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An Efficient Scheme to Reduce Handoff Dropping in LEO
Satellite Systems∗
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Abstract. The problem of handoffs in cellular networks is compounded in a low earth orbit (LEO) satellite-based cellular network due to the relative
motion of the satellites with respect to a stationary observer on earth. Typically, the velocity of motion of mobiles can be ignored when compared to
the very high velocity of the footprints of satellites. We exploit this property of LEO satellite systems and propose a handoff scheme based on a channel
sharing approach that results in a substantial decrease in handoff dropping. For the same handoff dropping performance, our scheme has significantly
lower new call blocking probability than the conventional reservation scheme. We also present an analytical approximation that is in very good accord
with simulation results.
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1. Introduction

Low earth orbit (LEO) satellite systems can provide users
with low-cost and truly global wireless services, regardless
of user locations. Hence, there has been a lot of recent in-
terest in developing efficient schemes for channel allocation
and handoff in such systems [1,3,10,15]. LEO satellite sys-
tems have certain unique features not found in other satellite
and ground-based wireless communication systems. We list
some of them here.

While geo-synchronous satellites orbit earth at an alti-
tude of about 36,000 km, LEO satellites orbit earth in the
500–2000 km altitude range. Besides reducing the propa-
gation delay suffered by signals, the lower orbital altitude
also means a lower power requirement at the hand-held ter-
minals, thus improving the portability of the terminal. LEO
satellite systems can provide communication services even
to those areas that do not have a terrestrial wired network in
place. In areas where there is a ground-based wireless net-
work in operation, the satellite network can be used either
in conjunction with the ground-based network for handling
overflow traffic, or in isolation. Because LEO satellites are
smaller and lighter than geo-synchronous satellites, they are
easily launched.

A large number of satellites will be required to ensure
that there is always at least one satellite in view for every
location on earth. For example, the IRIDIUM system uses
a 66-satellite network to provide global coverage. A typical
LEO satellite system will consist of a number of low-earth
orbits with a fixed number of satellites traversing each orbit.
The footprint of each satellite is divided into several cells
with each cell being served by a “spot-beam”. As in terres-
trial cellular systems, a channel that is used in a given cell
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cannot be used in another cell if it is at a distance smaller
than theminimum reuse distance.

Another unique feature of LEO satellites relates to the
fact that these satellites are not in geo-synchronousorbit, and
hence will not appear stationary to a stationary observer on
earth. Instead, the satellites move at a constant velocity rel-
ative to a stationary observer on earth. Thus, in addition to
the mobile users’ random motion we have to handle the de-
terministic motion of the footprint of the satellite on earth.
Fortunately, this does not pose a problem because the veloc-
ity of motion of the footprints is of the order of km/s. For
example, a typical value for the velocity of the footprint is
7.39 km/s. Hence, it is appropriate (and commonly done)
to make the simplifying assumption that the velocity of the
mobile can be ignored when compared to the high velocity
of the footprint (see [2,12]).

Some areas on earth will have overlapping coverage from
different satellites. We will be able to make use of this
macrodiversity advantage to reduce erroneous transmission
due to channel noise. Additionally, the presence of a large
number of satellites ensures survivable communications,
since the malfunctioning of a single satellite will not ad-
versely affect the operation of the network.

Our objective in this paper is to improve the handoff drop-
ping performance of LEO satellite systems by exploiting the
fact that the relative motion of the mobile is almost deter-
ministic. This paper is organized as follows. In section 2, we
discuss the importance of efficiently handling handoffs, and
delineate the most important source of handoff call dropping
in non-geostationary satellite systems. In section 3, we de-
scribe our technique, based on the channel sharing scheme
of [6–8], to reduce the incidence of handoff call dropping.
We show that our technique is ideally suited to handle the
handoff problem because the allocation of channels is done
with the knowledge of the direction of the mobile’s relative
motion. In section 5, we provide an analytical approxima-
tion to obtain the performance of our handoff technique. In
section 5, we compare our handoff scheme to the fixed chan-
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nel assignment (FCA) scheme with channel reservation, and
present numerical results. In section 6, we describe a hybrid
channel sharing handoff scheme that has a tunable parameter
using which the system can be made to achieve any desired
handoff dropping performance.

2. Problem description

We are interested in two different quality-of-service
(QoS) measures:new call blocking probabilityandhandoff
call dropping probability. Handoff calls are those calls that
have already been admitted in some cell and later try to move
to a different cell. If the new cell to which the call is moving
does not have an idle channel to allocate to this call, the call
is dropped. This is known ashandoff call dropping. When a
cell is unable to allocate an idle channel to a new call,new
call blockingoccurs. Handoff call dropping has the undesir-
able effect of the user being cut off in the middle of a call.
Thus, it is important to reduce handoff call dropping even
at the expense of increased new call blocking. A popular
approach proposed in terrestrial cellular systems to reduce
handoff dropping is the reservation policy (sometimes called
the guard channel policy) [11]. Other approaches include
queueing of handoff attempts [4] and queueing of handoff
attempts based on measured SIR values [14].

As we have already observed, ensuring successful hand-
offs becomes more complicated in the LEO satellite scenario
due to the motion of the satellites relative to any stationary
observer on earth. With the assumption that the mobile’s
velocity is negligible compared to the velocity of the foot-
print on earth, the motion of the mobile relative to a satellite
becomes totally deterministic. Our view is that we can use
this knowledge about the motion to reduce handoff dropping
substantially while, at the same time, not adversely affecting
the new call blocking probability.

The following are the assumptions we make in our analy-
sis:

1. All cells are identical with lengthL, and the relative mo-
tion of the mobile is along the length of the cells.

2. Thecall holding time(or the call duration),td, is expo-
nentially distributed with mean 1/µ.

3. The velocity of motion of mobiles can be neglected in
comparison to the velocity of motion of the footprint on
earth,V . Equivalently, we assume that the mobiles are
moving with a velocity ofV relative to the stationary
satellite footprint.

4. The distance new calls have to travel before their first
handoff attempt is uniformly distributed between 0 andL.
This assumption is reasonable because mobiles are equal-
ly likely to begin their call from any location in the cell.
Thereafter, the mobile’s deterministic relative velocity re-
quires a handoff to be made after the remaining distance
in the cell is traversed.

As in [2], we call the cell of origination of a call its
“source cell” and the cell to which a call has handed off as
its “transit cell”. A mobile in its source cell has to travel a
distance that is uniformly distributed between 0 andL be-
fore its first handoff. A mobile in a transit cell has to travel a
fixed distance ofL before its next handoff, unless it finishes
service before its next handoff. LetY denote the random
variable that represents the distance a mobile has to travel in
its source cell before it makes a handoff. Then the probabil-
ity that a mobile in its source cell will give rise to a handoff,
Ph1, is

Ph1 =
∫ L

0
P

{
td >

y

V

}
fY (y) dy,

where

fY (y) =
{ 1

L
if 0 6 y < L,

0 otherwise.

Thus,

Ph1= 1− e−µL/V

µL/V
.

In the following, we letx , µL/V . Similarly, a call en-
tering a transit cell will give rise to another handoff with
probability

Ph2 = e−µL/V = e−x . (1)

We denote the new call blocking probability byPbn and
the handoff call dropping probability byPbh. From the point
of view of the mobile user, a quantity that is often more rel-
evant than the handoff call dropping probability is the prob-
ability that the call gets eventually dropped due to a handoff
failure. We letPdrop denote this quantity. Under the above
assumptions, it has been shown in [2] that

Pdrop= Ph1Pbh

1− Ph2(1− Pbh)
,

where

Ph1 = 1− e−µL/V

µL/V

is the probability that a call in its cell of origin makes a hand-
off attempt, andPh2 = e−µL/V is the probability that a call
entering a transit cell makes another handoff attempt.

In figure 1, we plot theeventual call dropping proba-
bility (Pdrop) against the handoff call dropping probability
(Pbh) for some typical values ofx and for the most inter-
esting range ofPbh. We find thatPdrop is higher thanPbh
in this range. This is due to the high number of hand-
offs that a call is likely to make due to the high relative
velocity of the mobile. Therefore, it is important to han-
dle handoffs efficiently in LEO satellite systems. The val-
ues ofx in figure 1 are typical of the values that are ob-
tained in a practical LEO satellite system [2]. For example,
x = 0.1917 corresponds to 1/µ = 180 s,L = 425 km, and
V = 7.39 km/s.
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Figure 1. Comparison ofPbh andPdrop for a few typical values ofx.

Figure 2. A typical case where handoff dropping occurs.

We next delineate a primary cause for handoff dropping
in LEO satellite networks. In figure 2, we illustrate a typical
case where handoff dropping occurs. We assume that each
cell shown in the figure is allocatedN channels and is capa-
ble of handling no more thanN simultaneous calls. Because
the velocities of the mobiles are deterministic and identical,
the reason for handoff call dropping is the random initial lo-
cation of the mobile. Figure 2(a) illustrates such a scenario.
The worst situation will be when there are exactlyN active
mobiles in the two shaded areas in figure 2(a). Since all the
mobiles move with the same velocity, we will have as many
asN dropped handoff calls, if there are no natural call ter-
minations in the meantime.

In the next section, we propose a scheme to reduce hand-
off dropping based on the channel sharing scheme in [6–8].
This scheme, as we will see, anticipates the motion of the
mobiles and allocates channels accordingly.

Figure 3. Linear cellular system.

Figure 4. The same set of channels can be used in meta-cells(A,B) and
(B ′, C′) and in meta-cells(B,C) and(C′,D′).

3. Channel sharing handoff scheme

We adopt the channel allocation scheme proposed in [6–8],
called thechannel sharing scheme, to handle handoffs in
LEO satellite systems. We first describe this scheme briefly.
The sharing scheme allows channels to be shared between
neighboring cells. For illustration, we consider a linear
cellular network. To facilitate the description, we need
some terminology. Ameta-cell is a pair of neighboring
cells. The two adjacent cells that form a meta-cell are called
the component cellsof the meta-cell. The channel sharing
scheme allows channels to be shared between neighboring
cells (namely, component cells belonging to the same meta-
cell).

For example, figure 3 shows a family of meta-cells in a
linear cellular system, each comprising two adjacent cells.
For this simple linear cellular system, the distance measure
d(X, Y ) between two cellsX andY is typically given as
d(X, Y ) = |cX − cY |, wherecX and cY denote the posi-
tions of the centers of cellsX andY , respectively. Suppose
that the minimum reuse distance is1 = rL, whereL is
the length of a single cell andr is an integer. Cells that
are assigned the same set of channels are calledco-channel
cells. In the conventional scheme for fixed channel alloca-
tion, each channel is assigned to cells that are exactly a dis-
tance1 apart. We refer to this scheme as thetightest fixed
channel assignment scheme, in which co-channel cells are
exactlyr cells apart. For example, in figure 3, cellsA andA′
are co-channel cells. LetT denote the total number of dis-
tinct channels that are available in this linear cellular system.
Thus, the total number of distinct channels available for each
cell isT/r (i.e., the reuse factor isr).

A meta-cell can be designated by the pair of its compo-
nent cells. For example, in figure 3, cellsA andB are com-
ponents of meta-cell(A,B). To assign channels to meta-
cells, we define a distance measured((X, Y ), (X′, Y ′)) be-
tween two meta-cells(X, Y ) and(X′, Y ′). Recall that in the
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sharing scheme, when a channel is assigned to a meta-cell,
it can be used by a mobile user in any cell belonging to that
meta-cell. Thus, we have to ensure that the distance between
any component cells of two meta-cells assigned the same set
of channels complies with the minimum reuse distance re-
quirement. Consequently, we defined((X, Y ), (X′, Y ′)) as
the minimum of the distance measures between the compo-
nent cells of meta-cells(X, Y ) and(X′, Y ′), i.e.,

d
(
(X, Y ), (X′, Y ′)

)
= min

{
d(X,X′), d(X, Y ′), d(Y,X′), d(Y, Y ′)

}
. (2)

For example, in figure 3, the distance measure between
meta-cells(A,B) and(A′, B ′) is given by(r − 1)L, which
is the distance between cellsB andA′. We call meta-cells
that are assigned the same set of channelsco-channel meta-
cells. To allocate a maximum number of channels to each
meta-cell, co-channel meta-cells must be deployed as close
as possible. Therefore, we assign the same set of channels
to meta-cells that are exactly the minimum reuse distance
apart, i.e.,rL in this case.

It then follows that in the channel sharing scheme, each
meta-cell is assignedT/(r + 1) distinct channels. In other
words, the reuse factor of the channel sharing scheme is
r ′ = r + 1. However, in the tightest fixed channel assign-
ment scheme, the number of channels assigned to each meta-
cell is T/r, so the cost we pay for allowing channels to be
“shared” isT/r − T/r ′ = T/r(r + 1). Nevertheless, by
increasing the reuse distance in this fashion we facilitate a
simple way for channels to be shared between cells with lit-
tle increase in complexity over fixed channel allocation tech-
niques.

Our handoff handling scheme assumes that the channel
sharing scheme is chosen as the method of channel allo-
cation. We now describe how our handoff scheme works
assuming that the channel sharing scheme has been imple-
mented. We observe that it is reasonable to assume a linear
array of cells for the LEO satellite system. This is because
handoffs take place in only one direction if we ignore the
overlapping region where a mobile could potentially hand-
off to a cell diagonally across. Without loss of generality, we
also assume that the relative motion of mobiles is such that
they move towards higher numbered cells. Thus, all mobiles
in cell 1 move towards cell 2, those in cell 2 move towards
cell 3, and so on. Whenever there is a new call in celln, it is
allocated a channel only if there are idle channels belonging
to meta-cell(n, n + 1). Otherwise, the new call is blocked.
This procedure is shown schematically in figure 5. By do-
ing the allocation in this manner we can allow the mobiles to
“carry” their channel to cell(n + 1) during handoff. Hand-
off calls arriving in celln are allocated a channel belonging
to meta-cell(n, n + 1) if there is an idle channel available.
Otherwise, if the call was using a channel belonging to meta-
cell (n − 1, n), it is allowed to carry the same channel over
to cell n and is queued for channels belonging to meta-cell
(n, n+1). But, at the time of handoff, if the call was using a
channel belonging to meta-cell(n − 2, n − 1), then the call

Figure 5. Flow chart for processing a new call.

is dropped. The flowchart for processing a handoff call ar-
rival is given in figure 6. Each time a channel belonging to
meta-cell(n, n+1) becomes free (either due to a handoff or
due to a call termination) the channel is allocated to the first
call in the queue waiting for channels belonging to meta-cell
(n, n+1). If the queue is empty, the channel is idle and ready
to accommodate future new calls or handoff calls. Figure 7
is a schematic representation of the procedure for handling a
freed channel.

Our handoff scheme exploits the deterministic nature of
the relative velocity of the mobile in a LEO satellite system.
Using the knowledge that a new call arriving in celln will
next handoff to cell(n + 1), an attempt is made to allocate
the call a channel belonging to meta-cell(n, n + 1). This
enables the call to “carry” the same channel to cell(n+1), if
an immediate idle channel were to be unavailable in that cell.
Similarly, a handoff call in cell(n+1) that is using a channel
from meta-cell(n, n + 1) is always looking for a channel
from meta-cell(n+ 1, n+ 2). Thus, a mobile can travel one
complete cell-length and look for a free channel during this
time. This reduces handoff dropping significantly.

We next note that it is possible to achieve the same
handoff dropping performance with the conventional FCA
scheme by using channel reservation (but at the cost of in-
creased new call blocking probability). The channel reser-
vation scheme, which seeks to give preferential treatment to
handoff calls by reserving channels for them, works as fol-
lows. Suppose there areN channels assigned to each cell.
Then new calls are admitted in a cell only if the total num-
ber of active calls is less than some threshold,P , where
P 6 N . Handoff calls, on the other hand, are admitted as
long as there are idle channels. By tuning the parameterP

the channel reservation scheme can be made to achieve the
same handoff dropping performance as our handoff scheme.
But, as we will see in sections 5 and 6, our handoff scheme
offers a significantly lower new call blocking probability for
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Figure 6. Flow chart for processing a handoff call.

Figure 7. Flow chart for processing a freed channel.

the same handoff dropping performance as FCA with chan-
nel reservation.

4. Performance analysis

In this section, we study the performance of our handoff
scheme by applying a simple analytical technique called the
two-cell approximation[13]. We apply the same technique
to analyze the FCA scheme with channel reservation. An-
other approximation, called thesingle-cell approximation,
has been used in several studies for performance analysis in
LEO systems (e.g., [2,12]). The single cell approximation
assumes that the handoff calls arrive into a cell according
to a Poisson process and is independent of the new call ar-
rivals [4]. This approximation is used for analytical tractabil-

ity. Although the single cell approximation could be used to
analyze the channel reservation scheme, it is not suited for
the analysis of our channel sharing handoff scheme, as dis-
cussed below. Hence, for a fair comparison, we use the two-
cell approximation for both the channel reservation scheme,
and our channel sharing handoff scheme.

As mentioned earlier, the single-cell approximation does
not adequately capture the essence of our channel sharing
handoff scheme. For example, the number of idle chan-
nels in a given cell, sayn, not only depends on the number
of active calls in that cell but also on the number of chan-
nels belonging to meta-cell(n, n + 1) that are in use in cell
(n + 1). Therefore, we use the following two-cell approx-
imation to obtain the quantities of interest for our handoff
scheme. In such approximations, we isolate a group of cells
and approximate the handoff traffic into the group from out-
side the group by a Poisson process, but make no such as-
sumption about the handoff traffic originating from within
the group [13]. Then we choose the statistics of that cell
from among the group whose statistics will closely approxi-
mate the actualPbn andPbh. For the analysis to be tractable
the number of cells within the group must not be too large.
We choose a group of two cells and carry out an approximate
analysis.

The reference scenario is shown in figure 8, wherei andj
refer to the number of active mobiles in cells 1 and 2, respec-
tively. The following are the assumptions in this section:

1. Each cell has independent Poisson new call arrivals at a
rate ofλ calls/s.

2. Thecall holding time(or the call duration),td, is expo-
nentially distributed with mean 1/µ.

3. Thecell residence time(the time for which a call resides
in a given cell) is exponentially distributed with mean
1/γ = L/V , whereL is the length of a cell andV is
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Figure 8. Reference scenario for the two-cell approximation.

the relative velocity of the mobile. We make this approx-
imation for analytical tractability (see [2] for a similar
assumption). We validate this approximation using sim-
ulation results that are discussed in sections 5 and 6. In
the simulations, we do not make the exponential cell res-
idence time assumption, and the results indicate that the
approximation is reasonable.

4. Handoff arrival from outside the group into cell 1 is Pois-
son with rateλh. We computeλh as follows. The aver-
age rate at which new calls are accepted in each cell is
λ(1− Pbn). The probability that a new call will attempt
a first handoff isPh1 = (1− e−x)/x, wherex = µL/V .
Thus, the average rate at which calls that are making their
first handoff arrive in each cell isλ(1 − Pbn)Ph1. The
average rate at which calls that are making their second
handoff arrive in each cell isλ(1−Pbn)Ph1(1−Pbh)Ph2.
Thus,

λh= λ(1− Pbn)Ph1

∞∑
i=0

(1− Pbh)
iP ih2

= λ(1− Pbn)Ph1

1− (1− Pbh)Ph2
. (3)

The above model can be described as a two-dimensional
continuous-time Markov chain because new call arrivals in
either cell and handoff call arrivals to cell 1 are indepen-
dent Poisson processes. Additionally, the duration of a call
and the cell residence time are exponentially distributed and
all the above mentioned parameters are independent of each
other. We will now use the two-cell approximation to ob-
tain the quantities of interest for the channel sharing handoff
scheme and the FCA scheme with channel reservation.

4.1. Channel sharing handoff scheme

In the channel sharing handoff scheme each meta-cell is al-
locatedk = Nr/(r + 1) channels, whereN is the number
of channels allocated to each cell in the FCA scheme. For
the reference scenario in figure 8, new calls are accepted in
cell 1 only if there are unused channels belonging to meta-
cell (1,2). The state of the system is denoted by(i, j), where
i denotes the number of active mobiles in cell 1, andj de-
notes the number of active mobiles in cell 2. Apart from the
obvious restriction that 06 i, j 6 2k, we also have the ad-
ditional constraint that 06 i + j 6 3k. This is because the

two cells together have access to a maximum of 3k channels.
The set of all feasible states,S(k), can be defined as follows:

S(k) = {(i, j): 06 i, j 6 2k; 06 i + j 6 3k
}
.

Let P(i, j), (i, j) ∈ S(k) be the stationary probability
of the system being in state(i, j). The state transition dia-
gram of the two-cell approximation for the channel sharing
handoff scheme is given in figure 9. We define the following
notation to write the balance equations:

δ(i) =
{

0 if i = 0,
1 otherwise,

ω(i) =
{

1 if i < 2k,
0 otherwise,

(4)

κ(i) =
{

1 if i < k,
0 otherwise,

θ(i,j) =
{

1 if i + j < 2k,
0 otherwise.

With these definitions the balance equations are:

P(i, j)λ
(
κ(j) + κ(i)θ (i,j))

+ P(i, j){λhω
(i)θ (i,j−k) + (i + j)(µ+ γ )}

= P(i, j − 1)λκ(j−1)δ(j)

+ P(i + 1, j − 1)(i + 1)γ δ(j)ω(i)

+ P(i − 1, j)
{
λhδ

(i) + λκ(i−1)δ(i)θ (i−1,j)}
+ P(i + 1, j)

{
(i + 1)

(
µω(i)θ (i,j−k)

+ γ (1− ω(j))κ(i))}
+ P(i, j + 1)(j + 1)(µ+ γ )ω(j)θ (i,j−k) (5)

for all (i, j) ∈ S(k).
On the left-hand side of the above equation is the rate of

leaving state(i, j), and on the right-hand side we have the
rate of entering state(i, j). We note that whenever cell 1
has more thank active mobiles it is unlikely that handoff
calls from cell 1 to cell 2 can be dropped. This is because
we have at least one channel from meta-cell(1,2) in use in
cell 1, and we assume that the queueing discipline ensures
that this channel gets used for the handoff from cell 1 to
cell 2. Besides satisfying the balance equations, the station-
ary probabilities have to satisfy the following normalization
condition: ∑

(i,j)∈S(k)
P (i, j) = 1. (6)

The new call and handoff call dropping probabilities are
given as follows:

Pbn=
2k∑
i=0

∑
j∈Si(k), j>k

P (i, j), (7)

Pbh=
∑k
i=0 iP (i,2k)∑

(i,j)∈S(k) iP (i, j)
, (8)

whereSi(k) = {j : (i, j) ∈ S(k)}.
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Figure 9. Continuous-time Markov chain of the two-cell approximation for channel sharing handoff scheme.

Equation (7) is the new call blocking probability experi-
enced by calls originating in cell 2. We note that this is a
good approximation of the actual new call dropping proba-
bility. Equation (8) is derived by taking the ratio of the num-
ber of unsuccessful handoffs to the total number of hand-
off attempts arriving in cell 2. A recursive procedure us-
ing equations (3), (5)–(8) has to be followed to computePbh

andPbn. To facilitate comparison with the channel reser-
vation scheme, we now describe the two-cell approximation
for the channel reservation scheme.

4.2. FCA withN − P guard channels

Each cell is assignedN channels withN − P channels re-
served for handoff calls. New call arrivals are admitted only
if there are fewer thanP active mobiles in the cell, while
handoff calls are accepted as long as there are idle chan-
nels. We denote states of the two-dimensional Markov chain
by (i, j), wherei refers to the number of active mobiles in
cell 1 andj refers to the number of active mobiles in cell 2.
Let P(i, j), 06 i, j 6 N , be the stationary probabilities of
the system being in state(i, j).

The state transition diagram is shown in figure 10. To
write the balance equations, we define the following nota-
tion:

β(i) =
{

1 if i < N ,
0 if i = N ,

(9)
η(i) =

{
1 if i < P ,
0 otherwise.

We can now write the balance equations as follows:

P(i, j)
{
λη(i) + λη(j) + λhβ(i) + (i + j)µ+ (i + j)γ

}
= P(i, j − 1)λδ(j)η(j−1)

+ P(i, j + 1)(j + 1)(γ + µ)β(j)
+ P(i − 1, j)

{
λhδ

(i) + λδ(i)η(i−1)}
+ P(i + 1, j)

{
(i+ 1)µβ(i)+ (i+ 1)γβ(i)(1−β(j))}

+ P(i + 1, j − 1)(i + 1)γ δ(j)β(i) (10)

for all 06 i, j 6 N , where the definition ofδ(i) is the same
as in equation (4). On the left-hand side of equation (10),
we have the rate of leaving state(i, j), and on the right-hand
side is the rate with which we enter state(i, j). Moreover,
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Figure 10. Continuous-time Markov chain of the two-cell approximation for fixed channel allocation withN − P guard channels.

the stationary probabilities have to satisfy the normalization
condition in the following equation:

N∑
i=0

N∑
i=0

P(i, j) = 1. (11)

For the FCA scheme withN − P guard channels, the new
call blocking probability can be derived as

Pbn =
N∑
i=0

N∑
j=P

P (i, j), (12)

and the handoff call dropping probability can be obtained
from

Pbh=
∑N
i=0 iP (i,N)∑N

i=0
∑N
j=0 iP (i, j)

. (13)

Equation (12) is the new call blocking probability experi-
enced by calls originating in cell 2. Equation (13) is derived
by taking the ratio of the number of unsuccessful handoffs
to the total number of handoff attempts arriving in cell 2.

A recursive method using equations (3), (10)–(13) has to be
employed to evaluatePbn andPbh.

5. Numerical results

In this section, we provide numerical results to compare
our handoff scheme and the conventional FCA scheme with
channel reservation. We use both simulation and the ana-
lytical technique presented in the last section to perform the
comparison.

The following is the reference scenario for the simulation:

1. We have a linear array of 30 cells, with the end cells being
connected to each other.

2. The new call arrival,λ, is the same in all the cells.

3. Each cell is allocated 12 channels in the fixed channel
allocation scheme; that is,N = 12. The number of chan-
nels allocated per meta-cell for the channel sharing hand-
off scheme isNr/(r + 1), wherer is the reuse factor.

4. The lengthL of each cell is assumed to be 425 km.
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Figure 11. Comparison of two-cell approximations of handoff dropping
probabilities for the channel sharing handoff scheme for reuse factorsr = 2

and 3.

5. The relative velocityV of the mobiles is 26,600 km/h.

6. The mean call holding time, 1/µ, is 3 min.

For the analytical results the same values ofL, µ, andV
are used. The simulation scenario does not make the as-
sumptions made in the analytical model and serves to val-
idate the assumptions made in the analytical model. More
specifically, the simulation example does not make the as-
sumption that the cell residence time is exponentially distrib-
uted, nor does it make the assumption that the handoff call
arrivals into a cell is a Poisson process. Instead, in the sim-
ulation example, calls reside for a duration that is uniformly
distributed between 0 andL/V in their source cells and a
fixed duration ofL/V in their transit cells before their next
handoff. In both the simulation and analytical examples, we
make the assumption that new calls arrive into a cell accord-
ing to a Poisson process and that call holding times are expo-
nentially distributed. In all the results presented here, we use
the normalized call arrival rate as a parameter. The normal-
ized call arrival rate is obtained by dividing the actual call
arrival rate byNµ.

The handoff dropping probability for our handoff scheme
is too low to obtain reliable estimates using simulation.
Therefore, we use the two-cell approximation to obtain esti-
mates of the handoff dropping probabilities. In figure 11, we
plot the handoff call dropping probabilities of our handoff
scheme for reuse factors 2 and 3.

To do a fair comparison between the channel reserva-
tion scheme and our channel sharing handoff scheme, we
choose the parameterP in the channel reservation scheme
such that its handoff dropping probability closely approxi-
mates the handoff dropping probability obtained from our
handoff scheme. We choose the parameterP of the channel
reservation scheme as follows:

P ∗r = min

{
P : P res

bh (N −P) > P sh
bh(r) for

λ

Nµ
= 0.5625

}
,

Figure 12. Comparison of new call blocking probabilities for the channel
sharing handoff scheme and the channel reservation scheme (reuse factor

r = 2).

Figure 13. Comparison of new call blocking probabilities for the channel
sharing handoff scheme and the channel reservation scheme (reuse factor

r = 3).

whereP res
bh (N−P) is the handoff dropping probability of the

reservation scheme withN − P guard channels, andP sh
bh(r)

is the handoff dropping probability of the channel sharing
handoff scheme for a reuse factor ofr. The choice ofλ in
the above equation was arbitrary.

In figure 12, we compare the new call blocking probabil-
ities of the FCA scheme withN − P ∗2 guard channels and
our handoff scheme (for reuse factorr = 2). Similarly, in
figure 13, we compare our handoff scheme (forr = 3) with
the channel reservation scheme withN−P ∗3 guard channels.
We see that we obtain several orders of magnitude improve-
ment. Intuitively, such an improvement can be explained
as follows. For the channel reservation scheme to obtain the
same performance as our scheme, the number of guard chan-
nels should be as many as the number of channels allowed
to be carried in our scheme. While these channels are idle



84 KALYANASUNDARAM ET AL.

most of the time in the channel reservation scheme, in the
channel sharing handoff scheme the channels can be used
in adjacent cells to reduce the new call blocking probability.
Figures 12 and 13 also show that the analytical results from
the two-cell approximation are in very good agreement with
the simulation results.

6. Hybrid channel sharing handoff scheme

Our channel sharing handoff scheme shows a significant re-
duction in the new call blocking probability for similar hand-
off dropping performance as shown in section 5. But the
scheme, as described in section 3, cannot be tuned to achieve
the handoff dropping performance desired by the system op-
erator. In this section, we describe a hybrid channel shar-
ing handoff scheme that the system operator can appropri-
ately tune to obtain the desired handoff dropping or new
call blocking performance [9]. We also compare the perfor-
mance of such a hybrid scheme with the channel reservation
scheme.

In the hybrid scheme, the entire set of available chan-
nels T is not allocated according to the channel sharing
scheme. Instead, only a smaller setT1 (6 T ) of channels
are allocated according to the channel sharing scheme. The
remainingT − T1 channels are allocated according to the
FCA scheme. Note that the hybrid scheme includes the FCA
scheme and the pure channel sharing scheme of section 3 as
special cases.

Once channels are allocated in this manner, our hybrid
handoff scheme works as follows. A new call arriving in
cell n is allocated a channel only if there are idle chan-
nels available from those allocated exclusively to celln (ac-
cording to the FCA scheme) or those belonging to meta-cell
(n, n+1). Handoff call arrivals that cannot find an idle chan-
nel are allowed to carry their channel to celln if they were
using a channel belonging to meta-cell(n − 1, n). By set-
ting the value ofT1 the system operator can tune the system
to perform as desired. We observe that increasing the value
of T1 increases handoff dropping probability but decreases
the new call blocking probability.

The performance of our hybrid handoff scheme can be an-
alyzed by the two-cell approximation described in section 4.
The balance equations in equation (5) can be appropriately
modified for this purpose. To compare the performance of
our hybrid handoff scheme with the reservation scheme, we
consider the following optimization problem:

minimize
T1

Pbn

subject toPbh 6 H,

whereH is a predetermined handoff dropping probability
threshold. The above optimization problem is for the chan-
nel sharing handoff scheme, and a similar problem can be
formulated for the reservation scheme withP as the deci-
sion variable.

Figure 14. Comparison of new call blocking probabilities for the hybrid
channel sharing handoff scheme and the channel reservation scheme (reuse
factorr = 2). The handoff dropping probability threshold is set at 10−6.

In figure 14, we compare the performance of the hybrid
scheme and the reservation scheme with the handoff drop-
ping probability thresholdH set at 10−6. We find that the
new call blocking performance obtained using our channel
sharing handoff scheme is significantly better than that ob-
tained with the reservation scheme. Note that due to the dis-
crete nature of the optimization problem we do not obtain
smooth curves. Figure 14 also shows that the simulation re-
sults are in very good agreement with the analytical results.
The parameters used in the simulation are identical to those
in section 5.

7. Conclusions

We have developed a handoff scheme based on the chan-
nel sharing scheme in [6–8] for LEO satellite-based cellu-
lar networks. We obtained a significant reduction in hand-
off dropping probability. The conventional FCA scheme can
obtain such a reduction in handoff dropping probability only
by making a significant compromise in the new call block-
ing probability. We compared the new call blocking proba-
bilities of our channel sharing handoff scheme to that of the
reservation scheme under similar performance with handoff
dropping probabilities. Our handoff scheme performs sig-
nificantly better. We also developed an analytical approxi-
mation that is in very good agreement with the simulation
results. Finally, we extended our scheme so that it can be
tuned to achieve any desired handoff dropping performance.

We considered the channel sharing scheme in the con-
text of a circuit-switched mode of operation. But the chan-
nel sharing scheme has wider applicability, and it has been
shown that it achieves good performance even in packet-
switched networks in [5]. Although [5] is set in the context
of terrestrial cellular systems, we believe that it can be mod-
ified for LEO satellite networks that use packet-switched
technology.
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