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Abstract

This paper evaluates the distribution of channel holding time in a hybrid satellite
and cellular communication system. The channel holding time is defined as the time
duration between the instant that a channel is assigned to a call and the instant it is
released either upon the completion of a call or a upon the completion of a cell (or satellite
footprint ) boundary crossing by a mobile. Our hybrid system consists of three levels of
cells - microcell, macrocell, and satellite footprint. The distribution of channel holding
time for each cell level is analyzed by using a distinct system model. The results show
that a negative exponential distribution is an appropriate approximation of the channel
holding time in our system. This provides a very useful system parameter in multi-layer

cellular systems.
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1 INTRODUCTION

The distribution of channel holding time is an important parameter in cel-
lular systems. Most of the issues in cellular systems (such as systems de-
sign, channel assignment, and handoff procedures) relate strongly to this
parameter. In the previous work analyzing cellular systems (see [1], [2]), the
distribution of channel holding time was approximated to a negative expo-
nential distribution. By using this approximation, the performance analysis
of cellular system becomes easier. The suitability of this approximation has
been proved by both computer simulation [3] and analytical approach [1],
[3]. But all these works are based on a traditional cell structure (Figure 1),
which cannot be applied to our hybrid system.

The structure of our hybrid system is shown in Figure 2. A satellite foot-
print contains some macrocellular systems, while each microcellular system
has an overlaying macrocellular system. The cell size of a macrocell is about
that of the traditional cellular system. Because of the increasing demand for
cellular radio service in urban areas and hand-portable cellular terminals,
there is an increased interest in making the cells smaller. This small cell is
called a "microcell”. On the other hand, in order to build a system that
can provide flexible, wireless, and person-to-person communication services
on a worldwide basis, communication satellites have to be incorporated into
the system, so that the whole system can become a hybrid satellite and
cellular communication system, which includes microcells, macrocells, and
satellite footprints. Normally, a microcellular system is located in urban
areas and has cell radius smaller than several hundred meters. A macro-
cellular system covers both urban and suburban areas. It not only overlays
a microcellular system in a city, but also provides services in the suburbs
of the city. The radius of a macrocell ranges from 1 to 10 kilometers. A
satellite footprint covers a radius of a few hundred kilometers and, as such,
it overlays both microcellular and macrocellular systems. This hybrid struc-
ture is much more complicated than the simple structure of the traditional
cellular system shown in Figure 1. Therefore, the analysis results based on
the simple structure [1], [3] are not applicable to our hybrid system.

In this paper, we analyze the distribution of channel holding time in
three levels - the microcell, the macrocell, and the satellite footprint level.
As usual. the call duration (or message duration) is assumed to have an
exponential distribution. If a mobile stays in a cell all the time, the channel
holding time is the call duration. But in fact. a mobile can move through
several cells while involved in a single call. In this case, the channel holding



time equals the fraction of the total call duration, during which the mobile
is located in the associated cell. Intuitively, a mobile tends to stay in a
large cell (such as the satellite footprint) for a long period of time. So
the channel holding time in a satellite footprint tends to be exponentially
distributed. On the contrary, a mobile can move through several small cells
in a short period of time. So the channel holding time in a small cell need
not be exponentially distributed. Accordingly, we put more emphasis on the
analysis of microcellular systems in this paper.

This paper is organized as follows. In Section 2, the method of analyzing
the channel holding time is described. Section 3 presents the system model
and the analysis of channel holding time at each level of the cell. In Section
4, numerical analysis results of some specific parameters of the system are
presented. Conclusions are drawn in Section 5.

2 Derivation of Channel Holding Time

We use an analytical approach to analyze the channel holding time. This
approach is described in detail in [1]. The channel holding time T is defined
as the time duration between the instant that a channel is assigned to a call
and the instant it is released upon either completion of the call or a cell (or
satellite footprint) boundary crossing by a mobile. To derive the distribution
of Ty, the following random variables are defined:

o [,: a mobile’s travel distance in a cell between the instants of call
initiation and the mobile’s exiting the cell.

e Dj: a mobile’s travel distance in a cell (between the instants of its
entering and exiting the cell).

o V : the average speed of a mobile.

o T,: the time duration between call initiation and the mobile’s exiting
the cell.

e T}: the time duration between the mobile’s entering the cell and the
mobile’s exiting the cell.

o T7: the time a mobile waits at the traffic lights.

e Tiy: the unencumbered message duration (i.e., the time an assigned
channel would be held. if no handofl is required.)



In addition. two deterministic variables are necessary :
e A,: the average rate (calls/sec/cell) at which new calls are carried.

o Ay: the average rate (calls/sec/cell) at which handoff calls are carried.

The random variable Ths is assumed to be exponentially distributed with
mean value 1/upr and with probability density function

—upst
) = | mare™HME fort >0 1
J134(2) {0 otherwise (1)

A channel of a cell can be occupied by two types of calls. One encom-
passes the calls that originate in the cell and get the channel; we define
them as Type I calls. The other involves calls that are handed off success-
fully to the cell and get the channel. We define them as Type II calls. For a
Type I call, it occupies the channel from the time of its initiation until the
call terminates or until a cell boundary crossing by the mobile takes place.
Therefore, the channel holding time of a type I call Ty is either Tas or T},
whichever is less: i.e..

Thy = min(Tyy, T,) (2)

For a Type II call, the channel is occupied. since the mobile enters the
cell till the call is completed in the cell or the mobile again crosses the cell
boundary. So the channel holding time of a type II call Ty is either the
remaining message duration of a call after handoff, or T}, whichever is less.
Because of the memoryless property of the exponential distributions, the
remaining message duration has the same distribution as the unencumbered
message duration. Therefore, Ty9 is given by

Ty = min(Tay, Th) (3)

With the average call rates A, and Ay, the distribution of T is

Ay, Ap

fry(t) = mem(t) + mem(t) (4)

Since the distribution of Z = min(X,Y") is

fz(z):fr(z)[l"Fy(z)]‘{"fy(z)[l"Fa‘(z)] (5)
where f,. f,. f- are pdfs of X. Y, and Z. respectively; F, F, are cdfs of X,

and Y, respectively.



Equation (4) can be written as

Jra(t) = e7" [upg(1 = Fpy (1)) + fry, ()] (6)
where
. A, ‘ Ap
(1 _— — t ——
fri, (1) An+Ath"( )+ An+Ath"(t)

= Prfr,(t) + P fr, (t) (7)

t
Fry(t) = [ fr ()i (8)

Random variables T, and T}, are given by

D,
Trz = “/—_' + TL (9)

Dy,
Ty= <2 +10 (10)

Note that the average speed V' is measured under the condition that
the time a mobile spends at the traffic lights is ignored. In the above two
equations, D, and Dp depend on the structure of the cell, V' depends on
the traffic, while T, depends on both. To get the distribution of channel
holding time in the microcell, macrocell, and at the satellite footprint, we
build one model for each of the three cell levels. The next section presents
these models. And the random variables 7., T}, and Ty are analyzed.

3 SYSTEM MODELS AND ANALYSIS

3.1 Microcell Systems

The geometry of our microcellular system, which is adopted from [4], consists
of a rectangular layout of avenues intersecting with streets (Figure 3). The
streets and avenues have approximately the same width, which equals A
meters and delimit city blocks that are fairly constant in size and roughly
equal to B x B meters. The range of microcells and the location of base
stations are shown in Figure 4. The vertical and horizontal lines respectively
denote the city avenues and citv streets. The small dots and squares denote
the base stations on avenues and streets. The bold line section covers the



range of a city microcell. Here we assume that a microcell covers a range
of even number (V) of intersections (and blocks), so that the base station
locates at the middle of a block. The base station antennas are installed at
elevations well below the city skyline with a minuscule base station transmit
power (e.g. on a telephone post or a street lamp.) So the received pilot
signal level on the mobile terminal becomes suddenly low whenever the
mobile turns out of the main street in which the base station is located.
By using this property, the handoff criteria of our microcellular system is
the following: if the current pilot signal is not the highest one, then the
handover procedure begins. But we can see from Figure 4 that there are
always two strong enough and compatible pilot signals in each intersection.
To avoid unnecessary handoffs caused by the competition of these two pilot
signals, when a mobile goes through an intersection, the handoff criteria of
our microcellular system is modified as follows: if the strength of the current
pilot signal is not the highest one and is lower than some threshold, then the
handover procedure begins. On the basis of this criterion, a single microcell
is actually a section of avenue (or street) consisting of N intersections and
N blocks. Figure 5 shows a typical microcell consisting of 4 intersections
and 4 blocks.

Let us begin the analysis of the distribution of channel holding time in the
microcellular system. Assuming that the traffic patterns in each direction of
a street (or avenue) are statistically symmetric, we need only consider traffic
movement toward one direction (say north in Figure 5). To analyze T;, for
Type I calls, the whole cell is segmented into 2N + 1 contiguous regions,
from region | to region 2N + 1. In Figure 5, the south edge of the cell is
set to he the origin of the coordinate. Let E;(1 < ¢ < 2N + 1) denote the
coordinate of the edge between region 7 and region i 4+ 1; then

f:’—A+?—B i=odd;1#2N+1
E, =< XA+ B) i=crven (11)
N(A+B) +1=2N+1
Assume that a mobile can initiate a call at any location (or coordinate)

of the cell with equal probability; then the probability of a call initiation in
region ¢ (1 <1< 2N 4+ 1)is



B ;= 1

2N{A+B)
A R
pi = IN(AFB) T Even (12)
soiergy = odd;i# 1,2N +1
7 i=2N+1

Assume that there is a traffic light in each intersection. These traffic
lights are located at the edge between region 2i — 1 and 2¢ (1 <7 < N) and
are denoted by Sq,..., 5y in Figure 5. A mobile in region 2: —1(1 < i < N)
may wait at traffic light S; before entering region 2: or just enter region 2:
without waiting at 5;. We assume that the probability a mobile in region
27 — 1 has to wait at light S; is py, for ¢ = 1,..., N. The routing behavior
of a mobile in the cell is described in the following. When a mobile is in an
odd region, it can go straight to the next region only. When a mobile is in
an even region 21, it can either go straight to region 27 + 1 with probability
Ps, or make a left (or right) turn at the boundary of region 2¢ and 2:+1 with
probability 1 — p,. Thus. after a call initiation, a mobile can take several
possible paths before leaving the cell. The number of paths depends only
on where the call is originated. Let m;(1 < ¢ < 2N + 1) be the number
of different paths a mobile may use, given the call is originated in region i;
then m; is
mi=N+2- (%1 (13)

For each i, we sort the m; paths by length in ascending order. That
is, for a given i, the length of path j is shorter than that of path j + 1,
for j = 1,...,m; — 1. Figure 6 shows the 15 different paths a mobile may
take when the call is originated in region 1 and N = 4. Let ¢;;(1 <2 <
2N 4+ 1.1 < j < m;) denote the probability that a mobile uses path 7, given
that the call is originated in region ¢; then

¢, = P.{ amobile uses path j| the call is originated in region i}
= pmHL = pg)t (14)
where 1
if j < my
o 15
L {o if § = m (15)



Let L;j(s <1 < 2N +1,1 £ 5 < m;) be the number of traffic lights a
mobile need to pass, given that the call originates in region ¢ and that the
mobile uses path j; then L;; is

L‘_{j—[(i-%l)mod?] for j < my
T lj-1-[(i+ 1) mod 2] forj=m;
Let Bi(1 <4 <2N +1,1 < j <m,,0 <k < L;;) be the probability

that a mobile waits at k traffic lights, given that the call originates in region
¢ and that path j is used by the mobile; then

(16)

call initiation in region i, }
path j used

L;; ~ L

Bijk = { a mobile waits at k signals|

It

Define random variable D, ;(1 < 7 < 2N + 1,1 < j < m;) as the
distance a mobile travels in a cell from the time the call is initiated until
the mobile exits the cell, given that the call is originated in region ¢ and
that the mobile uses path j. For a given i. the coordinate at which a call is
originated is uniformly distributed over region i and the coordinate at which
the mobile leaves the cell depends only on j. Dy;; is the distance between
the deterministic exit point of path j (denoted by Z;;) and the random call
initiation point in region i. So D, is uniformly distributed over a range
R, = F;— F;_1(1 <i<2N +1,Ey = 0), which is independent of :. For
given 17.j. the lower bound of range R, (denoted by L,,,)is Z;; — E;. The
variables Z;;. R;, and L, are presented below.

ZU_:{[%%;1—<m1—j—1>1<f1+3> j<m (18)
N(A+ B) j=m,
B .
= 1=1
B = % t=even (19)
P} A2 j=odd, i #£1,2N + 1

2
A8 =2y 41

Atmod 2)+ (7 —1)(A+ B) t#2N+1,5<m;
Luj=9q1A(imod 2)+ 252(A+B)  i#2N+1,j=m, (20)
i=2N+1

O rol= v

-J



By using these variables, the distribution of Dy;; is

fDu,(d) = {U—_—L— Loij < d < Ung; o)
0 otherwise
where
Uiy = Luij + Bi (22)

To derive the distribution of T,,, we still have to know the distribution
of the average speed of a mobile and that of the time a mobile spends at the
traffic lights. As mentioned in Section II, the average speed V is measured
under the condition that the time a mobile spends at the traffic lights is
ignored. That is, we pause the average speed measuring instrument, while
a mobile waits at a traffic light. and reswe it when the mobile gets going
again. Since there is always a speed limit in a city street and the traffic
in the city tends to keep every single mobile driving in a fairly constant
speed, the average speed V" of a mobile in a microcell ordinarily takes some
specific values. These values are decided by a few factors. For instance, in
a multi-lane street, the mobiles in different lanes usually drive at different
speeds. In addition, different kinds of mobiles generally do not move in the
same speed range. So, in our model, the distribution of the average speed
of a mobile in a microcell V' is assumed to be discrete with pmf given by

PV =) =, [=1,2,....M (23)

where the v;s and M are parameters which may vary from cell to cell and
from one time period to another {e.g. in rush hour, the average speed
becomes slower.)

Let Tp, (1 <1 <2N +1,1<j<m,0< k < L;;) be the total time
a mobile walts at traffic lights from the time of the call initiation until the
mobile exits the cell, given that the call is originated in region 7, the mobile
takes path j and waits at & traffic lights in path j. Evidently, Ty, , depends
only on the value of k. Assume that the time a mobile spends at a single
traffic light is uniformly distributed over [0,7,] and that the time a mobile
spends at different traffic lights are independent; then 77, , is the sum of k

i.i.d. uniform distributions. For & = 0 to 2, the dxstnbutlon of TLM

bo(1) k=

Jry,, (1) = U0, Tu)(1) k=1 (24)
Trif0,2T,)(t) k=2



where [/[a, b] denotes a uniform distribution over [a, b], and T'ri[a, b] denotes
a triangular distribution over [a, ], i.e.,

W(t—a) a<i< '—-2!;'
Trifa,b](t) = Si i) atb <<y (25)
(b—a)? a)' 2 =7

For £ > 3. TL”k can be well approximated by a Gaussian distribution

. 3 . T, 2
with mean 22 and variance 5—%— [5]. Therefore,

kT, AT,,JZ
k™ V(T

Ty, Y k>3 (26)

Let T, (1 < i< 2N 41,1 < j <my,0 < k < Ljj) denote the time a
mobile spends in a cell from the time of call initiation until the mobile exits
the cell, given that the call is originated in region 7. the mobile takes path
J and waits at k traffic lights; then T}, , is given by

o Dm' e
T = vj+nw (27)
The distribution of T, is
M
fr, (1) = IZ:an,Jle(tW =)oy
=1
M
=IOy O (28)
=1
where
D, i .
T = 2 + Ty, (29)

From (24). (26), and (29). the distribution of Ty, ,, can be obtained as

IZ[LHIZ, 7“2] k — 0
U
ke Ly, 0, 1, k=
T, (t) = Luy Uny (30)
H U[{J—;i U'l’ | % Tri{0, 2T, k=
i lingy Up, Ars kT, kT, 2
([—{TL L,)]*‘\(_'z" 5) k=3

9



where * denotes the convolution operation. To get a closed form for the

above equation we need to derive the following distributions:
o Ula,b]+ U[0,T)
e Ula,b]x Tri[0,2T]
o Ula,b]+ N(n,0)

The first distribution is

(bt—“T a<t<min(b,a+T)

b=min(b,a+ T) <t <max(b,a+T)
- min(b,a+7T) <t <max(b,a+T)=1b
bbiTT max(b,a+T)<t<b+T

L
Ula,b]« U[0,T] =< Ty (31)

The distribution of Ula, b] * Tri[0,2T] can be evaluated in a similar way
and

f—a— t—b-
Ufa.b)* N(1,0) = Q Z Ty — o - 7 (32)
where
3 1 .‘1.‘2
Q((_r):/_’ \/?Z_T__F_'“Tdm (33)

Finally, the distribution of T, can be presented as

2N+1 m, Ly M

Jrty= > ZanW(t)azﬂzjkm]])i (34)

=1 j=1k=0I=1

This equation can be evaluated by substituting the associated terms with
(12), (14). (17), (23), and (30).

Next we evaluate the distribution of T3 for Type II calls. As we defined
in Section II. T} is the time duration between the instants a mobile enters
and exits a cell. It is necessary to identify the points at which a mobile
can enter a cell first, the so-called "entry points.” A mobile can enter a
cell through N + 1 entry points. Figure 7 shows the 5 entry points of a
cell with cell size parameter N = 4. One is at the South edge of the cell.

The other four entry points are located at the four intersections of the main

10



avenue and the four streets. Since traffic in the two directions of a street
is considered symmetric, we assume that there is only one entry point at
each road intersection. If we use the same coordinate system as before, the
coordinate of entry point i, denoted by E’;(1 < ¢ < N + 1), is given by

0 i=1
o '
Fi={3a4y ) 120 w11 (35)

Imitating the analyzing process of Tvpe I calls we define the following
variables:

o p,(1 <i< N+ 1) the probability that a call is handed off to a cell
through entry point 1.

e m/;(1 <i< N +1): the number of different paths a mobile may use,
given that the call is handed off through entry point <.

° q’,i]-(l <i< N+1,1 <j<m;): the probability that a mobile uses
path j, given that the call is handed off through entry point 2.

. Z’l-j(l <1< N+1,1<j<m;): the coordinate of the exit point of
path j. given that the mobile enters the cell through entry point z.

o L';j(1<i<N+1,1<j<m’): the number of traffic lights a mobile
need to pass, given that the call is handed off through entry point ¢
and that the mobile uses path j.

o (1 <i< N+1L1<j<m,0<k< L';;): the probability
that a mobile waits at &k traffic lights, given that the call is handed off
through entry point i and path j is used by the mobile.

o Dp(1<i<N+L1<5< m’;): the distance a mobile travels in a
cell from the time it enters the cell till it exits the cell, given that the
mobile enters the cell through entry point i and that it uses path j.

o I (L <1< N+ L1<)< m’;.0 < k < L';;): the total time a
mobile waits at traffic lights between the instants it enters and exits
the cell, given that it enters the cell through entry point ¢, takes path
j, and waits at k traffic lights in path 7.

¢ T, (1 <i<N+1,1<5<m;,0<k< L’;;): the time a mobile
spends in a cell from the time it enters the cell until it exits the cell
given that the mobile enters thé cell through entry point ¢, takes path
7, and waits at k traffic lights in path j.

11



According to the symmetric traffic assumption, we consider the traffic in
one direction only. So, after a mobile enters a cell, it moves in the direction
which we considered (say north in Figure 7.) m/; is then given by

m;=N+2-1i ,i=1,2,...,N+1 (36)

Again. we sort the m/; paths by length in ascending order. Then q’ij
and Z';; are given by

gy =ps "1 - o) (37)
where
I j<m;
I'y = {0 j S (38)

, {(i+j—%)(A+B)' j < ml; (39)

Y AUN(A+ B) j=m'
Traffic lights are installed in the same way we stated earlier (see Figure
7 also); then L';, and /3, arve given by

g ; !
L' = {J AL (40)
) J—=1 jyg=ml
! Lll] k /- L., —k
B =11 Jpull =pu) (41)

Dpi; = Z';; — E'; is given by

2]T—l(r4-+-5’) j<mi=1
(j-IA+B) j=mlii=1
;= 42
D J(A+ B) j<mii=2... . N+1 (42)

%T_l(‘h"l+3) j=mii=2.....N+1
Ty, T'L,, also depends on k only. For the same k. the distribution of

T’Luk is the same as that of 7, , and is given by (24) and (26).
Th,,, and its distribution are given by

Dy,
J lall
Tb‘l_]k = + [ L

‘/' ik

12



M

fr, A1) = ZfThukIV(tI
=1

M

D I, (B (44)
=1

T =

where

=
o
Il
o

th
. TJ + Tw]

fr, = i
D Dy,
ZJH ] T”Z[ Ry . 1’}[” 2Tw]

N(kTw o Dry  JETLZ
NE+ =V K

Finally, the distribution of T; can be presented as

e
i

(45)

?s-
v

z) M

N+1 m’
fra(t Z Z Z Z I, (Do 50 (46)

Given the system parameters p’;. this equation can be evaluated by substi-
tuting the associated terms with (23). (37), (41). and (43).

3.2 Macrocell Systems

Because suburban traffic is not as heavy as the urban traffic, suburban areas
are normally configured into macrocells, rather than as microcells, whose
capacity would not be utilized adequately in suburban areas. To evaluate
the distribution of channel holding time in a macrocellular system, we have
to model the road systems in a cell first. In general, suburban road systems
are less regular than urban road systems. Thus, one cannot model the road
systems within a macrocell with the systematic configurations that we have
used for microcells. Since the cell size of the traditional cellular system
is comparabhle to that of our macrocellular system. we briefly describe the
system model in [1]. The authors use a simple cell structure like the one
shown in Figure 1. They analyzed the distribution of channel holding time
on the basis of the following assuinptions:

e the mobiles are spread evenly over the area of the cell

13



o the direction a mobile travels in a cell is uniformly distributed over
[0, 27], and remains constant during the mobile’s travel in the cell

o a handoff can occur at any point of the cell boundary (which is assumed
to be a circle) with equal probability.

These assumptions are simple but may not reflect the nature of mobile
behavior inside a cell. Clearly, most traffic in a suburban area is on the
main routes leading to either highways or neighbor cells. The travel direction
follows the route direction. The place a handover can occur also depends
on how neighboring cells are connected by major routes. Therefore, the
assumptions in 1] are not realistic. In this paper, we use a different model
to analyze the channel holding time in a macrocell.

We categorize the mobiles in a macrocell into two types: one type covers
those which stay in the same macrocell all the time (i.e., drives within the cell
only); we call it Type A traffic. The second type (Type B traffic) includes
traffic which leaves the cell by crossing cell boundaries. . A mobile belongs
to Type A as long as it does not leave the cell, belongs to Type B as long
as it does leave the cell, no matter it is in the cell originally or it enters the
cell from some neighboring cell. For Type A traffic, since the mobile only
moves within the same cell, the channel holding time equals the message
duration (i.e., Ty = Tas). For Type B traflic, we need to consider the road
configuration of the cell. Here we categorize the roads in a macrocell into
three types: highways, main routes, and secondary routes. Figure 8 shows a
specific road structure in a suburban macrocell. We assume that highways
always have their own highway microcellular systems. If a main route is
equipped with its own microcellular system, we consider it as a highway.
Besides, a secondary ronte is assumed to always merge into a main route. A
mobile is considered leaving a cell when it enters a neighboring macrocell or
microcell (which could be a highway section). We also assume that a mobile
can only leave a cell through main routes. This means that the traffic from
a secondary routes will have to enter a main route before leaving a cell.
In the following discussion. a cell into which a mobile moves is referred to
as a target cell; a cell that a mobile is leaving is referred to as a source
cell; and the point on a main route between two cells is called a ”junction
point”. Junction points are the only points at which handoffs can occur. A
main route connects two of the junction points of a cell. Figure 8 shows a
macrocell with 7 junction points and all possible main routes.

The channel holding time of Type B traffic is analyzed in the following.
Let N be the number of main routes in a macrocell {(from route 1 to route

14



N). pi(1 <i < N) denotes the probability that a mobile uses route 7 in the
cell. Here "uses route i” means a mobile moves on route 7 or starts from
one of the secondary routes of route 7 and then enters route 7. Let X, be
the length of route ¢ and A; the nuinber of secondary routes which merge
into main route 7. Iigure 9 shows a typical main route with 3 secondary
routes (M; = 3). Let ¥;;(1 < i< N,1 < j< M) be the distance between
secondary route j and arbitrary one of the two Junction points of main
route 2. The selected junction point is called the ”origin” of main route
t. Let ¢;(1 < 1 < N) be the probability that a mobile on main route @
moves in the direction from origin to the other junction point. We call this
direction "positive direction” and the other direction "negative direction.”
Let r;;(1 <1 < N,1 < j < M;) be the probability that a mobile merged to
main route ¢ comes from secondary route j. Let 5;(1 < i < N) denote the
probability that a mobile on main route i comes directly from main route 1,

then
M,

$; + Z rij =1, for all 2
J=1

Type B traffic belongs to either one of two types. One initiates calls before
entering the main route (i.e., the call is originated in some secondary route)
and is called Type B1 traffic. The other type covers the mobiles which
initiate calls on main routes and is called Type B2 traffic. Let b1 be the
proportion of Type B1 traffic; then 62 = 1 — b1 is the proportion of Type
B2 traffic.

We define the following variables:

¢ Dij(1 <1< N, 1< 5 < M) the distance a Type Bl mobile travels
on main route ¢ from the time the call is initiated until the mobile
exits the cell, given that the mobile comes from secondary route j of
main route 1.

o Dyi(1 <2< N, 1L j< M) the distance a Type B2 mobile travels
on main route ¢ from the time the call is initiated until the mobile
exits the cell, given that the mobile comes from secondary route j of
main route i.

o Dy (1 < i< N):the distance a Tvpe B2 travels on main route ¢ from
the time the call is initiated until the mobile exits the cell, given that
the mobile comes directly from main route ¢.



o Th1;;(1 <1< N, 1< j < M;): the time a Type Bl mobile spends in
a cell from the time the call is initiated until the mobile exits the cell,
given that the mobile uses main route ¢ and it comes from a secondary
route j of main route i.

o Th2:(1 <¢< N): the time a Type B2 mobile spends in a cell from the
time the call is initiated until the mobile exits the cell, given that the
mobile uses main route i.

. Tslij(l <1< N,1 <5< M;): the time a Type Bl mobile spends in
secondary route j of main route ¢ from the time the call is initiated
until the mobile enters main route 1.

Evidently, Dy;; is the distance between the junction point at which the
mobile leaves the cell and the location the mobile enters main route ¢. For
positive and negative direction traffic, Dy;; is given by

X; —Y;; Positive direction
Dli] =

Y, Negative direction (47)

Assume that the location at which a Type B2 mobile on a certain main
route initiates a call is uniformly distributed between the locations it enters
and exits the route, then Dy;; is also uniformly distributed and is given by

U0, X; —Y;;] Positive direction
Daiy ~ { U0,y Negative direction (48)
Ds; is also assumed to be uniformly distributed
D3; ~ U[0, X}] (49)

Assume Tyy;; is uniformly distributed between 0 and some upper bound,
then

Totsy ~ U0, Trasi] (50)

For the speed of a mobile in the macrocell, we adopt the model used in
microcell systems [see (23)]. Random variables T},;;; and Tj,,, are given by

— + Ty (51)

Ty = { D‘E,’ for mobiles from secondary route j (52)

DT'- for mobiles from main route 2
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Let R; = ZM r;1; then the distribution of T, is given by

N A,
fra(t Z{bl Z = T T, (0] 4 02135, (D)} (53)
where
M,
ST, (0) = sif oy, (8 + 3 i f 2oy, (1) (54)
v le Vv
M
foa, (1) =)  fp,, (t)ay (55)
14 k=1 vy
M
[y, (1) =) foo,, (B)ak (56)
v k=1
D X;
=~ U0, (57)
Uk U
Da; X - Y ;
29 g U0, 1) 4 (1 - ¢)U[0, =2] (58)
Vi Vk k
The distribution of Tyy; is
A M
fro, ()2 fro, (Do (59)
k=1
where
Dli‘/
Tnlz/A = — +T511J
I,
and has distribution
X, -Y, X;,-Y; , LY Yl
‘Tnlijk N([iU[ ]ﬁ 2 +T31LJ]+(l_ql)(/[ 2 +Tsh]] (60)
Vi, Vy, Uk

Apply equations (54)-(56) and (59) to (53): then fr, (¢

N M, M
fr,ty = b1 Y 3TN fr, () akpz‘i‘
i=1)=14k=1
N M, M a
b2 ZZ Z fos, ( LI/;[ a fI_DA]_(t)TijakPi] (61)
i=1j=1k=1 Yk Uk
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This equation can be evaluated by substituting the associated terms with
equations (57),(58). and (60).

Let D), denote the distance a mobile travels from the time it enters the
cell until it leaves the cell. Then D, exists only for those Type B2 traffic
patterns that enter the cell through one of the two junction points on a main
route and leaves the cell through the other. So Dp is just the length of the
main route that the mobile uses. The distribution of Dy, is given by

P(Dp = X;) = p; (62)
T}, for these traffic pattern equals T}, = -l-)v—,"- and has distribution
P(Ty, = ti) = psag A<ISNIL<ELM (63)

where ¢
=~ I<i<N,I<k<M
Uj

If we applyv equations (61) and (63) to (7), and then apply the result to
(6), we can get the channel holding time of Type B traffic in a macrocell
{denoted by Typg). If the proportion of Type B traffic is pg, the channel

holding time in macrocell level is given by
fry = (1= pB)f1y, (1) + pB STy 5(1) (64)

3.3 Satellite Footprint System

In- this section., we discuss the channel holding time in satellite footprint
level. Since the radius of a satellite footprint is in a few hundred kilometers,
the speed of a mobile is relatively slow, T, and T, are both longer than a
message duration most of the time. Intuitively, the distribution of Tx at a
satellite footprint tends to be similar to that of the message duration, which
is exponentially distributed. We describe the cell structure briefly. At a
satellite footprint, there are some cities with their own macrocellular and
microcellular systems. There are also highways and local roads connecting
these cities and leading to neighboring footprints. We use the same model
like the one used in macrocell systems. But here a junction point could be
on boundaries between two footprints. between a footprint and a macrocell,
or between a footprint and a microcell. In addition. no secondary routes
are considered in our own footprint model. Figure [0 shows a typical foot-
print structure. A mobile is considered leaving a footprint when it enters a

—
o0



macrocell inside the footprint, a highway microcell inside the footprint, or
a neighboring satellite footprint.

Employing the analyzing process used in the macrocell systems, we define
the following variables:

e N: the number of main routes at the footprint.
o X';(1 <i< N): the length of main route i.

e /(1 < ¢ < N): the probability that a mobile uses route ¢ in the
footprint.

o Vi(1 <1< N): the average speed of mobiles on main route :.

o D', .(1 £ i¢< N): the distance a mobile travels on route ¢ from the
time the call is initiated till it exits the footprint.

e T7,,(1 < i< N): the time a mobile spends on route ¢ from the time
the call is initiated until it exits the footprint.

o I', (1 < i< N): the time a mobile spends on route i from the time
the call is handed off to route i of the footprint until the mobile exits
the footprint.

Here we assume V; to be a random variable with uniform distribution,
‘/l ~ “/iminv ‘/imaa:] (65)

where V,,;, and V5., are system parameters. If we assume that a mobile on
route ¢ may initiate a call at any location on the route with equal probability,
then D’,; is uniformly distributed over [0, X*;]. T”,,; and its distribution are
given by

D' .
T = = (66)
¥
Vimar . . .
fro, (1) = / Vifpr, v, (tVi, Vi)dV;
nen , y
Yimaadlimn 0<t <
2X T - - Vlmaz‘
= 1 L 2 - 2 ‘\'I < ‘Y’ (67)
2_\”1(“',,,“1_[-—"', min) t ) - "imin ] Vxnuu. - t S Vi TN
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Finally, the distribution of T, is

N
fr () =3 fro, (0P (68)
=1

The distance a mobile travels on route ¢ from the time the call is handed off to
the footprint (or since the mobile enters the footprint) until the mobile exits
the footprint is just the length of route i (X’;). so T';; and its distribution
are given by

X
Ty = T (69)
X' X' X'
(1) = — — <t< 70
fT }”( ) (Vvimaaf - L'imin )tz Vrimaz‘ - ‘imin <‘ )
Finally, the distribution of T is
N
fTh(f)=Zfo,“(t)P'i (71)
=1

If we apply equations (68) and (71) to (7) and then apply the result to (6),
we can get the channel holding time of Type B traffic at a footprint (denoted
by T’ p). Given the proportion of Type B traffic p’ 5, the channel holding
time at the footprint level is given by

fra () = (1= p'g) fra () + D' B frr 5 (1) (72)

4 NUMERICAL RESULTS

The average of the unencumbered message duration Ty = 120 s (i.e., pips =
1/120) is used for our calculations. Figure 11 shows the distribution of
channel holding time in a microcell with the following parameters: the pro-
portion of new calls and handoff calls a microcell carries are Pr = 0.6 and
Prr = 0.4. respectively. The number of blocks N in a cell equals 4. The
width of the street and block are 4 = 25 m and B = 62 m, respectively.
The probability that a mobile goes straight in an intersection p; = 0.6, that
a mobile waits a traffic light p,, = 0.5. The maximum time duration that a
mobile waits at a traffic light T\, = 60 s. The average speed V is assumed
to be uniformly distributed with pmf and is given by

) i ‘/mal' — thw'n L
PV = o = Viuin + (I = 1) =57—7) = aw = 7.
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where M = 6, Vipin = 7 (m/s), and Vie, = 18 (m/s). For type II traffic,
the probability that a call is handed off to a cell through entry point i is
P, = ﬁ, for all ¢.

Figure 12 shows the distribution of channel holding time in a macrocell
with the following parameters: The probability that a mobile belongs to
Type B traffic is pp = 0.75. In Type B traffics, the proportion of Type Bl
traffics is b1 = 0.5. In Type Bl and B2 traffic, the proportion of Type I and
Type Il trafficis Py = 0.9 and Pr; = 0.1, respectively. The number of main
routes N = 16. p; = 4, for all i. The length and the number of secondary
routes of main route i are

);‘ maz ‘Xmin

Xi=Xnin+(i-1 N —-1

(74)

M; = [(D)(rate)]

for all ¢, where X,;, = 500 (m), X,er = 5000 (m), and the rate equals
0.4. We assume that the distances between the origin junction point and
the first secondary route, the other junction point and the last secondary
route, and each pair of adjacent secondary routes are equal: then
. I
Y = X;
YOMi+ 1

The traffic movements in the two directions of a main route are symmetric; so
g; = 0.5, for all 7. The probability that a mobile enters main route : directly
from main route 7 is s; = 0.6, for all 4. All secondary routes in a main route
are equally utilized, so r;; = (1 — s;)/(24;), for all j. The maximum time a
channel is occupied, when a mobile is in a secondary route, is Ts1;; = 45 s,
for all 7. j. Equation (73) is used again for the average speed of mobiles in
a macrocell, but M =4, Vi = 16 (m/s), and Ve = 28 (m/s).

Figure 13 shows the distribution of channel holding time in a satellite
footprint with the following parameters. The probability that a mobile
belongs to Type B traffic is p'g = 0.6. In Type B traffic, the proportion
of Type I and Type II traffic is Py = 0.95 and P;; = 0.05, respectively.
The number of routes in the footprint N = 16. Equation (74) is used again
for the length of main route i, but X', = 200 (mi), X'pin = 50 (mi).
- 85

P, = % Vimin = % (mi/min) and Vipq, = g (mi/min) for all 7.
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5 CONCLUSIONS

In this paper we have presented new models for analyzing the distribution
of channel holding time in a hybrid satellite and cellular communication
system. We have proved that exponential distribution can be used as an ap-
proximation to the distribution of channel holding at all the three cell levels
of our system. Because of the very high handoff rate and the complicated
geometry of a city microcell system, the channel holding time in a microcell
is hard to predict. We use a detailed model to solve this problem. The
appropriateness of using an exponential distribution as an approximation to
the channel holding time in a microcell has been affirmed within the range
of normal system parameters. A cell-shaped independent model for macro-
cell system is used to analyzing the channel holding time of such systems.
Exponential distribution is again a suitable approximation. Since the size
of a satellite footprint is very large, the channel holding time is very close
to the message duration, which is exponentially distributed.
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