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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 bn a channe
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 accor
with simulation results.
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1. Introduction cannot be used in another cell if it is at a distance smaller
than theminimum reuse distance
Low earth orbit (LEO) satellite systems can provide users Another unique feature of LEO satellites relates to the
with low-cost and truly global wireless services, regardle$act that these satellites are notin geo-synchronous orbit, and
of user locations. Hence, there has been a lot of recent ffgnce will not appear stationary to a stationary observer on
terest in developing efficient schemes for channel allocatigrth. Instead, the satellites move at a constant velocity rel-
and handoff in such systems [1,3,10,15]. LEO satellite sydtive to a stationary observer on earth. Thus, in addition to
tems have certain unique features not found in other satelff@¢ mobile users’ random motion we have to handle the de-
and ground-based wireless communication systems. We [Rgministic motion of the footprint of the satellite on earth.
some of them here. Fortunately, this does not pose a problem because the veloc-
While geo-synchronous satellites orbit earth at an alty ©f motion of the footprints is of the order of kfa. For
tude of about 36,000 km, LEO satellites orbit earth in th§%@mple, a typical value for the velocity of the footprint is
500-2000 km altitude range. Besides reducing the prop7a-39 kkmfsr.] Hgncelz., 'F IS appropn_ate (r?nd r(}:omnlmn_ly d;)nhe)
gation delay suffered by signals, the lower orbital altitudt® ma ethe simp ifying assumption that the ve C.)C'ty oft ©
also means a lower power requirement at the hand-held tglgb"e can be ignored when compared to the high velocity
ort

. : : - . he footprint (see [2,12]).
minals, thus improving the portability of the terminal. LEO Some aFr)eas(on ee[lrth V\]/?” have overlapping coverage from
satellite systems can provide communication services eve

. . ﬂ‘erent satellites. We will be able to make use of this
to those areas that do not have a terrestrial wired network In . . -
crodiversity advantage to reduce erroneous transmission

. . m
place. In areas where there is a ground-based wireless rbq?

Ki tion. th ellit work b d eith e to channel noise. Additionally, the presence of a large
work in operation, the sateflite network can be Used el ,her of satellites ensures survivable communications,
in conjunction with the ground-based network for handlin

8ince the malfunctioning of a single satellite will not ad-

overflow traffic, or in isolation. Because LEO satellites ar\‘?ersely affect the operation of the network

smaller and lighter than geo-synchronous satellites, they areq - objective in this paper is to improve the handoff drop-

easily launched. . _ _ ping performance of LEO satellite systems by exploiting the
A large number of satellites will be required to ensurg,ct that the relative motion of the mobile is almost deter-

that there is always at least one satellite in view for evefjinjstic. This paper is organized as follows. In section 2, we
location on earth. For example, the IRIDIUM system usgfiscuss the importance of efficiently handling handoffs, and
a 66-satellite network to provide global coverage. A typicgjelineate the most important source of handoff call dropping
LEO satellite System will consist of a number of |0W'eart||'h non_geostationary satellite Systems_ In section 3, we de-
orbits with a fixed number of satellites traversing each orbécribe our technique, based on the channel sharing scheme
The footprint of each satellite is divided into several cellsf [6-8], to reduce the incidence of handoff call dropping.
with each cell being served by a “spot-beam”. As in terregve show that our technique is ideally suited to handle the
trial cellular systems, a channel that is used in a given célandoff problem because the allocation of channels is done

. . . \gith the knowledge of the direction of the mobile’s relative
* This research was supported in part by AT&T special purpose grant 670-

1285-2569, by the National Science Foundation through grants Ncﬁ_louon' In §ect|on S5, we prowde an analytlcal app.rOX|ma-
9624525, CDA-9617388, ECS-9501652, and ANI-9805441, and by ti{iON to obtain the performance of our handoff technique. In
US Army Research Office through grant DAAH04-95-1-0246. section 5, we compare our handoff scheme to the fixed chan-
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nel assignment (FCA) scheme with channel reservation, andAs in [2], we call the cell of origination of a call its

present numerical results. In section 6, we describe a hybt@burce cell” and the cell to which a call has handed off as

channel sharing handoff scheme that has a tunable paramiseftransit cell”. A mobile in its source cell has to travel a

using which the system can be made to achieve any desidéstance that is uniformly distributed between 0 dndbe-

handoff dropping performance. fore its first handoff. A mobile in a transit cell has to travel a
fixed distance of. before its next handoff, unless it finishes
service before its next handoff. L&t denote the random

2. Problem description variable that represents the distance a mobile has to travel in
its source cell before it makes a handoff. Then the probabil-

We are interested in two different quality-of-servicéty that a mobile in its source cell will give rise to a handoff,

(QoS) measuresew call blocking probabilittandhandoff P, is

call dropping probability Handoff calls are those calls that I

have already been admitted in some cell and later try to move Ph1 = / P {td > 2 }fy (y) dy,

to a different cell. If the new cell to which the call is moving 0 4

does not have an idle channel to allocate to this call, the calhere

is dropped. This is known dsndoff call droppingWhen a 1

cell is unable to allocate an idle channel to a new cedly fr(y) = { I3 ifo<y<L,

call blockingoccurs. Handoff call dropping has the undesir- 0 otherwise.

able effect of the user being cut off in the middle of a call.

Thus, it is important to reduce handoff call dropping eve-rl'—lhus'
at the expense of increased new call blocking. A popular 1— e HL/V
approach proposed in terrestrial cellular systems to reduce Ph1= L)V

handoff dropping is the reservation policy (sometimes called
the guard channel policy) [11]. Other approaches includ@ the following, we letx = ;L/V. Similarly, a call en-
queueing of handoff attempts [4] and queueing of handdgring a transit cell will give rise to another handoff with
attempts based on measured SIR values [14]. probability

As we have already observed, ensuring successful hand- Prp=e MLV — g, (1)
offs becomes more complicated in the LEO satellite scenario
due to the motion of the satellites relative to any stationary We denote the new call blocking probability B, and
observer on earth. With the assumption that the mobilgle handoff call dropping probability b§,n. From the point
velocity is negligible compared to the velocity of the footof view of the mobile user, a quantity that is often more rel-
print on earth, the motion of the mobile relative to a satellitevant than the handoff call dropping probability is the prob-
becomes totally deterministic. Our view is that we can ugility that the call gets eventually dropped due to a handoff
this knowledge about the motion to reduce handoff droppiriglure. We letPgrop denote this quantity. Under the above
substantially while, at the same time, not adversely affecti@ggsumptions, it has been shown in [2] that

the new call blocking probability. P Pon
The following are the assumptions we make in our analy- Pdrop = 1= Pro(l— Pop)’
sis:
where
1. All cells are identical with lengtld, and the relative mo- 1_ enul/V
tion of the mobile is along the length of the cells. P = LV
"

2. Thecall holding time(or the call duration)zg, is expo-

nentially distributed with mean/L.. is the probability that a call in its cell of origin makes a hand-

off attempt, andPh, = e #L/V is the probability that a call

3. The velocity of motion of mobiles can be neglected ifNtering a transit cell makes another handoff attempt.
comparison to the velocity of motion of the footprint on !N figure 1, we plot theeventual call dropping proba-
earth,V. Equivalently, we assume that the mobiles ar@ility (Pdrop) against the handoff call dropping probability

moving with a velocity ofV relative to the stationary (Pbh) for some typical values af and for the most inter-
satellite footprint. esting range ofPph. We find thatPyrop is higher thanPyp

in this range. This is due to the high number of hand-
4. The distance new calls have to travel before their fireffs that a call is likely to make due to the high relative
handoff attempt is uniformly distributed between O dnd velocity of the mobile. Therefore, it is important to han-
This assumption is reasonable because mobiles are eqdéd-handoffs efficiently in LEO satellite systems. The val-
ly likely to begin their call from any location in the cell. ues ofx in figure 1 are typical of the values that are ob-
Thereafter, the mobile’s deterministic relative velocity retained in a practical LEO satellite system [2]. For example,
quires a handoff to be made after the remaining distange= 0.1917 corresponds to/& = 180 s,L = 425 km, and
in the cell is traversed. V =7.39 knys.
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Figure 1. Comparison aPyn and Pgrop for a few typical values of.
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Figure 2. A typical case where handoff dropping occurs.
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Figure 3. Linear cellular system.
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Figure 4. The same set of channels can be used in metatgelB) and
(B’, €’y and in meta-cell§B, C) and(C’, D).

3. Channel sharing handoff scheme

We adopt the channel allocation scheme proposed in [6-8],
called thechannel sharing scheméo 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-cellis a pair of neighboring
cells. The two adjacent cells that form a meta-cell are called
the component cellef the meta-cell. The channel sharing
scheme allows channels to be shared between neighboring
cells (hamely, 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 cellsY andY is typically given as
d(X,Y) = |cx — cyl|, wherecx andcy denote the posi-
tions of the centers of cell® andY, respectively. Suppose

We next delineate a primary cause for handoff droppingiat the minimum reuse distance4s = rL, whereL is

in LEO satellite networks. In figure 2, we illustrate a typicajhe length of a single cell and is an integer. Cells that
case where handoff dropping occurs. We assume that e3¢l assigned the same set of channels are cadiezhannel

cell shown in the figure is allocated channels and is capa-cells In the conventional scheme for fixed channel alloca-
ble of handling no more thaN simultaneous calls. Becausgion, each channel is assigned to cells that are exactly a dis-
the velocities of the mobiles are deterministic and identicahnceA apart. We refer to this scheme as tightest fixed

the reason for handoff call dropping is the random initial lashannel assignment schepie which co-channel cells are
cation of the mobile. Figure 2(a) illustrates such a scenarigkactlyr cells apart. For example, in figure 3, cellsandA’

The worst situation will be when there are exadilyactive are co-channel cells. L&t denote the total number of dis-
mobiles in the two shaded areas in figure 2(a). Since all thigct channels that are available in this linear cellular system.
mobiles move with the same velocity, we will have as manyhus, the total number of distinct channels available for each
as N dropped handoff calls, if there are no natural call teeell is T/ (i.e., the reuse factor i9.

minations in the meantime.
In the next section, we propose a scheme to reduce handnt cells. For example, in figure 3, celsand B are com-
off dropping based on the channel sharing scheme in [6—Bbnents of meta-cellA, B). To assign channels to meta-
This scheme, as we will see, anticipates the motion of tlgells, we define a distance measu¥gX, Y), (X', Y')) be-
mobiles and allocates channels accordingly.

A meta-cell can be designated by the pair of its compo-

tween two meta-cellgX, Y) and(X’, Y’). Recall that in the
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sharing scheme, when a channel is assigned to a meta-@l, o )
. . . . A new call arrives in cell n

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 defidg X, Y), (X', Y’)) as

the minimum of the distance measures between the compo-
nent cells of meta-cellgX, Y) and(X’, Y"), i.e.,

there an idle

channel belonging
to meta-cell

(n, n+1)2

Block the new call

d((X,Y), (X', Y")
=min{d(X, X),d(X,Y),d(¥,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 cellsand A’. We call meta-cells
that are assigned the same set of chantishannel meta- {AAccept the new call and )

cells To allocate a maximum number of channels to eagh assign it a channel from
meta-cell (n, n+1)

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.r L in this case.

It then follows that in the channel sharing scheme, eaéhdropped. The flowchart for processing a handoff call ar-
meta-cell is assigned/(r + 1) distinct channels. In other rival is given in figure 6. Each time a channel belonging to
words, the reuse factor of the channel sharing schemenigta-celi(n, n + 1) becomes free (either due to a handoff or
r" = r + 1. However, in the tightest fixed channel assigriue to a call termination) the channel is allocated to the first
ment scheme, the number of channels assigned to each me@-in the queue waiting for channels belonging to meta-cell
cell is T/r, so the cost we pay for allowing channels to bé?, n+1). If the queue is empty, the channel is idle and ready
“shared” isT/r — T/r' = T/r(r + 1). Nevertheless, by to accommodate future new calls or handoff calls. Figure 7
increasing the reuse distance in this fashion we facilitateisa schematic representation of the procedure for handling a
simple way for channels to be shared between cells with Ifreed channel.
tle increase in complexity over fixed channel allocation tech- Our handoff scheme exploits the deterministic nature of
niques. the relative velocity of the mobile in a LEO satellite system.

Our handoff handling scheme assumes that the chanhising the knowledge that a new call arriving in celiwill
sharing scheme is chosen as the method of channel aiéext handoff to cel(n + 1), an attempt is made to allocate
cation. We now describe how our handoff scheme workge call a channel belonging to meta-ceil n + 1). This
assuming that the channel sharing scheme has been implables the call to “carry” the same channel to el 1), if
mented. We observe that it is reasonable to assume a lineaimmediate idle channel were to be unavailable in that cell.
array of cells for the LEO satellite system. This is becausgmilarly, a handoff call in celin 4-1) that is using a channel
handoffs take place in only one direction if we ignore thifom meta-cell(n, n + 1) is always looking for a channel
overlapping region where a mobile could potentially handrom meta-celkn 4 1, n + 2). Thus, a mobile can travel one
off to a cell diagonally across. Without loss of generality, weomplete cell-length and look for a free channel during this
also assume that the relative motion of mobiles is such tHamne. This reduces handoff dropping significantly.
they move towards higher numbered cells. Thus, all mobiles We next note that it is possible to achieve the same
in cell 1 move towards cell 2, those in cell 2 move towardsandoff dropping performance with the conventional FCA
cell 3, and so on. Whenever there is a new call inegitis scheme by using channel reservation (but at the cost of in-
allocated a channel only if there are idle channels belongingeased new call blocking probability). The channel reser-
to meta-cell(n, n + 1). Otherwise, the new call is blocked.vation scheme, which seeks to give preferential treatment to
This procedure is shown schematically in figure 5. By ddandoff calls by reserving channels for them, works as fol-
ing the allocation in this manner we can allow the mobiles fows. Suppose there ané channels assigned to each cell.
“carry” their channel to cel(n + 1) during handoff. Hand- Then new calls are admitted in a cell only if the total num-
off calls arriving in celln are allocated a channel belonginder of active calls is less than some threshatd,where
to meta-cell(n, n + 1) if there is an idle channel available.P < N. Handoff calls, on the other hand, are admitted as
Otherwise, if the call was using a channel belonging to metiang as there are idle channels. By tuning the param@ter
cell (n — 1, n), it is allowed to carry the same channel ovethe channel reservation scheme can be made to achieve the
to celln and is queued for channels belonging to meta-cedame handoff dropping performance as our handoff scheme.
(n, n+1). But, at the time of handoff, if the call was using &But, as we will see in sections 5 and 6, our handoff scheme
channel belonging to meta-c€ll — 2, n — 1), then the call offers a significantly lower new call blocking probability for

Figure 5. Flow chart for processing a new call.
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A handoff call arrives
in cell n from cell (n-1)

Is the

call using a
channel from meta-

there anidle
channel belonging

to meta-cell

cell (n-1,n)2
(n, n+1)2

Accept the handoff request,
assign it an idle channel

Allow the call to carry its

Drop the call

channel and queue the call and free its

from meta-cell (n, n+1), for a channel from meta- channel

and free its channel cell (n, n+1)

Figure 6. Flow chart for processing a handoff call.

cell (n, n+1) has become free 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
The channel becomes dle@ not adequately capture the essence of our chan.nel sharing
future new and handoff calls )  handoff scheme. For example, the number of idle chan-
nels in a given cell, say, not only depends on the number
of active calls in that cell but also on the number of chan-
nels belonging to meta-cdlt, 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-

[A channel belonging to meta-) ity. Although the single cell approximation could be used to

queue of calls

requiring channels
from meta-cell

n, n+1) empty?

(Assign the channel to the first cal
in the queue and free the channel

it was using sumption about the handoff traffic originating from within
the group [13]. Then we choose the statistics of that cell
Figure 7. Flow chart for processing a freed channel. from among the group whose statistics will closely approxi-

mate the actuaPyn and Pon. For the analysis to be tractable
the same handoff dropping performance as FCA with chagie number of cells within the group must not be too large.
nel reservation. We choose a group of two cells and carry out an approximate
analysis.
The reference scenario is shown in figure 8, whiened j
refer to the number of active mobiles in cells 1 and 2, respec-

In this section, we study the performance of our handdfely. The following are the assumptions in this section:
scheme by applying a simple analytical technique called tge
two-cell approximatiorj13]. We apply the same technique™
to analyze the FCA scheme with channel reservation. An-
other approximation, called theingle-cell approximation 2 Thecall holding time(or the call duration)zg, is expo-
has been used in several studies for performance analysis ihentially distributed with mean/L.

LEO systems (e.g., [2,12]). The single cell approximation

assumes that the handoff calls arrive into a cell accordidg Thecell residence timéhe time for which a call resides
to a Poisson process and is independent of the new call ar-in a given cell) is exponentially distributed with mean
rivals [4]. This approximationis used for analytical tractabil- 1/y = L/V, whereL is the length of a cell an& is

4. Performance analysis

Each cell has independent Poisson new call arrivals at a
rate ofA calls/s.
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two cells together have access to a maximumkatiZannels.
A _ NN . | The set of all feasible state$¢k), can be defined as follows:
— Al i i |18 AN

Sty ={G, j): 0<i, j <2k; 0< i+ j <3k}

Let P(i, j), (i, j) € S(k) be the stationary probability
Cell 1 Cell 2 of the system being in statg, 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:

Direction of relative motion of mobiles

Figure 8. Reference scenario for the two-cell approximation.

5O — 0 ifi=0,
the relative velocity of the mobile. We make this approx- 1 otherwise,
imation for analytical tractability (see [2] for a similar ) 1 ifi <2k,
assumption). We validate this approximation using sim- 0 otherwise,
ulation results that are discussed in sections 5 and 6. In ' 1 ifi<k (4)
the simulations, we do not make the exponential cell res- k@ = ;
. . . . 0 otherwise,
idence time assumption, and the results indicate that the N 1 i< ok
approximation is reasonable. o@D :[ Wi+ <2k,
0 otherwise.
4, Handqﬁ arrival from outside the group into cell 1 is PO'S\'Nith these definitions the balance equations are:
son with rater,. We computevy, as follows. The aver-
age rate at which new calls are accepted in each cellis P, j)r(k) +xDg@7)
A(1 — Pyn). The probability that a new call will attempt . Dplj—k) | ¢+ o :
a first handoffisPhy = (1 — ™) /x, wherex = uL/V. + PG, J){)”hw‘ f ‘ + 0+ Dt )
Thus, the average rate at which calls that are making their = P(i, j — D=8t
first handoff arrive in each cell i5(1 — Ppn) Ph1. The +Pi+1j— 1+ 1)ysPDe?
average rate at which calls that are making their second . . @) (=1 () nGi—1 )

L . 4+ PG —1, ))irnsY + 2 A
handoff arrive in each cell i5(1 — Ppn) Ph1(1 — Poh) Pho. L J){ h * o }
Thus, + P +1, J){(l 4 1)(Mw(l)9(z,]7k)

— e ®
hn=A(1— Pon)Pr )y (1~ Pon)' Py + PG Jj+ DG+ D+ )P0 ()
i=0
forall (i, j) € S(k).
Al — ’ . Lo
(= Por) Pra (3) On the left-hand side of the above equation is the rate of

1— (1~ Pon)Pnz leaving state(i, j), and on the right-hand side we have the

The above model can be described as a two-dimensiorae of entering staté, j). We note that whenever cell 1
continuous-time Markov chain because new call arrivals lmas more thark active mobiles it is unlikely that handoff
either cell and handoff call arrivals to cell 1 are indeperealls from cell 1 to cell 2 can be dropped. This is because
dent Poisson processes. Additionally, the duration of a cale have at least one channel from meta-¢&IR) in use in
and the cell residence time are exponentially distributed aodll 1, and we assume that the queueing discipline ensures
all the above mentioned parameters are independent of etitdt this channel gets used for the handoff from cell 1 to
other. We will now use the two-cell approximation to obeell 2. Besides satisfying the balance equations, the station-
tain the quantities of interest for the channel sharing handaify probabilities have to satisfy the following normalization
scheme and the FCA scheme with channel reservation. condition:

4.1. Channel sharing handoff scheme Z PG j)=1 6)
(i, )ES(k)

In the channel sharing handoff scheme each meta-cell is #he new call and handoff call dropping probabilities are
locatedk = Nr/(r + 1) channels, wher&/ is the number given as follows:

of channels allocated to each cell in the FCA scheme. For

the reference scenario in figure 8, new calls are accepted in 2k

cell 1 only if there are unused channels belonging to meta- Pn=)_ Y PG, (7)

cell (1, 2). The state of the system is denotedhyyj), where i=0 jeSi(k), j=k

i denotes the number of active mobiles in cell 1, gnde- Yioi Pl 2K)

notes the number of active mobiles in cell 2. Apart from the Pon = D (8)
2. jesao PP )

obvious restriction that & i, j < 2k, we also have the ad-
ditional constraint that & i 4+ j < 3k. This is because the wheresS; (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- The state transition diagram is shown in figure 10. To
enced by calls originating in cell 2. We note that this is write the balance equations, we define the following nota-
good approximation of the actual new call dropping probdion:
bility. Equation (8) is derived by taking the ratio of the num- .

,B(i)z{l ifi <N,

ber of unsuccessful handoffs to the total number of hand- 0 ifi=N

off attempts arriving in cell 2. A recursive procedure us- L 9)
ing equations (3), (5)—(8) has to be followed to compRig n® = { 1 ifi< ff,
and Py,. To facilitate comparison with the channel reser- 0 otherwise.
vation scheme, we now describe the two-cell approximatigfge can now write the balance equations as follows:
for the channel reservation scheme. . . .
PG, N{an® + a0 42080 + (i + e+ G + v}

4.2. FCA withN — P guard channels = P@i,j — DrsPDyU—D

— _ + PG, j+ D0+ Dy +wpY
Each cell is assigne® channels with’v. — P channels re- + PG — 1, ) {28 + 250 D)
served for handoff calls. New call arrivals are admitted only A . & ' '
if there are fewer tharP active mobiles in the cell, while + PG+ 1 Pl +Dup?” + (i + Dy A — )}
handoff calls are accepted as long as there are idle chan- | p; 11 j — 1)( + 1)ys¥ gD (10)

nels. We denote states of the two-dimensional Markov chain

by (i, j), wherei refers to the number of active mobiles infor all 0 < i, j < N, where the definition o§®) is the same
cell 1 andj refers to the number of active mobiles in cell 2as in equation (4). On the left-hand side of equation (10),
Let P(i, j), 0 < i, j < N, be the stationary probabilities ofwe have the rate of leaving stdte j), and on the right-hand
the system being in state ;). side is the rate with which we enter staiej). Moreover,
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Figure 10. Continuous-time Markov chain of the two-cell approximation for fixed channel allocatiomvwith? guard channels.

the stationary probabilities have to satisfy the normalizatiohrecursive method using equations (3), (10)—(13) has to be

condition in the following equation: employed to evaluat&,, and Pyh.
N N
YY) Pip=1 (11) 5. Numerical results
i=0i=0

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-

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

N N lytical technique presented in the last section to perform the
Pon = Z Z P, j), (12) comparison.
i=0 j=P The following is the reference scenario for the simulation:
and the handoff call dropping probability can be obtaineth We have a linear array of 30 cells, with the end cells being
from connected to each other.
A, SN oiP(i, N) (13) 2. The new call arrival), is the same in all the cells.
h= .
Yo YN 0iPG. ) 3. Each cell is allocated 12 channels in the fixed channel

allocation scheme; that i8] = 12. The number of chan-
nels allocated per meta-cell for the channel sharing hand-
off scheme isVr/(r + 1), wherer is the reuse factor.

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 24. The lengthl. of each cell is assumed to be 425 km.
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Figure 11. Comparison of two-cell approximations of handoff droppingigure 12. Comparison of new call blocking probabilities for the channel
probabilities for the channel sharing handoff scheme for reuse facter8  sharing handoff scheme and the channel reservation scheme (reuse factor
and 3. r=2).

5. The relative velocity’ of the mobiles is 26,600 kyin. 10
6. The mean call holding time /4, is 3 min. »

For the analytical results the same valued.of, andV =~ >
are used. The simulation scenario does not make the 8307
sumptions made in the analytical model and serves to v&- 4
idate the assumptions made in the analytical model. Mogsém“- /A 1
specifically, the simulation example does not make the as- o
sumption that the cell residence time is exponentially distrits 107 J 1
uted, nor does it make the assumption that the handoff cgll /
arrivals into a cell is a Poisson process. Instead, in the si@407°; ;

ulation example, calls reside for a duration that is uniformf§ / —  Reservation, 2—cell approx.
distributed between 0 anb/V in their source cells and a 107 /l o 2222?35@?2!55&?&

fixed duration ofZ/V in their transit cells before their next / & Sharing, simulation

handoff. In both the simulation and analytical examples, we1o”-— 02 oz 06 08 ’
make the assumption that new calls arrive into a cell accord- " Normalized call arrival rate (WNp)

ing to a Poisson process and that call holding times are expo-

nentially distributed. In all the results presented here, we usgure 13. Comparison of new call blocking probabilities for the channel
the normalized call arrival rate as a parameter. The normarpgring handoff scheme and the channel reservation scheme (reuse factor
. . X ; S =3).

ized call arrival rate is obtained by dividing the actual call r=3

arrival rate byNp. N whereP[2%(N — P) is the handoff dropping probability of the
. The handoff dropplng_probabllle for our hgndo_ff SChe,m?eservation scheme withi — P guard channels, anﬂgﬁ,‘(r)
is too low to obtain reliable estlmatgs using slmu!atlor?S the handoff dropping probability of the channel sharing
Therefore, we use the two-cell approximation to obtain esflandoff scheme for a reuse factorrof The choice of. in
mates of the handoff dropping probabilities. In figure 11, w, e above equation was arbitrary
plot the handoff call dropping probabilities of our hando In figure 12, we compare the new call blocking probabil-
scheme for reuse factors 2 and 3. ities of the FCA scheme witlv — P; guard channels and
To do a fair comparison between the channel resernvas . handoff scheme (for reuse factoe= 2). Similarly, in
tion scheme and our channel sharing handoff scheme, ﬁéﬁjre 13, we compare our handoff scheme ffet 3) with
choose the parametér in the channel reservation schem(?he chanr,1el reservation scheme with- P guard channels.
such that its handoff drOPp'”g proba_ll_alllty clqsely apProXkye see that we obtain several orders of magnitude improve-
mates the handoff dropping probability obtained from %Yhent. Intuitively, such an improvement can be explained
handoff scheme. We choose the parameter the channel . f510ws. For the channel reservation scheme to obtain the
reservation scheme as follows: same performance as our scheme, the number of guard chan-
. A nels should be as many as the number of channels allowed
* . pres ar sh N
P = mm{P. Pop' (N — P) > Pyi(r) for Nu 0'5625}’ to be carried in our scheme. While these channels are idle
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most of the time in the channel reservation scheme, in the!0’
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 frcgn1 i
the two-cell approximation are in very good agreement Wiﬂ;a
the simulation results.

6. Hybrid channel sharing handoff scheme

call blocking pro

Our channel sharing handoff scheme shows a significant @- ’

duction in the new call blocking probability for similar hand- 107} J "_. Shanne oecel sprer
, - - Sharing, 2—cell approx.

off dropping performance as shown in section 5. But the / o Reservation, simulation
scheme, as described in section 3, cannot be tuned to achieve 2 Sharing. simulation

the handoff dropping performance desired by the system op100_15 02 025 03 035 04 045 05
erator. In this section, we describe a hybrid channel shar- Normalized call arrival rate (A/Np)

ing handoff scheme that the system operator can approqiﬁl_ure 14. Comparison of new call blocking probabilities for the hybrid

ately tune to obtain the desired handoff dropping or ne, annel sharing handoff scheme and the channel reservation scheme (reuse

call blocking performance [9]. We also compare the perforfactorr = 2). The handoff dropping probability threshold is set ard0

mance of such a hybrid scheme with the channel reservation

scheme. In figure 14, we compare the performance of the hybrid
In the hybrid scheme, the entire set of available chaseheme and the reservation scheme with the handoff drop-

nels T is not allocated according to the channel sharinging probability thresholdd set at 166. We find that the

scheme. Instead, only a smaller §gt(< T) of channels new call blocking performance obtained using our channel

are allocated according to the channel sharing scheme. Hharing handoff scheme is significantly better than that ob-

remaining7T — T1 channels are allocated according to th&ined with the reservation scheme. Note that due to the dis-

FCA scheme. Note that the hybrid scheme includes the FGpfete nature of the optimization problem we do not obtain

scheme and the pure channel sharing scheme of section 8agoth curves. Figure 14 also shows that the simulation re-

special cases. sults are in very good agreement with the analytical results.
Once channels are allocated in this manner, our hybrldie parameters used in the simulation are identical to those

handoff scheme works as follows. A new call arriving inn section 5.

cell n is allocated a channel only if there are idle chan-

nels available from those allocated exclusively to aglac- )

cording to the FCA scheme) or those belonging to meta-cél Conclusions

(n, n+1). Handoff call arrivals that cannot find an idle chan-
nel are allowed to carry their channel to celif they were We have developed a handoff scheme based on the chan-

using a channel belonging to meta-cell— 1, n). By set- nel sharing scheme in [6-8] for LEO satellite-based cellu-

ting the value off; the system operator can tune the systeffl’ Networks. We obtained a significant reduction in hand-
to perform as desired. We observe that increasing the vaRjEdroPping probability. The conventional FCA scheme can
of Ty increases handoff dropping probability but decreasggtam S_UCh a r_ed‘_JF“O” in handoff_dro_pplng probability only
the new call blocking probability. by making a significant compromise in the new call block-

The performance of our hybrid handoff scheme can be ng probability. We compared the new call blocking proba-

alyzed by the two-cell approximation described in section ilities of our channel sharing handoff scheme to that of the

The balance equations in equation (5) can be appropriat er\{ation SCheTT.“? under similar performance with handoﬁ
modified for this purpose. To compare the performance opping probabilities. Our handoff scheme performs sig-

our hybrid handoff scheme with the reservation scheme icanty better. We also developed an analytical approxi-
consider the following optimization problem: " ‘mation that is in very good agreement with the simulation

results. Finally, we extended our scheme so that it can be

minimize Py, tuned to achieve any desired handoff dropping pe_rformance.
Ty We considered the channel sharing scheme in the con-
subject toPyn < H, text of a circuit-switched mode of operation. But the chan-

nel sharing scheme has wider applicability, and it has been
where H is a predetermined handoff dropping probabilitghown that it achieves good performance even in packet-
threshold. The above optimization problem is for the chaswitched networks in [5]. Although [5] is set in the context
nel sharing handoff scheme, and a similar problem can béterrestrial cellular systems, we believe that it can be mod-
formulated for the reservation scheme withas the deci- ified for LEO satellite networks that use packet-switched
sion variable. technology.
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