’s request has been granted by
everybody; it thus acquires the resource and
clears its pending flag. It then grants i’s request
in case j 2 Ii and priority(i) < priority(j), thereby
enabling i to acquire the resource.

Thus, in all cases, whether j 2 Ii or j =2 Ii and whether

priority(i) < priority(j) or priority(i) > priority(j), both i

and j will use the resource simultaneously in violation of

relaxed mutual exclusion. This establishes the necessity

of the condition. tu

3.4 Application to Mutual Exclusion

Sanders’ algorithm is a special case of the General Relaxed

Mutual Exclusion (GRME) algorithm. When every two sites

are mutually conflicting (as in the case of mutual exclusion),

the variable CRUi may contain at most one element. In this

situation, item E of the GRME algorithm can be rewritten as:

E. Granting a Request. A site i may grant a request (say
from site j) in Li if CRUi ¼ ; and site i has no
pending request of higher priority. When granting
j’s request, site i performs the following:

a. send a Grant message to site j,
b. remove j’s request from Li, and
c. if j 2 Si, then let CRUi ¼ fjg.

With rule E written as above, this becomes essentially

equivalent to the algorithm of [25]. The main difference is

that [25] uses a priority queue, whereas our Li need not be a

priority queue. Priority queues help avoid deadlocks but

they are not necessary for achieving mutual exclusion.

4 RESOLVING/AVOIDING DEADLOCKS

A deadlock occurs if there exists a cycle of sites

ðs0; t0; s1; t1; . . . ; sn; tnÞ

such that a) for each i, si has received a Grant message from

ti and is waiting for a Grant from tiþ1 and b) for each i, ti is

unable to grant the request from siÿ1 because siÿ1 has

conflict with si. In the literature, many deadlock resolution/

avoidance algorithms have been proposed. However, most

of these algorithms have a long response time for mutually

exclusive resource acquisition and may not be appropriate

for real-time systems such as cellular networks.
One effective way to avoid deadlocks is by use of Reject

messages. After a site receives a request, it either grants or

rejects the request within a limited amount of time. Thus,

the algorithm is modified as follows:

ALGORITHM GRME_with_Grant/Reject

A-F. Same as in GRME.

G. Rejecting a request.
If a site i is unable to grant a request in Li within a

prespecified amount of time, it rejects the request by

sending a Reject message to the requesting site and

removes the request from Li.
H. On receipt of a Reject message.

When i receives a Reject message, it aborts its

request (if it has not been aborted) by clearing the

pending flag and sending a Revoke message to every

site in Ii.
I. On receipt of a Revoke message.

When a site i receives a Revoke message from j, it

performs the following:

a. If j’s request is in Li, send a Reject message to j
and remove the request from Li.

b. If j 2 CRUi, then remove j from CRUi.
J. After aborting a request

If site i aborts a request, it cannot generate another

request until after it has received a response (grant

or reject) from every site in Ri.

If j’s request is in Li, send a reject message to j and remove

the request from Li.
Correctness. Since any site requesting the resource will

receive a response (either a grant or a reject) from every site

in its request set, no deadlock may occur. Also, with Rule J,

no grant to a site’s request will be mistaken as a grant to the

site’s another request. Theorem 1 still holds for the modified

GRME algorithm. The “sufficiency” part of the proof needs
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only minor modification. The “necessity” part needs no
change at all.

Performance. The advantage of the Grant/Reject scheme is
the short response time—the requesting site knows quickly
whether it can or cannot use the critical resource. This
property is particularly useful in real-time application such as
distributed channel allocation. If response time is not a critical
concern, there are many deadlock detection/resolution
algorithms in the literature that can be incorporated into or
executed in conjunction with the GRME algorithm to resolve
possible deadlocks.

The disadvantage of this scheme is that it does not
guarantee progress property. It is possible that no site can
obtain the resource even though it is free. For example, if a
set of sites submitted requests for a resource simultaneously
and forms a deadlock, the use of the Grant/Reject scheme
resolves the deadlock, but as a side-effect, all the requests
are rejected and no site acquires the resource even if it is
available. In the worst case, all the rejected sites send
requests again and the same situation repeats. One simple
solution, borrowed from slotted-ALOHA protocol, is to let
each rejected site back off a random length of time and then
attempt another request.

An interesting problem for future work is to design a
deadlock avoidance/resolution scheme with progress
property.

5 DEALING WITH MULTIPLE CHANNELS

Next, we discuss how to deal with multiple channels, which
is necessary for a distributed channel allocation. Let CH ¼
fr1; r2; . . . ; rng be the set of channels in a cellular system. In
the following, we describe three approaches to dealing with
multiple channels.

5.1 Sequential Search

Let Algorithm(r) be any algorithm for the single-channel
distributed channel allocation problem, with r being the
channel. The sequential search strategy works as follows:

1. When a cell wishes to acquire a channel, it selects a
channel r 2 CH.

2. Use Algorithm(r) to request for r.
3. If the request fails, try another channel r0 and repeat

the second step.

Two comments are in order. First, for this approach to
work correctly, the single-channel algorithm must have the
property that every request for a channel either succeeds or
fails within a finite amount of time. Second, a cell may have
different information structures for different channels. Thus,
each time Algorithm(r) is executed, a different information
structure, Ii and Ri, may be used. For distributed channel
allocation, this may improve the system performance.

Design Issues. One major issue is how to select a channel
in Step 1. Clearly, we should choose a channel that is likely
to be available. We will discuss in Section 8 possible
schemes for collecting information about which channels
are available or likely to be available. Now, suppose a
number of channels are found to be potentially available,
which of them should be selected? We will address this
question in Section 7.

5.2 Parallel Search

The basic idea behind parallel search is that when a cell

wants to acquire one or more channels, it executes

Algorithm(c) simultaneously for all c 2 CH to determine

whether it can acquire c. Conceptually, n copies of the

Algorithm() are executed in parallel, where n is the number

of channels. But, blindly executing n independent copies of

the algorithms is inefficient. One design issue here is how to

cut the message overhead and how to execute n copies of

the algorithm collectively, rather than independently. The

following describes one possible design using GRME_

with_Grant/Reject as the underlying algorithm. In essence,

the idea is as follows: When a cell i responds to a request

from cell j, it sends j a set of channels Fi, which contains all

the channels that are, according to the information that i

has, currently usable by j. Once j receives this information

from all the sites it has sent its requests to (in other words,

all the sites in Rj), it selects channels that are in all the Fi’s it

has received, and sends a message to each site in Ij
informing them of the set of channels it has decided to

acquire. Thus, rather than trying one channel after another

as in Sequential Search, here we are considering all possible

channels in parallel, but note that the information structure

we use here is the same for all channels whereas, as we

noted above, this need not be the case in Sequential Search.
In Algorithm GRME, each site i maintains a CRUi. Here,

since there are multiple channels, cell i will maintain a

separate CRUi for each channel. The CRUi for channel c is

denoted as CRUiðcÞ.

ALGORITHM Parallel GRME_with_Grant/Reject

A. Requesting channels.
When a cell iwishes to acquire one or more channels, it

sends a Request message to every cell in its request set

Ri; also, i sets its pending flag to indicate that it has a

pending request. (The cell cannot make another

request until after the pending flag has been cleared

in Step B or I.)
B. Acquiring channels.

After cell i has received a GrantðFjÞ message from

every cell j in Ri, it performs the following:

a. Compute F ¼ \fFj : j 2 Rig.
b. Select a set, F 0, of channels in F according to

some selection policy.
c. Send an Acquire(F 0) message to every cell in Ii.
d. Clear the pending flag.

Note that if F ¼ ;, then the search fails; in this case,

F 0 ¼ ; in the Acquire(F 0) message.
C. Releasing a channel.

When cell i wants to release channel c, it sends a

Release(c) message to every cell in Ii.
D. On receipt of a Request message.

On receipt of a Request(r) message, cell i places the

request in a request list Li.
E. Responding to a request.

Cell i may grant j’s request in Li if both of the

following two conditions are satisfied:
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a. Either cell i has no interference with j or it has
no pending request of higher priority (or both);

b. Fi 6¼ ;, where Fi is the set of all channels x such
that none of the cells in CRUiðxÞ has interference
with cell j.

When granting j’s request, cell i performs the

following:

a. Send a Grant(Fi) message to cell j, where Fi is as
computed above, and remember this Fi as Fij for
use in Steps G and J.

b. Remove j’s request from Li;
c. If j 2 Si then add j to CRUiðxÞ for each x in Fi.

F. On receipt of a Release message.
When cell i receives a Release(c) message from cell j,

it removes j from CRUiðcÞ.
G. On receipt of an Acquire message.

When cell i receives an Acquire(F 0) message from

cell j, it removes j from CRUiðxÞ for every

x 2 Fij ÿ F 0.
H. Rejecting a request.

If cell i is unable to grant a request in Li within a

prespecified amount of time, it rejects the request by

sending a Reject message to the requesting cell and

removes the request from Li.
I. On receipt of a Reject message.

When cell i receives a Reject message, it aborts its

request (if it has not done so) by clearing the pending

flag and sending a Revoke message to every cell in Ii.
J. On receipt of a Revoke message.

When cell i receives a Revoke message from j, it

performs the following:

a. If j’s request is still in Li, then send a Reject
message to j and remove the request from Li.

b. Otherwise, remove j from CRUiðxÞ for every x
in Fij.

K. After aborting a request
If site i aborts a request, it cannot generate another

request until after it has received a response (grant or

reject) from every site in Ri.

Correctness of parallel search. As mentioned in the beginning

of this subsection, the parallel search algorithm is a “group”

execution of n copies of Algorithm GRME_ with_Grant/

Reject. The algorithm will work correctly if it works correctly

for each individual channel. Focusing on a particular channel

z and examining how the algorithm works for z, we see that as

far as z is concerned, the Parallel GRME_with_Grant/Reject

is essentially the same as GRME_with_Grant/Reject. For

instance, consider Step E. If z 2 Fi, this step is the same as the

counterpart (Step E) of GRME_with_Grant/Reject. If z =2 Fi,
then when the requesting cell, say j, receives i’s Grant(Fi), it

will find z =2 F (in Step B) and, thus, not acquire z. The net

effect of Step E for z is equivalent to sending a Reject(z) and

the net effect of Step B is equivalent to receiving a Reject(z).

For channel z, since z =2 F 0, the Acquire(F 0) sent by j has the

effect of Revoke(z); both messages will cause the receiving cell

to remove j from CRUiðzÞ. Theorem 1 still holds for Parallel

GRME_with_ Grant/Reject.

5.3 Hybrid Search

Distributed channel allocation may impose stringent re-
quirements on channel acquisition delay. For example, a
call in handoff needs a new channel in the new cell within a
very short period. If the new channel is not acquired in
time, the call is dropped. A cell may also request two or
more channels at a time. For example, in future third
generation multimedia mobile network, a call may need
multiple channels. As described in the preceding section,
parallel search allows a cell to acquire more than one
channel at a time and would suit such multimedia
applications. A disadvantage of parallel search is that when
a cell receives a request, it may grant too many channels
(the entire set Fi in Step E of Parallel GRME).

Hybrid search is a combination of sequential and parallel
search. When a cell wishes to acquire m channels, it
requests for l channels (l � m). The proper value of l is
chosen such that after one round of search, m or more
channels can be acquired. On the other hand, the value of l
should be as small as possible so as to reduce the
probability of collision among conflicting cells. When l is
chosen appropriately, both the acquisition delay and the
message complexity can be kept low. Exchanging resource
usage information between cells is an option that can be
incorporated into the algorithm to further improve the
performance of the algorithm. Due to space limitations, the
details of hybrid search are not presented here.

6 INFORMATION STRUCTURE

For distributed channel allocation, the design of informa-
tion structure is very important; it may significantly affect
the system’s performance in terms of message complexity,
channel acquisition delay, as well as bandwidth usage. In
this section, we describe some commonly used information
structures and propose some new ones.

As noted earlier, a cellular network is a regular grid of

hexagonal cells, with the cell at row i and column jdenoted as

ði; jÞ. Fig. 1 shows a 7� 7 cellular network. In practice, the

minimum reuse distance is chosen to be the distance between

the centers of two cells, say, ð0; 0Þ and ða; bÞ. This distance is

known [15] to be Dmin ¼ ða2 þ abþ b2Þ1=2. The nearest

“cochannel” cells of any cell c are those cells whose distance

to i is exactly Dmin; these cells, to maximize channel reuse,

should use the same set of channels as cell c—thus the name

cochannel cells. The nearest “cochannel” cells of any cell c can

be located as follows [15]: Starting at cell c, move a cells along

any chain of hexagons; turn counter-clockwise 60 degrees;

move b cells along the chain that lies on this new heading.

Every cell has six nearest cochannel cells, except for those on

or close to the boundary of the cellular network. In Fig. 1,

a ¼ 3 and b ¼ 0, the six nearest cochannel cells of ð3; 3Þ are

ð0; 3Þ, ð0; 6Þ, ð3; 6Þ, ð6; 3Þ, ð6; 0Þ, ð3; 0Þ. In the right figure of

Fig. 4,a ¼ 3 and b ¼ 2; the nearest cochannel cells of the center

cell are marked with an “A.”
Given two cells x and y, x is said to be a cochannel cell of y if

there is a sequence of cells ðc1 ¼ x; c2; . . . ; ckÿ1; ck ¼ yÞ such
that ci is a nearest cochannel cell of ciþ1, 1 � i � iÿ 1.
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Given a minimum reuse distance Dmin, the set of all cells

in the system can be partitioned into N subsets

G1; G2; . . . ; GN such that all members in a Gi are cochannel

cells of each other, where N ¼ D2 [15]. In Fig. 3, D ¼ 3 and,

thus, there are N ¼ 9 subsets of cochannel cells; all cells in a

same subset are labeled with a same number. We will refer

to each Gi as a cochannel set.
Also, recall that, each cell c is associated with an

interference neighborhood INc, where

INc ¼ fc0jdistðc; c0Þ < Dming:

Given the minimum reuse distanceDmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ abþ b2
p

, the

size of INc can be approximated as follows: Let d ¼ bDminc.
(Note that d ¼ aþ b if ab ¼ 0 and d ¼ aþ bÿ 1, otherwise.)

When ab ¼ 0, the number of cells in INc is

jINj ¼ 1þ
Xd
i¼1

6iÿ 6 ¼ 3dðdþ 1Þ ÿ 5:

When ab 6¼ 0, jIN j ¼ 1þ
Pd

i¼1 6i = 3dðdþ 1Þ þ 1. In any

case, jINj � 3d2.
Using the terminology of relaxed mutual exclusion,

INðiÞ is the set of all sites which have interference with

site i. Recall that the information structure for a site i

consists of sets, Ri and Ii, and they must satisfy the

condition of Theorem 1. The following are some possible

information structures, of which the Mercedes-logo struc-

ture and the Ring structure do not seem to have appeared

previously in the literature.

. Centralized structure. Ii ¼ Ri ¼ fcg, where c is a
particular site responsible for all channel allocation
in the system. (In practice, site c is typically the
mobile switching center to which all base stations in a
region are connected [7].) This structure satisfies the
condition of Theorem 1 as Ii \ Ij 6¼ ; for any i and j.

. Partially centralized structure [2], [4]. Let Z be any
arbitrary but fixed cochannel set of cells. (For
instance, in Fig. 3, Z can be the set of all cells
marked “0.”) The algorithms in [2], [4] have the
following information structure. For i 2 Z, Ii ¼ Ri ¼
fig and for i =2 Z, Ii ¼ Ri ¼ INi \ Z. For example, in
Fig. 3, suppose we let Z be the set of all 0-cells (i.e.,
all cells marked with 0). Then, for any 1-cell i, Ri

consists of the four 0-cells which “enclose” cell i. For
any 4-cell i, Ri consists of the three 0-cells that
“enclose” cell i. It is not hard to see that regardless
of Dmin, jZ \ INij ¼ 3 or 4. Note that this structure is
“unsymmetric” and it favors the cells in Z. This
structure satisfies the condition of Theorem 1: If
ði 2 INj ^ j 2 INiÞ, then there is a cell k such that i
and j are both in INk, hence k 2 INi \ INj and, thus,

k 2 Ii \ Ij 6¼ ;:

. Trivial structure [4], [20].2 Ii ¼ fig and Ri ¼ INi.
This information structure is simple but inefficient.
Since all interfering cells are in the information
structure, message complexity, acquisition delay,
and deadlock probability are high. It satisfies the
condition of Theorem 1 i 2 Ii \Rj ¼ fig and j 2
Ij \Ri ¼ fjg if i and j are interfering cells.

. Mercedes-logo structure. Fig. 4 illustrates the struc-
ture. Let i be the center cell labeled A, whose nearest
cochannel cells are also labeled A. The light-shaded
area indicates the IN of i, denoted as INi. The dark-
shaded area is the information structure, i.e.,Ri ¼ Ii =
“the Mercedes logo.” This structure satisfies the
condition of Theorem 1; in fact, if i and j are in each
other’s IN , then Ii \ Ij 6¼ ;. Using the defined variable
d, jRij ¼ jIij ¼ jCij ¼ 3dÿ 2 (ifa ¼ 0 or b ¼ 0) or 3dþ 1
(if a 6¼ 0 and b 6¼ 0).

. Ring structure. Fig. 5 illustrates the ring structure.
The light-shaded area is the IN of the center cell i
labeled by A. The dark-shaded area is the informa-
tion structure: Ri ¼ Ii = “the ring.” In general, the
ring structure of cell i is the ring of cells which are
dd=2e cells away from i. (In Fig. 5, d ¼ aþ b ¼ 5 for
the left structure and d ¼ aþ bÿ 1 ¼ 4 for the right
one.) The size of this information structure is 6dd=2e,
approximately equal to that of the Mercedes-logo
structure. For any two interfering cells i and j, Ii and
Ij have a nonempty intersection, so the condition of
Theorem 1 is satisfied.
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2. In [4], [20], i sends its information status to every cell in INi (i.e.,
Ii ¼ INi), but only i itself really makes use of the information. Thus, we
redefine the Trivial structure as described above.



All of these information structures satisfy the conditions
of Theorem 1 and are thus “correct.” Now consider
efficiency. One measure of efficiency is the size of the
information structure. A smaller information structure
would reduce message complexity and deadlock probabil-
ity since a smaller information structure implies that fewer
processes are involved in making decisions about which
channel will be allocated to which cells. At the same time, it
may reduce fault tolerance since failure of some of these
processes would affect many cells. Among the above
mentioned structures, the centralized structure is smallest,
and the trivial structure the largest.

Size is not the only concern. Maekawa [17] argues that
two symmetry properties are required or desirable: 1) all
request sets Ris have the same size and 2) every cell be in
the same number of Ris. The Mercedes-logo, ring, and
trivial structures have these properties; the centralized and
partially centralized structures do not.

When INi is the set of all sites in the system (which is the
case for classical mutual exclusion), Maekawa [17] shows
that the minimum possible size of the information structure
with these properties is approximately

ffiffiffiffiffi
N
p

, where N is the
number of sites in the system. It is not clear whether this
result will hold when jINij 6¼ N . Nevertheless, we feel that
Maekawa’s result is still a useful benchmark.

For cellular networks, jINij � 3d2, where d ¼ bDminc. If
Maekawa’s formula still applies, the minimum possible size
of information structure (with symmetry properties) would
be

ffiffiffi
3
p

d. The Mercedes-logo and the ring structure have a
size close to this value.

7 SELECTION STRATEGIES

Channel selection strategy is an important issue in both
centralized and distributed channel allocation. The question
is, given a set of available channels, which channel should
be acquired? Previous studies [11] indicate that efficient
channel selection strategies can result in near-optimal reuse
of channels among cells. Most previously proposed channel
selection strategies were studied for the centralized system
[11]. They assume complete and updated knowledge of the
channel usage information in a cell’s neighborhood. Most
commonly, the selection strategy is priority-based, i.e. each
channel is associated with an acquisition priority in each
cell. When a channel is needed, the potentially available

channel with the highest acquisition priority is selected. The
problem of channel selection then becomes one of assigning
priorities to channels to maximize channel reuse.

As an example, consider the two-step dynamic-priority
(TSDP) channel selection strategy [5]. For any given cell i,
channels are classified as primary or secondary based on the
degree of reuse of the channel in i’s nearest cochannel cells.
The primary channels are those that are used by at least �
nearest cochannel cells, where � (1 � � � 7) is a constant.
Primary channels have higher acquisition priority than
secondary channels. The acquisition priority of a primary
channel is higher if it is used by more cochannel cells. The
acquisition priority of a secondary channel is higher if its
cost is lower, i.e., the use of the channel by i will make the
channel unavailable to fewer “new” cells (“new” in the
sense that the channel is currently available, but will
become unavailable if i uses it). The motivation behind this
scheme is to maximize the use of primary channels among
cochannel cells while reusing secondary channels in a
compact way. The primary disadvantage of this scheme is
the high overhead in calculating channel priorities; it
requires channel usage information of all cells in i’s outskirts
interference neighborhood, OINi ¼ [fINx : x 2 INig. In the
next section, we will use the TSDP selection scheme in
conjunction with some of the earlier information structures
that we discussed in Section 6.

8 DESIGNING DISTRIBUTED CHANNEL ALLOCATION

SCHEMES

In this section, we will see how to integrate channel
selection schemes (including channel usage information
collection) with channel acquisition algorithms, consider
how the information structure can affect the performance of
a scheme, and discuss ways to use different search
algorithms to tackle different requirements of calls (such
as handoff calls). We will also compare the performance of
the proposed schemes with other well-known schemes by
simulation studies.

8.1 Algorithms

8.1.1 TSDP with Mercedes-Logo Information Structure

Basis of the algorithm. We use GRME_with_Grant/Reject as
the basis of the algorithm.

Information structure. We will use the Mercedes-logo

information structure. For ease of presentation, let us assume

a ¼ 2 and b ¼ 1 in the formula Dmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ abþ b2
p

. The

Mercedes-logo information structure thus consists of seven

cells as shown in Fig. 6.
Sequential/Parallel search. For this demonstration, we

choose the sequential search. As pointed out in Section 5.1,
we need a scheme to decide which channels are likely to be
available and, if there is more than one such channel, we need
a policy for selecting one of them. The former requires a
scheme to collect channel usage information and the latter, a
channel selection strategy.

Collecting channel usage information. Cell i wants to know
which channels are available for its use. A simple way is to
ask the cells in INi which channels they are currently using
[2]. This will require 2jINij messages. Here, we propose a

JIANG ET AL.: ON DISTRIBUTED DYNAMIC CHANNEL ALLOCATION IN MOBILE CELLULAR NETWORKS 1033

Fig. 5. The ring structure. (a) a ¼ 5 and b ¼ 0. (b) a ¼ 3 and b ¼ 2.



more message-efficient method. Recall that each cell j

maintains for each channel r a set CRUjðrÞ � Sj that
represents j’s knowledge of who are possibly using channel
r. For the Mercedes-logo information structure, the set
[fSj : j 2 Ii ¼ Rig (the gray-shaded area in Fig. 6) contains
INi. Thus, if every cell j 2 Ri sends its CRUjðrÞ for every
channel r to cell i, then i will know which channels are
potentially available — channel r is potentially available for
cell i if [fCRUj : j 2 Rig has no intersection with INi.
Based on this idea, we propose the following scheme for
collecting channel usage information:

. Whenever cell i has to send a message to cell j
(where j 2 Ii ¼ Ri), attach to the message the set
CRUiðrÞ for every channel r. These sets are small; for
the Mercedes-logo structure, each CRUiðrÞ contains
no more than three elements.

Channel selection strategy. We will adopt the TSDP
strategy as described in Section 7. The information needed
for TSDP—namely, the channel usage information at the
nearest cochannel cells—is available, since the channel
information coverage (the gray area in Fig. 6 includes the
nearest cochannels).

If the request for a channel fails, the cell has to search for
another channel. For handoff calls, it is most desirable to do
one request and succeed. One solution is to use hybrid
search, i.e. to let a cell request/search for several channels at
one time. The number of channels to search is a design
parameter.

8.1.2 TSDP with Trivial Information Structure

The Basic Update Scheme described in [4] is an instance of
GRME_with_Grant/Reject using the sequential search and
trivial information structure. It can work with any selection
strategy. For performance studies in the next section, we
will use the TSDP strategy.

8.1.3 Distributed Borrowing Scheme

In the distributed channel borrowing scheme [2], [11], each
cell i is preallocated a number of channels. These channels
are the cell’s primary channels. The other channels (which
are preallocated to other cells in INi) are secondary channels
for i. When i wishes to acquire a primary channel, it does
not send any request to other cells and, instead, it consults
only itself. But, when i wishes to acquire a secondary
channel, it first queries all cells in INi to find out which
channels can be borrowed, select a channel, and send a
borrowing-request to those cells (typically 3 or 4 such cells)
which own the selected channel. This, algorithm can be

regarded as an instance of GRME_with_Grant/Reject,
where the sequential search and the partially centralized
information structure are used and where a cell sends a
query to every cell in INi to collect channel usage
information.

8.2 Analysis and Simulation Results

There are many criteria to evaluate the performance of a
channel allocation scheme: call blocking/dropping rate,
bandwidth utilization, message complexity, and channel
acquisition delay. Call blocking rate and call dropping rate
together constitute the call failure rate. Bandwidth utiliza-
tion is defined as the percentage of system bandwidth
capacity used for transmitting communication good-put (or
useful user packets). Message complexity refers to the
number of messages exchanged for each channel acquisi-
tion/release while channel acquisition delay is to measure
the average time for a cell to acquire a channel. In this
section, we will provide performance evaluation of the
three schemes described in preceding sections.

Let d be as defined in Section 6. Recall that jINij � 3d2,
and that the Mercedes-logo information structure consists
of 3d (plus 1 or minus 2) cells. Assume the message
transmission delay between any two cells to be T . The
message complexity and channel acquisition delay can be
analyzed as follows:

. Distributed Borrowing Scheme—Assume that in

most cases, it takes only one search to acquire a

channel; this assumption is not unrealistic because

the cell in search for a channel attempts to collect the
most-recent channel usage information before

launching a search. The message complexity and

acquisition delay for acquiring a primary channel

are both zero. The message complexity for acquiring

and releasing a secondary channel is 3d2 þ 3d2 þ 3þ
3þ 3 or 6d2 þ 9, and the channel acquisition delay is

4T . If the percentage of secondary channels in the

acquired channels is ps, then the average message
complexity and channel acquisition delay are

psð6d2 þ 9Þ and 4psT , respectively.
. TSDP with Trivial Information Structure—Assume

that, on average, it takes nþ 1 searches to success-
fully acquire a channel, where n � 0. The message
complexity for each channel acquisition and release
is ðnþ 1Þ � ð3d2 þ 3d2Þ or 6ðnþ 1Þd2, and the acquisi-
tion delay is about 2ðnþ 1ÞT .

. TSDP with Mercedes-logo Information Structure—-
Again, assume that on average it takes nþ 1
searches to successfully acquire a channel. Then,
the message complexity for each channel acquisition
and release is ðnþ 1Þ � ð3dþ 3dÞ þ 3d or ð6nþ 9Þd
and the acquisition delay is 2ðnþ 1ÞT .

In the above analysis, the value of n is most likely to be
between 0 and 1. This is because after an unsuccessful
search, a cell would have collected the most-recent channel
usage information that a second search would succeed with
a high probability.

The wireless network we simulated is composed of

14� 14 cells placed in a hexagonal cellular pattern. Only the
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data observed from the central 10� 10 cells are collected and

used in the analysis. The MTs moving out of boundary of the

14� 14 cell coverage area are assumed terminated. Since the

observation focus area is two cells away from the boundary,

we assume negligible boundary effects on acquired data.

There are a total of N ¼ 392 channels used as transmission

channels in the system. The arrival of new calls is a Poisson

process. The lifetime (length) of a new call is decided from an

exponential distribution with an average of 180 seconds; its

initial service cell is randomly chosen. The stay-time (or

sojourn time) of the call in a cell is exponentially distributed

with an average of 60 seconds. For a cell cwith six neighboring

cells n1, n2 . . .n6, the handoff probabilities to them are

represented as pc;n1
, pc;n2

. . . pc;n6
, where 0 � pc;i � 1, i ¼

n1; n2; . . . ; n6 and
P6

i¼1 pc;ni ¼ 1. To simulate different mobi-

lity patterns, pc;n1
, pc;n2

. . . pc;n6
may be set to different values.

When a call incurs a handoff, the handoff-to cell is chosen

randomly according to the handoff probabilities. An alter-

native model is to have each individual call associated with a

set of probabilities pc;n1
, pc;n2

. . . pc;n6
which together describe

the movement pattern of that mobile user. Thus, if pc;n1
is 1

and the other five are zero, this would model the case of

straight line movement.
In order to simulate a realistic cellular network, we

assume nonuniformly distributed traffic in our model. This
is implemented by randomly designating variable number
of cells as hot cells (or sink cells), which attract both new
calls and handoff calls with a randomly generated degree
(the probability of a MT being absorbed to a hot cell). These
hot cells keep the hot status for an exponentially-distributed
period of time and then return to the normal status.
Whether there are any hot cells or not is also modeled as
an on-off process, with each on/off period exponentially
distributed.

Figs. 7, 8, 9, and 10 compare the performances of the
proposed scheme, TSDP-Mercedes, with the other two
schemes, TSDP-trivial and Borrowing. The TSDP-trivial
scheme has the lowest call failure rate and the highest
bandwidth utilization, but the highest message complexity.
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Fig. 7. Call failure rate.

Fig. 8. Channel utilization.

Fig. 9. Message complexity.

Fig. 10. Channel acquisition delay.



Especially in the presence of congested communication
links between cells in the simulations and high call-arrival
rate, this could severely invalidate any of the other
advantages enjoyed by TSDP-trivial. The channel borrow-
ing scheme is shown to have the least overhead; however, it
has the highest call failure rate and the lowest bandwidth
utilization.

TSDP-Mercedes has a low call failure rate and high
bandwidth utilization close to that of TSDP-trivial. It also
has a relatively low message complexity. Although the
channel acquisition delay is higher due to possible failed
searches, it is not a concern for new arrived calls. Both
TSDP-Mercedes and TSDP-trivial use the same channel
selection strategy, TSDP. But, in TSDP-Mercedes, as illu-
strated in Fig. 6, a cell does not have the channel usage
information of all cells in its OIN. This simulation result
shows that this is not critical for channel selection. Overall,
the scheme we have proposed, TSDP-Mercedes, is more
efficient than the other two providing high bandwidth
efficiency and low overhead.

Longer acquisition delay is not a big concern for new
calls, which are more tolerable to connection delays.
However, it is critical to handoff calls. We simulated hybrid
search for handoff calls with two channels being searched
for each hybrid search. Fig. 11 shows the percentage rate of
failed hybrid searches. Compared with the failure rate of
sequential searches, the rate is significantly reduced and the
average channel acquisition delay is reduced to a bit longer
than 2T .

9 CONCLUSION

Distributed dynamic channel allocation is a difficult
problem. We showed that one aspect of the problem is a
generalization of the traditional mutual exclusion problem,
and decomposed the problem into several subproblems. We
developed a general algorithm that guarantees relaxed
mutual exclusion for a single channel, proved a necessary
and sufficient condition for the information structure, and
addressed the issues that arise in distributed channel
allocation, including deadlock resolution, dealing with

multiple channels, design of efficient information structure,

and channel selection strategy. Based on these results, we

proposed an example distributed channel allocation

scheme. We then compared our scheme with other schemes

by simulation study, and showed that it improved the

overall performance significantly.
We conclude with a pointer to future work. Throughout

this paper, our focus has been on channel allocation.

Another important problem is that of locating a mobile

phone. When a call comes in to a particular telephone

number, the system has to locate the corresponding phone

and forward the call to the corresponding base station. This

problem too presents challenges somewhat similar to those

presented by distributed dynamic channel allocation. In

particular, individual sites will not, in general, have up-to-

date information about the set of mobile phones currently

located in the cells serviced by the various base stations.

One approach that has been suggested [21] for dealing with

this problem is the “quorum-based” approach; the idea is

that several sites will have information about the location of

any given mobile phone, so by depending on information

from a “majority” (quorum) of sites, we can reliably locate

the phone. Of course, as the mobile phones move about,

information about their locations maintained in the various

sites would have to be updated in a reasonably timely

manner, else even with majority consensus, we will not be

able to accurately locate the phones. In any case, it would be

interesting to investigate the possibility of combining this

type of information with information about channel usage

in various cells that we currently maintain. Further, as

messages are exchanged between the cells requesting

channels, granting channels, or rejecting requests, we could

also piggyback information about the changing locations of

the mobile phones that the particular site is aware of.
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