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Multibeam cellular communication systems with dynamic channel
assignment across multiple sectors*

Jung-Lin Pan, Stephen S. Rappaport and Petar M. Djuric
Department of Electrical Engineering, State University of New York, Stony Brook, New York 11794-2350, USA

In cellular communication systems, directional multibeam antennas at cell sites can be used to reduce co-channel interference, increase
frequency reuse and improve system capacity. When combined with dynamic channel assignment (DCA), additional improvement is
possible. We propose a multibeam scheme using dynamic channel assignment across multiple sectors. A cell is divided into severa
sectors, each of which is covered by severa directional beams. Specific channels are alocated to each sector as in fixed channel
assignment (FCA). A channel of a sector is dynamically assigned to a wireless user who communicates through one of the several beams
of the sector. The assignment is made so that constraints on the allowable co-channel interference are satisfied. Limitations due to
co-channd interference are analyzed. A tractable analytical model for the proposed scheme is developed using multidimensional birth—
death processes. Theoretical traffic performance characteristics such as call blocking probability, forced termination probability, hand-off
activity, carried traffic and channel rearrangement rate are determined. With the proposed scheme, call blocking probability can be
reduced significantly for a fixed offered traffic. Alternatively, system capacity can be increased while blocking probability is maintained
below the required level. Smaller forced termination probability is obtainable in comparison with corresponding FCA schemes.

1. Introduction

As the number of wireless users grows rapidly, increased
system capacity is sought. Sectorization and cell splitting
are used to allow increased system capacity while interfer-
ence is limited to maintain signal quality. Space Division
Multiple Access (SDMA) is atechnique which can increase
system capacity by using directional multibeam antennas
to reduce co-channel interference [18,24]. This allows re-
duced frequency reuse distances for the same link quality of
communication links and results in higher system capacity.

One approach in SDMA uses switched multibeams.
Multiple beams are used to cover the service area of a
base station and the beam with the strongest signal power
is selected to serve the user [12]. Recent work on switched
multibeam schemes includes the investigation of the gain
improvement achieved with a multibeam antenna compared
to the traditional sector configuration [14]. The tradeoffs
between hysterisis level, switching time and gain for a
multibeam antenna system are considered in [14]. The ef-
fects of incorrect beam selection on the average signal-to-
noise (SNR) power ratio and signal-to-interference (SIR)
power ratio with a switched multibeam antenna system are
examined in [16]. The frequency reuse efficiency of multi-
beam antenna systems is investigated in [13,23]. The pos-
sibilities of channel reuse within beams of the same cell are
analyzed in [5,20]. The multibeam antenna systems com-
bined with the dynamic channel assignment (DCA) scheme
isinvestigated in [20]. In[20], we have considered a multi-
beam antenna system in which channelsthat are assigned to

* The research reported in this paper was supported in part by the U.S.
National Science Foundation and in part by BMDO/IST under a grant
administered by the U.S. Office of Naval Research. Additional support
from NT&T and Hughes Network Systems is gratefully acknowledged.

0 J.C. Bdtzer AG, Science Publishers

a sector can be reused in different beams of the same sector
provided the required angular separation between beams is
met. DCA within a single sector is used. System capacity
can be increased significantly using this approach. Even
if channels are not reused in different beams of the same
sector, improvement in system capacity is still possible. In
this paper, we consider such a case and propose a scheme
which combines the advantages of switched multibeam an-
tennas and dynamic channel assignment, in which DCA is
used across multiple sectors.

DCA is atechnique which can improve channel reuse in
cellular communications [3,11,25,26]. In DCA, dl chan-
nels are dynamically assigned to wireless users, subject to
the constraints on the allowable co-channel interference.
Channel rearrangement can be used to avoid unnecessary
blocking of calls and allows the channel resources to be
used efficiently. In channel rearrangement, the channel
used to serve a particular call is not fixed. Depending on
the channel occupancy and interference conditions, a call
may switch between several different channels during its
lifetime.

We consider a large population of mobile wireless users
in a large geographical region covered by cells. A cell is
divided into several sectors, each of which is covered by
several directional beams. Specific channels are allocated
to each sector as in FCA, and DCA is used across multi-
ple sectors. Channels of a sector are dynamically assigned
to wireless users in the sector as long as the co-channel
interference constraints are satisfied. A wireless user can
access any of the channels of a sector without regard to
the beam through which it communicates. A 120°-sectored
multibeam cellular system is considered. A system layout
with two beams in each sector and a cluster size of four is
investigated. The use of directional multibeam antennas in



268

a 120°-sectored cellular system can reduce the cluster size
from seven to four while the link quality is still maintained
approximately the same. Similar approaches can be devel-
oped for a lager cluster size or a larger number of beams.
For 120°-sectored systems with a larger cluster size, the
number of interfering co-channel beamsis till two because
there are till only six co-channel cells in the first tier for
hexagonal geometry and still only two beams per sector.
The same approach applies. However, the increased cluster
size will reduce the spectrum efficiency (which is defined
by Erlang/lkm?/kHz [1]) and decrease the system capacity
significantly. With the increased number of beams, wireless
users will experience more hand-offs when they are roam-
ing between beams in the service area. The control signa
traffic associated with the hand-offs increases the signaling
load of the system at the network level.

Models to compute fundamental traffic performance
measures for the proposed scheme are devised. These in-
clude call blocking probability, forced termination probabil -
ity, hand-off activity, carried traffic and channel rearrange-
ment rate. Multidimensional birth—death processes are dis-
cussed in [4,21,22]. The globa balance equations are de-
termined and solved for the state probabilities, using the
framework developed in earlier work [21,22]. Performance
characteristics are found from these state probabilities.

System traffic performance can be improved by using
a multibeam scheme and DCA technique. The proposed
6-beam multibeam scheme using DCA and traditional 6-
sectored scheme using FCA are compared. For a fixed
offered traffic, the blocking probability of calls can be re-
duced significantly. Alternatively, more new call traffic can
be supported while the blocking probability is maintained.
From a wireless subscriber’s point of view, forced termina-
tion probability is a major concern. Smaller forced termi-
nation probability means a wireless user’s call will be less
likely to experience interruption during its lifetime. The
proposed multibeam scheme has smaller forced termination
probability than traditional sectorized FCA schemes.

2. Model description
2.1. System model

We consider alarge geographical region covered by cells
and traversed by large numbers of wireless platforms, such
as vehicles and pedestrians. Each platform can support at
most one call. An example model that we consider is a
120°-sectored multibeam cellular system with two beams
in each sector and a cluster size of four. This provides a
total of six beams per cell as shown in figure 1. The beam
in the counterclockwise direction is caled the left beam
and the other is called the right beam. Specific channels
are dlocated to each sector asin FCA. There are C' chan-
nels assigned to each sector. Sectors which have the same
angular orientation are allocated the same set of channels.
These are co-channel sectors. For example, as shown in
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Figure 1. The beam layout of 120°-sectorized multibeam cellular com-
munication systems with 2 beams in each sector.

figure 2a, sectors O, 1, 2, 3, and so on are co-channel sec-
tors. We define theinterfering co-channel beamsof a given
sector as the beams in the neighboring co-channel sectors
that point to the given sector Here only the first tier co-
channel sectors of a given sector are considered. There are
two interfering co-channel beamsin thefirst tier co-channel
sectors for a given sector. We can see from figure 2a, the
right beam of sector 0 and the left beam of sector 1 point
to the same sector — sector 7. These are interfering co-
channel beams of sector 7. Similarly, the right beam of
sector 1 and the left beam of sector 2 are the interfering
co-channel beams of sector 8, and so on. Such a pair of
interfering co-channel beams is considered at the same time
when the channel assignment is made.

The simultaneous use of the same channel in a pair
of interfering co-channel beams will create two interfer-
ing wireless users to a desired wireless user in a sector of
a co-channel cell in the first tier. In atraditional 6-sectored
cellular system with FCA there would be only one interfer-
ing wireless user. This excessive co-channel interferenceto
a desired wireless user when compared with the traditional
6-sectored cellular system at the same cluster size must
be precluded by a constraint on the DCA scheme. The
simultaneous use of the same channel in the right beam
of sector O and the left beam of sector 1 will cause ex-
cessive co-channel interference in sector 7; such use must
be precluded. Similarly, the simultaneous use of the same
channel in the right beam of sector 1 and the left beam
of sector 2 will cause excessive co-channel interference in
sector 8 and also must be precluded, and so on. In gen-
eral, the simultaneous use of the same channel in any such
a pair of interfering co-channel beams must be precluded,
which indicates that the total number of channels in use
in any such a pair of interfering co-channel beams can-
not exceed C. There is a possible circumstance that the
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Figure 2a. Analysis of co-channel interference for both up-link and down-link case in 120°-sectored multibeam system with 2 beams in each sector.
The cluster sizeis 4 (N = 4).

same channel is not used in the given sector, the smulta-
neous use of the same channel in the interfering co-channel
beams of that sector seems fine. However, such an ap-
proach increases the complexity of system implementation
and number of database lookups. The use and assignment
of channels at a base station is now coupled to the use and
assignment of channels of its six neighboring co-channel
base stations. Each base station must track the channel us-
age of its six neighboring co-channel base stations to make
an appropriate assignment of channels. In this paper, we
will only consider the approach that the simultaneous use
of the same channels in the interfering co-channel beams
of agiven sector is precluded without regard to the channel
use condition of the same channel in the given sector. This
approach will only require a given base station to track the
channel usage of its two adjacent co-channel base stations
whose use and assignment of channelsis coupled to the use
and assignment of channels of the given base station.

2.2. Cut-off priority scheme

A cut-off priority scheme is used to favor hand-off calls
with respect to new calls. This approach reserves a certain
number of channels for use by hand-off calls. Specific
channels are not reserved, just the number. Referring to
figure 2a, consider sector 1, which has two beams (left and

right). Theleft beam of sector 1 isan interfering co-channel
beam of sector 7. We see from figure 2a that the right
beam of sector O is aso an interfering co-channel beam of
sector 7. Since the simultaneous use of the same channel in
the left beam of sector 1 and the right beam of sector O will
cause excessive co-channel interference in sector 7, the use
and assignment of channels to calls in sector 1 is coupled
to the use of channelsin sector 0. Succinctly, because the
left beam of sector 1 and the right beam of sector O are
interfering co-channel beams of the same sector (sector 7),
the simultaneous use of channelsin sectors 1 and O must be
constrained. Similarly, the right beam of sector 1 and the
left beam of sector 2 are interfering co-channel beams of
the same sector (sector 8), the simultaneous use of channels
in sectors 1 and 2 must be constrained. In order to provide
cut-off priority for hand-off calls, we will use the following
channel assignment constraints. For clarity we discuss this
assignment for sector 1, but the rules are similar for all
sectors.

1. The total number of channels in use in sector 1 cannot
exceed C. (The channel limitis C')

2. Sector 1 reserves Chpy channels of the C' channels alo-
cated to the sector for use by hand-off calls. Thus new
callsthat arrive in sector 1 will be blocked if the number
of channelsin usein sector 1 is C' — Chy or greater.
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Figure 2b. Explanations of dynamic channel assignment and channel rearrangement.
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3. The total number of channelsin use in the pair of these
interfering co-channel beams (the left beam of sector 1
and the right beam of sector 0) cannot exceed C'. Sim-
ilarly, the number of channelsin use in the right beam
of sector 1 and the left beam of sector 2 cannot exceed
C (and so forth, in like manner).

. Chz channels of the C' channels are reserved for use
by hand-off calls in a pair of the interfering co-channel
beams. Thus new calls that arrive in the left beam of
sector 1 will be blocked if the number of channels in
use in the left beam of sector 1 and the right beam of
sector 0is C' — Cyp or greater. Similarly, new calls that
arrive in the right beam of sector 1 will be blocked if the
number of channelsin use in the right beam of sector 1
and the left beam of sector 2 is C'— Cy, or greater. (This
pair is the interfering co-channel beams of sector 8.)

. Hand-off attempts (to sector 1) will fail if the number
of channelsin use in sector 1 is C. Hand-off attempts
(to the left beam of sector 1) will aso fail if the number
of channels in use in the left beam of sector 1 and the
right beam of sector 0 is C, and hand-off attempts (to
the right beam of sector 1) will also fail if the number
of channelsin use in the right beam of sector 1 and the
left beam of sector 2 is C.

In this way, hand-off calls have access to more channels
than new calls do, and increasing Cy; or Ch, provides in-
creasing priority for hand-offs at the expense of blocking
new call originations. Thus forced termination and block-
ing performance can be exchanged.

2.3. Teletraffic model

A large population of wireless platforms is considered.
The new call origination rate from a non-communicating
platformis denoted by A. The number of non-communicating
platformsin any sector is denoted by v. Therefore, the total
call origination rate in a sector, A, is/\, = A -v. Itis
assumed that the number of non-communicating platforms
is much larger than the number of channels in a sector so
that the call generation rate does not depend on the num-
ber of callsin progress. This infinite population model is
reasonable for commercia cellular systems.

In earlier work [8,22], the concept of dwell time was
used to characterize the mobility of platforms. This is the
amount of time that a wireless platform is within the com-
municating range of a given gateway. The dwell time de-
pends on many factors such as propagation conditions, the
path that a wireless platform follows, its velocity profile
along the path, and especially the definition of communi-
cating range. The dwell time is modeled by a negative
exponential distribution (n.e.d.) random variable having a
mean 7p = 1/up. The unencumbered call session duration
of acdl is assumed to be random with an.e.d. and having
amean Tc = 1/uc. The new call originations are assumed
to follow a Poisson point process with a mean arrival rate
NApp = /\n/z-
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3. Dynamic channel assignment and channel
rearrangement

Dynamic channel assignment can improve traffic perfor-
mance. For DCA in the present context, there is no fixed
set of channels alocated to each beam. Subject to the al-
lowable co-channel interference, the channels of a sector
are dynamically assigned to wireless users in that sector
without regard to the beam through which they communi-
cate. Channel rearrangement is used to avoid unnecessary
blocking of calls and alow the channel resources to be
used more efficiently. When DCA is combined with chan-
nel rearrangement, additional improvement is possible. The
mechanism to assign channels dynamically and to rearrange
channels is described as follows.

3.1. Dynamic channel assignment

The channels of a sector are numbered by integers from
1to C. A channd is assigned to a new call or a hand-off
call according to the following strategy. At the time of a
new call or a hand-off call arrival in the left beam of a sec-
tor, an available channel with the lowest number is assigned
to serve the call. If a new cal or a hand-off cal arrives
in the right beam of a sector, an available channel with the
highest number is assigned to serve the call. The channel
that is assigned to a user in a beam must be available in
the sector to which the beam belongs. This is because the
same channels are not allowed to be used in the same sec-
tor. Furthermore, the channel also must be available in the
interfering co-channel beams. This is because the simulta-
neous use of the same channel in these beams will cause
excessive co-channel interference. With these constraints
channels are dynamically assigned to wireless users without
violating the co-channel interference constraints. Examples
of channel arrangement are shown in the top of figure 2b.
Total number of channels per sector is C'. Channels #1 to
#3 arein use in the left beam and channels #C' — 2 to #C
are in use in the right beam. When a new call or a hand-
off call arrivesin the left beam, channel #4 is the available
channel with the lowest number and thus is assigned to
serve the call. When a new call or a hand-off cal arrives
in the right beam, channel #C' — 3 is the available channel
with the highest number and thus is assigned to serve the
cal.

3.2. Channel rearrangement

Channel rearrangement is used at acall completion and a
hand-off departure. Channels in use are aways rearranged
to maintain a compact pattern. That is, channels in use
in the left beam are always those channels with the lowest
numbers and channels in use in the right beam are always
those channels with the highest numbers. At the time of
a call completion or a hand-off departure, channels in use
are rearranged if the call completion or hand-off departure
creates a pattern that is not compact. This fosters a high
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level of channel reuse. Since channels that are currently
in use must satisfy the co-channel interference constraints,
once they are released due to call completion or hand-off
departure, they are good for use by other calls that switch
channels due to the channel rearrangement. Examples of
channel rearrangement are shown in the bottom of figure 2b.
As an example for the left beam, the call using channel #2
in the left beam completes and the call using channel #5
switches to use channel #2 to maintain a compact pattern.
Asan examplefor the right beam, the call using channel #C
completes and the call using channel #C — 4 switches to
use channel #C'.

4. Analysis of co-channel interference

We consider the usual hexagonal geometry and a 120°-
sectorized multibeam scheme with two beams in each sec-
tor. Let R denote the radius of a cell. The reuse distance
D is defined as the distance between the base stations of
two nearest co-channel cells. Let N denote the cluster
size, which is related to the reuse shift parameters (i, j) by
N =i?+ij+ j2. Theintegersi and j determine the reuse
pattern and identify co-channel cells. The co-channel reuse
factor, Q, is defined as the ratio of D to R. Thisratio is

D
= = V3N.

We consider the carrier-to-interference ratio (CIR) of
multibeam cellular communication systems in the worst
case. Normal cellular practice specifies CIR to be 18 dB or
higher. This is based on subjective tests and the criterion
that 75% of the users say voice quality is “good” or “excel-
lent” in 90% of the total covered areaon aflat terrain [15].
Let I denote the normalized co-channel interference, which
is normalized by the desired power. The CIR of multibeam
cellular communication systems can be calculated as

CIR = 10log,, (%) dB. D

Consider a cellular system with cluster size N = 4. As
shown in figure 2a, sectors O, 1, 2, 3, and so on are co-
channel sectors. There are two co-channel beams in the
first tier co-channel sectors for a sector. The right beam of
sector 4 and left beam of sector 5 point to the same sector
— sector 1, and are the co-channel beams of sector 1. Sim-
ilarly, the right beam of sector 5 and left beam of sector 6
are co-channel beams of sector 2, etc. In the following
discussion we use “up-link” to denote wireless user to base
station and “down-link” to denote base station to wireless
user.

In the worst case of up-link, the desired wireless user is
at the vertex of a given sector and the interfering wireless
user is at the position that is nearest to the gateway of the
given sector in the co-channel sector. In the worst case of
down-link, the desired wireless user is at the vertex of a
given sector which is closest to the interfering gateway of
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Table 1
Comparisons of CIR between the traditional scheme and the proposed
scheme in the worst case. Parameters: cluster size N = 4, propagation

constant v = 4.
CIR UP-LINK DOWN-LINK
Traditional 6-sector scheme 21.58 dB 25.58 dB
Proposed 6-beam multibeam scheme 21.58 dB 22.28 dB

its co-channel sector. For example, suppose that the desired
wireless user is served by the right beam of the sector 1
as shown in figure 2. Consider the up-link case. In the
worst case, the distance between the desired wireless user
and its serving gateway is R, and the distance between
the interfering wireless user in co-channel sector 8 and the
desired gateway of sector 1 is d;. From the geometry of
figure 2, for a cluster of 4, d; is calculated as 2Rv/3. Let
1, denote the value of I for the up-link in the worst case.
The normalized co-channel interference on the up-link, 1,
can be calculated as

Io= (d%) @

inwhich d; = 2R+/3 and v is a propagation constant that is
heavily influenced by the actual terrain environment. The
value of ~ usualy lies between 3 and 5.

Consider the down-link case. In the worst case, the
distance between the desired wireless user and its serving
gateway is R, and the distance between the desired wireless
user and its nearest interfering gateway of sector 5 is do.
From geometry of figure 2, d, is calculated as v/13R. Let
14 denote the value of I for the down-link in the worst case.
The normalized co-channel interference on the down-link,
14, can be calculated as

Io= (di;) )

in which d» = v13R.

The comparisons of CIR between the traditional 6-sector
scheme and the proposed 6-beam multibeam scheme are
shown in table 1 for both up-link and down-link in the
worst case. It can be seen that the CIR on the up-link is
worse than the CIR on the down-link for both schemes.
Therefore up-link is the dominant one that limits quality
of communication links. CIR on the up-link has the same
value for both schemes.

5. State description

For the problem under consideration in this paper (infi-
nite population model, single platform type and single call
type), two state variables are needed to describe the status
of each sector: one is the number of channels in use in
the left beam and the other is the number of channels in
use in the right beam. A complete state representation for
the whole system will be a string of sector states with two
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state variables for each sector. However, the huge num-
ber of system states precludes pursuing this approach for
most cases of interest. A simplified approach is to decouple
a sector from others (using average new call arrival rates
and average hand-off arrival rates from neighbors) and to
model the statistical behavior of a given sector indepen-
dently from the behavior of other sectors. Therefore, even
though we calculate the theoretical performance character-
istics from a given sector independently from others, we
do consider the effect from its neighbors. This is similar
to the approach used in [2,21,22]. Because of the homo-
geneous property of the system, the behavior of any sector
in statistical equilibrium is the same as any other. How-
ever, due to the co-channel interference constraints, no two
interfering co-channel beams of a given sector can use the
same channel simultaneoudly. These two interfering co-
channel beams belong to two adjacent co-channel sectors.
Thus the activities of any two adjacent co-channel sectors
located in the same line perpendicular to the orientation
of the co-channel sectors are not statistically independent.
To account for this dependency, we consider two such ad-
jacent co-channel sectors at the same time. That is, we
consider two such adjacent co-channel sectors as a basic
element. We can define the state of the basic element by
a seguence of nonnegative integers, 1,71, l2, 2. In this se-
guence, the state variables I;, ¢ = 1,2, is the number of
calls served by the left beam of sector ¢ and r;, i = 1,2,
is the number of calls served by the right beam of sector .
Then, for convenience, we order the states using an index
s=0,1,2,...,5m. Theredfter, I, and r;, < = 1,2, can
be shown as explicitly dependent on the state. That is,
l; =1(s,7) and r; = r(s,7), i = 1,2, in which i(s,?) is the
number of calls served by the left beam of sector i when
the basic element is in state s and r(s, ) is the number of
cals served by the right beam of sector ¢ when the basic
element isin state s.

If C' denotes the number of channels in each sector, we
can specify the constraints on permissible states as

I(s,i) +r(s,9) < C, for all 4, (@)
r(s,i) +1(s,i+1) < C, foralli. (5)

The inequality (4) means that the number of channelsin use
in any sector when the basic element isin state s cannot be
larger than C'. The inequality (5) means that the number of
channelsin use in two interfering co-channel beams of any
given sector when the basic element is in state s cannot be
larger than C.

6. Driving processes and state transition flow

The state probabilities p(s) in statistical equilibrium are
required to determine the performance measures of interest.
To calculate the state probabilities, the state transitions and
the corresponding transition rates must be identified and cal-
culated. There are four relevant driving processes. These
are: {n} the generation of new callsin the beams of interest;
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{c} the completion of callsin the beams of interest; {h} the
arrival of communicating wireless users at the beams of
interest from other sectors; {d} the departure of commu-
nicating wireless users from the beams of interest to other
sectors; {hd} the call hand-off of communicating wireless
users within beams of the same sector. The transition rates
into state s from predecessor state = due to these driving
processes are denoted by r;, reiy Thiy Tais ¢ = 1,2,3,4, and
rndi» © = 1,...,6, respectively. All driving processes and
corresponding state transition flow are explained in the ap-
pendix of [19].

7. Flow balance equations

From the equations given above, the total transition flow
into s from any permissible predecessor state x can be
found using

4

q(S! :C) = Z [Vni(& :C) + ’yC’i(S! :C) + Vhi(Sy :C) + ’de‘(sa .'E)}
=1

6
+ Z Vhdi(sl :L'), (6)
=1
in which s #£ z, and flow into a state has been taken as a
positive quantity. The total flow out of state s is denoted
as (s, s), and is given by
Shnax

a5 8) == alk, s). U

k=0
k#s

To find the statistical equilibrium state probabilities for
a sector, we write the flow balance equations for the states.
These are a set of Smax + 1 Simultaneous equations for the
unknown state probabilities p(s). They are of the form

Shmax

> qli,)p() =0, i=0,1,2,...,Sma—1,
j=0

8

Smax

> pG) =1,
=0

inwhich, for ¢ # j, q(i, j) represents the net transition flow
into state s from state 5, and ¢(4, 7) isthetotal transition flow
out of state i. These equations express that in statistical
equailibrium, the net probability flow into any state is zero,
and the sum of the probabilities is unity.

8. Performance measures

There are six performance measures of interest:
(1) call blocking probability,
(2) hand-off failure probability,
(3) forced termination probability,
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(4) hand-off activity,
(5) carried traffic, and
(6) channel rearrangement rate.

Once the statistic equilibrium state probabilities and tran-
sition flows are found, the required performance measures
can be calculated.

8.1. Blocking probability

The blocking probability for acall isthe average fraction
of new calls that are denied access to a channel. Blocking
of new calls occurs if there are no channels to serve the
call. We define the following set of states:

B:{s: 1(s,) +r(s,1) 2 C — Cp U
r(s,1) +1(s,2) > C = G} €)
Then the blocking probability is

Pp = Z p(s).

seB

Vv

(10)

8.2. Hand-off failure probability

The hand-off failure probability for calls is the aver-
age fraction of hand-off attempts that are denied a channel.
We note that hand-off attempts have potential access to all
channels of a sector and the co-channel beams of any given
site without regard to Chy or Chp. We define the following
sets of states, in which hand-off attempts will fail:

H, = {s: (s, D+r(s,)=CUr(s,1)+1(s,2) :C}, (11)
Hy={s: I(5,1) +7(s,)=C}. (12)
Then the hand-off failure probability due to call hand-offs
across sectors can be written as

Pr, = Z p(s)

seH;

and the hand-off failure probability due to call hand-offs
within beams of the same sector can be written as

PHz = Z p(s)

s€H>

(13)

(14)

If F1 denotethe fraction of hand-off departuresfrom abeam
of a sector to other sectors and F> denote the fraction of
hand-off departures from a beam to other beam of the same
sector, we have F1 + F> = 1. Then the average hand-off
failure probability is

Py =F1- Py, + F>- Pg,. (15)

8.3. Forced termination probability

Theforced termination probability is defined as the prob-
ability that a call that is not blocked is interrupted due to
hand-off failure during its lifetime. Let p be the probabil-
ity that a non-blocked call satisfactorily completes before
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the hand-off attempt occurs, and ¢ be the probability that
hand-off attempt occurs first. Because of the negative ex-
ponential assumption, we have

(16)
(17)

p = pc/(uc + o),
q=po/(uc + pp)-

The probability that a non-blocked call is forced to termi-
nate on its kth hand-off attempt is

Y(k)=Pi-q" - (1- Py (18)
The forced termination probability is therefore
Per = Y (k). (19)
k=1
This can be compactly written in closed form as
_ q- P
=i a—my )

8.4. Hand-off activity

Hand-off activity Ha is the expected number of hand-
off attempts that a non-blocked call will experience during
its lifetime. There will be exactly & hand-off attempts if
(1) the cal fails at the kth hand-off attempt, or (2) the
call succeeds at the kth hand-off attempt but successfully
completes before the (k + 1)th hand-off attempt.

The probability that the call fails at the kth hand-off
attempt is

Zy(k) = q" - (1 — Pa)* 1 Pa. (21)
The probability that the call succeeds at the kth hand-off at-
tempt but successfully completes before the (k + 1)th hand-
off attempt is

Zo(k) = ¢ - (1~ R)" - p. (22)
Consequently, the hand-off activity is
Hp =Y k- [Za(k) + Za(k)]. (23)

k=1

This can be simplified to
Ha=q- [Pu+ Q=R -pl/[1-g- - B (29)
8.5. Carried traffic

The carried traffic in a beam is the average number of
channels occupied by the calls in that beam. The carried
traffic in a beam is

Snex

Ao=>"1(s,1)- p(s).

s=0

(25)
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8.6. Channel rearrangement rate

Channel rearrangement rate is the average rate of chan-
nels that have to be rearranged. We define the following
set of states:

W = {s: r(s,1) > O}. (26)
The channel rearrangement rate in a beam is
R=pc Y (r(s.1) ~ 1) p(s). (27)

seW
9. Numerical results and discussion

Numerical results were generated using the approach de-
scribed in this paper. For all figures, an unencumbered call
duration of 100 seconds was assumed. The fraction of
hand-off departures from a beam of a sector to other sec-
tors was assumed to be 2/3 and the fraction of hand-off
departures from a beam to another beam of the same sec-
tor was assumed to be 1/3. Sectors have C' = 20 channels
each, which corresponds to 10 channels per beam. The to-
tal number of platforms per beam is 200. For figures 3-5,
the new call origination rate per platform was varied from
1.7 x 107* to 3.3 x 10~ calls/sec. For figures 6 and 7,
the dwell time of platforms was varied from 25 to 150
seconds.

Figure 3 shows the dependence of call blocking proba-
bility on demand. The proposed 6-beam multibeam DCA
scheme performs better than the traditional 6-sector FCA
scheme. System capacity can be improved by using a
multibeam scheme and DCA technique because of more
channel reuse. For a fixed offered traffic, the blocking
probability of calls can be reduced significantly. Alterna-
tively, more new call traffic can be accommodated while

1.00E+0
1.00E-1 Traditional 6-sector scheme
1 o
2 1 1
§ 1.00E-2 /
g E - -~
= ] 0 - -
E ] - _/ -
°~ 1 Ve - -
<) .
g 1 e -
3 Cpy=Cpo=2 + P
T Looeaq M2 7L
[ 1 .- 4.7 -
{- . e . Proposed 6-beam muttibeam scheme
1 e 0‘/
7 7
1.00E-4 o
1
1.006-5 +————— ] —— T
1.7 1.9 2.1 2.3 2.5 2.7 29 3.1 3.3

New call origination rate per platform (calls/sec x 10

Figure 3. Blocking probability depends on demand. Parameters: total
number of platforms per beam = 200, number of channels per beam = 10,
Tc = 100 seconds, Tp = 150 seconds, F; = 2/3, F, =1/3.
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the blocking probability is maintained below the required
threshold.

Figure 4 shows the dependence of forced termination
probability on demand. The proposed 6-beam multibeam
scheme has smaller forced termination probability than the
traditional 6-sector scheme for afixed offered traffic. Alter-
natively, more new call traffic can be supported while the
forced termination probability is maintained. Increasing
the value of Ch (or Chy, Chp) reduces the forced termina-
tion probability at the cost of increasing blocking probabil -
ity.

Figure 5 shows how carried traffic depends on demand.
The figures show that (for given offered traffic) blocking
and forced termination probabilities are greatly reduced by
the use of the proposed scheme. At the same time carried

1.00E-1

1 Traditional 6-sector scheme
1.00E-2

1.00E-3 _E/

Forced termination probability

| = =07 -
1.00E-4+ Cni=Cn=?9” -
] 1% -
7 e .
1 7 > Proposed 6-beam multibeam scheme
7 .
1.00E-53, - 7

LOE-b6T———T—— T T T T T T
1.7 1.9 2.1 2.3 2.5 2.7 29 3.1 3.3
New call origination rate per platform (calls/sec x1 0'4)

Figure 4. Forced termination probability depends on demand. Parame-

ters: total number of platforms per beam = 200, number of channels per

beam = 10, Tz = 100 seconds, 7p = 150 seconds, Fy = 2/3, F, =
1/3.
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Traditional 6-sector scheme

ic

Carried traffi

4.00E+0
3.00E+0-

2.00E+0

1.00E+0-

0.00E-+0+———F————F————F————T———————T———T——
17 19 21 23 25 27 29 31 33
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Figure 5. Carried traffic depends on demand. Parameters: total number
of platforms per beam = 200, number of of channels per beam = 10,
Tc = 100 seconds, Tp = 150 seconds, Fy = 2/3, F, = 1/3.
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Figure 6. Forced termination probability depends on mobility. Parame-
ters: total number of platforms per beam = 200, number of channels per
beam = 10, T = 100 seconds, Ciy = Chp =0, F1 = 2/3, F» = 1/3.
—: forced termination probability for traditional 6-sector scheme, ——:
forced termination probability for peoposed 6-beam multibeam scheme.
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Figure 7. Hand-off activity depends on mobility. Parameters: total number
of platforms per beam = 200, number of channels per beam = 10,
Tc = 100 seconds, Chy = Chp =0, Fy = 2/3, F, = 1/3. o: hand-off
activity for new call origination rate per platform is 1 cal per hour (or
2.78 x 10~* calls/sec), +: hand-off activity for new call origination rate
per platform is 1 cal per one and half an hour (or 1.85 x 10—* calls/sec).

traffic is relatively the same (but increases slightly). Thisis
an advantage of the proposed scheme which allows overall
traffic improvement of the major performance metrics. The
cost is increased complexity of implementation in compar-
ison with pure fixed channel assignment. For low demand,
the carried traffic increases linearly with increasing demand.
For higher demand, the increase in traffic is less than the
proportional increase in demand. This is especialy true
for larger Ch (or Chy, Ch2) since blocking performance is
sacrificed to accommodate hand-offs.

Figure 6 shows how forced termination probability de-
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pends on platform mobility. For a fixed dwell time, the
proposed 6-beam multibeam scheme has better forced ter-
mination performance than the traditional 6-sector scheme
under the same offered traffic. Alternatively, higher mobil-
ity of wireless platforms can be supported while the forced
termination probability is maintained.

Figure 7 shows the dependence of hand-off activity on
platform mobility. When the blocking and hand-off failure
probabilities are small, the average number of hand-off at-
tempts per non-blocked call is approximately equal to the
ratio of unencumbered call session duration of a call to its
dwell time —that is, Tc/Tp. Thisrétio is plotted as a solid
curvein figure 7. The average number of hand-off attempts
per non-blocked call calculated using the multidimensional
birth—death model is also shown. These are indicated by
points using symbols“o” and “+” for two different new call
origination rates per platform (1 call per hour per platform
and 1 call every one and half an hour, respectively). It
can be seen that these values are quite close to each other.
Thisis because the range of interest for blocking and hand-
off failure probabilities are small values, usually around
0.01 or less. Hand-off activity is insensitive to the offered
traffic, but is sendgitive to the mobility. Wireless platforms
with higher mobility cross cell boundaries more often. The
average number of hand-off attempts per non-blocked call
decreases as the dwell time increases.

10. Conclusions

We proposed a multibeam scheme using dynamic chan-
nel assignment across multiple sectors. The combined
approach enhances channel reuse. The framework us-
ing a state description and multidimensional birth—death
processes was used to compute theoretical traffic perfor-
mance characteristics for the scheme. In comparison with
traditional schemesusing FCA, blocking probability of calls
can be reduced significantly for afixed offered traffic. Alter-
natively, system capacity can be increased while the block-
ing probability is maintained below the required threshold.
The smaller forced termination probability means wireless
userswill less likely experienceinterruption during the life-
time of calls. The proposed multibeam scheme has smaller
forced termination probability than the traditional scheme.
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