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Abstract—n this paper, a mobility model suitable for low earth may be dropped owing to a lack of available resources in the
orbit mobile satellite systems (LEO-MSS’s) has been presented, destination cell of the mobile user.

and its statistical parameters have been derived in order o Tharefore, in future terrestrial microcellular and satellite

fei;(/g(ljuitheam‘il'rgﬁgcétigzt?,:ecr/z;) g'tlge%r;,_the performance of the systems (especially LEO-MSS'’s), techniques that prioritize the

Moreover, we have foreseen that interbeam handover requests, Se€rvice of handover requests with respect to the service of
which do not immediately find service, can be queued to reduce new call attempts are deemed as essential in order to reduce

the handover failure rate. Two different queuing disciplines have as much as possible the call dropping probability and attain a
been assumed: 1) the first-input—first-output (FIFO) scheme and satisfactory quality of service.

2) an idealized strategy that requires knowledge of the last useful - .

instant (LUI) within which the handover procedure must be Many strategies have been recently proposed to privilege

completed in order to rank the queued handover requests. the handover service at the expenses of new call arrivals in
An analytical approach has been developed to compare thesecase of terrestrial microcellular systems [6]-[9]. The aim of

queuing techniques, and its results have been validated through this paper is to study the performance of these policies in a

simulations. satellite contest. In particular, a prioritization strategy based
Index Terms—Mobile communications satellite systems, queu- on the queuing of handovers, which do not immediately attain
ing theory. service, is considered here. In such a scheme, any handover

request, which occurs in a cell where all channels are busy,
can be queued for a maximum timg ... Elapsedt,, nax, if
no channel becomes available in the cell, and the call is still

UTURE  global-coverage  mobile satellite systemg, , oqress, the handover procedure fails and the associated
(MSS's) will be able to provide the users Wwith.g is forced into termination.

communication services anytime and anywhere. MSS'S|, yhis study, a classical fixed channel allocation (FCA)

will_cover impervious or scarcely populated areas whefg.pnique has been assumed: that is, each cell has a predefined
the implementation of terrestrial cellular systems wouldg; of resources to satisfy the channel requests in it. Moreover,

be infeasible or too expensive. Moreover, in an integratedy, gifrerent queuing disciplines for handover requests have
scenario, MSS’s will also support terrestrial cellular networks. ., proposed and compared in terms of:

When_ these W|_II be congested or malfuncuc_)nmg [11-3]. '+ the blocking probability for new call attempf,:
This paper is focused on low earth orbit (LEO) satellites . o

[4]. The analysis here presented is kept general and illustrated the handover _fa|lure p“"?’?‘b"m?'
) * the call dropping probabilityPi.op;

numerically in the case of the IRIDIUM system [5]. . .
Satellites are equipped with multispot-beam antennas that the propab|l|tyPnS thaf{ a call is not completely ser\{ed
due to either the blocking of the call attempt or the failure

illuminate cells on the earth. A channel demand in a beam f b t hand ¢
(i.e., a cell of the satellite system) may be due to either a new ora su. sequent han °,"er request. . ,
call arrival or a handover request from an adjacent beam (i.e 98 the basis of ITU-T requirements for land mobile services

mobile station that moves from a cell toward an adjacent celb0l: the2values 0fPurop @nd P31 should not exceed & 10~

if no channel is available im, the channel request fails and®nd 107, respectively. We consider that these requirements
the relative user experiences the blocking of the call atteniféfll P& also valid for future high-quality MSS's.

or the dropping of a call in progress. From the user standpoint,An @nalytical approach has been developed to evaluate the

it is more unacceptable the interruption of a conversation thRRrformance of FCA with the capability of handover queuing.
the blocking of a newly arriving call. Analytical predictions have been validated by a comparison

In addition to this, interbeam handover requests are e¥ith simulation results.

tremely frequent in LEO-MSS's during call lifetime and every !N this paper, we refer to LEO-MSS’s where the satellite
time that a call has a beam change there is the risk tha@ftennas are not steered to point as long as possible the same
region on the earth. Then, these LEO-MSS's are characterized
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B2 = circular coverage atea for a cell, with radius R’
[ | =hexagonal cellular layout with side R = R’
V774 = ovetlap area between adjacent cells

Fig. 1. The geometry assumed for the overlap areas (hexagonal cefsidgig 2 The shape of the curvilinear cell and the distance crossed in the cell
circular coverage radius). and in the overlap area for a given height

efficient, even if it has been adopted for LEO-MSS's suchther motion component speeds (i.e., the earth rotation around
as IRIDIUM and GLOBALSTAR. Another possible solutionits axis and the user motion relative to the earth), the relative
is represented by dynamic channel allocation [11], but th@te|lite-user motion can be approximated by only vector
implementation of this technique is expensive in MSS's. v/ .- then, mobile stations (MS’s) cross the cellular network
The organization of the remaining part of this paper is thgadiated by a satellite according to parallel straight lines.
following. Two different cells on the earth may use the same channel
Section Il deals with some preliminary assumptions Us?ﬁovided that they are at a suitable distance, catiease
in this paper about MSS's. In Section Ill, the LEO mobilityyistance D, which allows tolerable levels for the cochan-
model is presented and analyzed. In Section IV, efficieqg| interference. Along this paper, it will be assumed that
handover strategies based on the queuing are considergd— ,/21R. Here, we do not consider the physical nature
Section V presents the FCA technique. An analytical approagh communication channels; they are simply considered as
for evaluating the performance of the FCA technique Withesources shared among users according to a set of rules. In
different queuing policies for handover requests is presentediifils work, an FCA technique has been considered, as it will
Section VI. Finally, Section VII deals with simulation resultg,g explained in Section V.
and the comparison among the handover strategies proposeghnly voice traffic has been considered; as in the classical
The results for FCA without any prioritization strategy havgyeq telephony, new call attempts that do not immediately

been also shown for comparison purposes. find available resources are blocked and lost. Moreover, only
mobile-to-fixed users calls and fixed-to-mobile users calls have
Il. PRELIMINARY CONSIDERATIONS been taken into account, because mobile-to-mobile users calls

AND ASSUMPTIONS ONLEO-MSS's are expected to be a little percentage of the whole traffic (max.

Let us assume that, due to beam-forming, spot-beam fob%b).
prints are disposed on the earth according to a hexagonal
regular layout (sidgk?) and that they have a circular coverage [ll. THE LEO MoOBILITY MODEL

with radius R'. The possible values for the ratié’/ R range | what follows, source celldenotes the cell where the MS
from 1 to 1.5 [12]. Obviously, the greater this ratio is, they| starts andransit celldenotes any subsequent cell reached
larger the overlap arégbetween adjacent cells) is and therE)y the MS with the call in progress. Let us consider an MS
the better the queuing technique performance is. In this papgfat crosses a cell at a heighte [R, R] (Fig. 1). Letr(2)

the minimum possible extension for the overlap area has bggthote the length of the circular cell with radiBsat height
considered (Fig. 1)k = R'. In the numerical examples based, (see Fig. 2)

on the IRIDIUM system, the value used fdk is purely
indicative and it is an average between the minimum and the r(z) =2V R? — 22, (1)

maximum values found in the literature, thatis = 212.5 km. . o : L
. ) . The circular cell is divided into two regions: 1) the overlap area
The cellular network irradiated on the earth by a multispot-. . . L . :
ith adjacent cells in the direction of the satellite-user relative

b?;r:] fﬁ;egga _{_ﬁ? feﬁéiﬂltﬁazaset;ie?oggés'g:trs(?ts:};a[lllgo_tion and 2) the remaining part of the cell that is called
9 ped. 1h . rvilinear cell The curvilinear cell (whose area is equal to
in order to take Into_account the mterferen_ce prOdl.Jced Y 3R?/2) is not hexagonal, but it is represented by the shaded
tsr;em:ffsence of adjacent spot beams belonging to nelghborérga in Fig. 2. We have denoted hyz) the distance crossed

. . i y the MS in the curvilinear cell at a height and we have
Due to the high value of the sateliite ground-track spee énoted byo(z) the relevant distance covered in the overlap

Virx (@bout 26 000 km/h in the LEO case), with respect to théerea

1An overlap area between two adjacent cells is a region where the MS can
receive the signal from both cells. h(z) =r(z) — o(z) 2
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and The unencumbered call duration has been assumed a
R random variable exponentially distributed with meBp. Let
2R =22 —V3R, i< tme1 b€ the time interval elapsed from the arrival instant of a
2 new call in its source cell to the instant in which the relative
o(z) =4 VRZ — 22 — —R + \/}?2 = —R) , MS reaches the borders of an adjacent cell. 1., be the
time interval from the handover request instant toward a transit
if R>|z|> 5 cell to the instant in which the relative MS reaches the borders
3) of an adjacent cell.
Let us note the following [14].

In the following part of this paper, theurvilinear cell (re-  « The handover probability for a call from a cell, where
sulting from the assumptions on both mobility and cellular  the related MS crosses (from the call arrival instant) a
layout) will be simply calledcell. distance uniformly distributed between zero afd, 7,
Once the position of the MS at the call arrival instant is s Py,1(z) given by
defined, a height is assigned to this call in its source cell. Y
Then, the distance(z) covered in the overlap area is obtained Pu(z) = l-c (7)
from (3) and, due to the geometry of the problem, this value is z
valid for any subsequent handover request, it does not mattef The handover probability for a call from a cell, where the
if it originates from a source cell or a transit one. related MS crosses (from the call arrival instant) a fixed
The LEO mobility model proposed in this paper can be distance equal taVi T, is P.2(x) given by
summarized as follows. B
Po(z)=¢7. (8)

1) MS’s cross the cellular network with a relative velocity,
vector Vi, “orthogonal” to the side of the cells (seeThen, handover probabilitieB;;; and Py, respectively, from
Fig. 1). the source cell and a transit one are obtained according to the
2) When a handover occurs, the destination cell is thgllowing formula:
neighboring cell in the direction of the relative satellite-

X R
user motlon._ Py, :/ Pri(ol(2)) fi(2) dz. (9)
3) Calls are uniformly generated all over the network. -R

4) From the call outset in a cell, the related MS travels g,q, (9), withi = 1, the handover probability from a source
distance (depending om) defined as: cell is

a. uniformly distributed between zero ah¢;) if the 4 R
cell is thesource cellof the call; 9 3R R a(z) Pri(a(z)) dz

b. deterministically equal tdi(z) if the cell is a Pyi(a) = —Phl(a)+ /2
transit cell of the call.

(10)
(0%

From (9), withi = 2, the handover probability from a transit
According to the third assumption, the probability densﬂgeu is

function (pdf) of the height> of a call arrival in a cell is P r
‘ )0 - = . \ 1

fi(2), v_vhereL =1 for a call in its source cell and= 2 for Pia(a) = n2() + _/ Pro(cl(2)) dz. (11)

a call in a transit cell 2 R

R/2
h(z) if i=1 The integral functions in (10) and (11) cannot be expressed
3\/_R2 in terms of elementary functions and must be numerically
fix) =9 o~ (4)  evaluated.
{ulz + R] — u[> — R]} T Handover probabilities”;;; and P2 only depend on the
2R ’ mobility parameterv. It is evident that as approache8(cc),
where Py and Py, approach 1 (0), i.e., the mobility increases
(decreases). In particular, in the IRIDIUM cadéy; =~ 89%
w(z) = 1, forz >.O 5) e
0, otherwise. and Py ~ 81%.

The channel holding time in a cell can be derived as
We introduce the following dimensionless parameter that char-

acterizes the MS mobility in a cell, according to the height tgi = min [ta, tpei (12)
z where: = 1 for a call in its source cell and = 2 for a call
alz) = h(z) (6) in a transit cell
ViTom From [15], the expected value &f;;, E[tq;] results in
whereT,, is the average call duration. [tii] = Tn(1 — Piy). (13)

For |z| < R/2, h(z) = V3R and a(z) is constant and
equal to \/_R/(VtrkTm) this quantity will be denoted by Let us consider an MS that starts a call in the source cell
«. For the IRIDIUM satellite constellatiofR = 212.5 km, at a heightz € [R, R] assumed as a random variable with
Vi = 26 600 km/h, 7;,, = 3 min), « is about equal to 0.27. probability distribution functionf;(z) given by (4).
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blocking of the new call attempt

handover request to an transit
adjacent cell cell

Fig. 3. The handover process across the seam of the cellular network.

If |2] < R/2 (see Fig. 1), the MS motion is centered withthe distribution of the number of handover requests per call
respect to the cellular network. In such a caBg,(«) is the h, has been derived and shown in Table I.
handover probability from the source cell [see (7)] dhd(«) The average value df,, for R > |z| > R/2 is given by
is the handover probability from a transit cell [see (8)] [14]. _
Then, we can use the result already obtained in [14] in ordern,,. = (1 — Pbl)Phl(al) +{ Pw)fhl(al)Pm(aQ),
to express the mean number of handover requests per call for 1= (1= Pp2)*Pra(e)

R
2| < R/2 for R 2 || > 5. (16)

B Pi(a)(1— Pyy)
= = 1— (1 — PbQ)P}LQ(Oé)’

(14) The average number of handover requests perrgattan be
obtained by removing the conditioning anin formulas (14)

and (16); it is necessary to integratg, . weighted by the

It B 2 |2|>F/2 (see F'g_' 1), the MS moves along the, of z, i.e., fi(z), from —R to R. We have obtained the
seam of the cellular network; the maximum distance cover lowing result:

in the source céllis h(z), whereas the distance covered in the

ny, for |2| <

vl

subsequent transit cél(if the MS has a call still in progress) 2 Pr(a)
is /3R — h(z). In the next transit cell (if the MS has a call """~ (- Pbl)ﬁ{ 1—(1— Py)Pa(e)
still in progress), the distance crossed by the2M$ again (&) + (1 = Pyy)C(e) handovers
h(z) and so on alternately. Let us denote 1—(- PbQ)QPhQ(a)} all 17)
01 (2) = Vh(zT) ws(2) = \/13/_2(2) where
trkLm trk+m 2
then «aq(2) 4+ ao(z) = . (15) () = E(PHQ(O‘) — Pua(ar)) (18)
v(@) = Pr(a) — ((a). (19)

In a source cell, the distance covered by the?N&Suniformly

distributed between zero antl(z), therefore, the handover From (17), we can note thati,y = Py2 = 0,74 = 4/(3c);in
probability is given byP,; («1) [14]; in the subsequent transitthis case, parametey, only depends on network topology. For
cell (if the call is still in progress), the distance covérasl the IRIDIUM systemga = 0.27 andny, = 4.82 handovers/call,
deterministically equal ta/3R—(z), therefore, the handoverwhen P, = P> = 0.

probability is given byPya(a) [14]. This leads to the han- The average number of handover requests per call accepted

dover process shown in Fig. 3. On the basis of this diagraffito the networknj, can be obtained from, through the
following formula (see Fig. 3):

2|t has been considered the distance crossed in a cell from the call arrival ny
instant in it to the instant when the borders with an adjacent cell are reached n’h =

by the relevant MS. 1— Py’

(20)
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TABLE |
THE DISTRIBUTION OF VARIABLE hy,

- Probability
0 . — 1-Pfo)(1-P,)
1 (1 - Py) Pulee) [1 - Pe) (1 - Pyy)]
2 (1 - P,) Pufor) Pift) (1 - Pyy) [1 - P0t) (1 - Pyy)]
3 (1 - P) Pu(0r) P09 (1 - P)* [1 - Pfer) (1 - Py)]
2k (1 - P} Pofar) [P 01" Pi(0g) (1 - P [1 - Pofer) (1 - Pyl
2+1 (1 - Pp) Po(0) [Pa@T (1 - P)IL - Pu(e) (1 - P)]

It is easy to note that if a served call originates an averageerlap area between celland celly. A network-controlled
numbern, of handover requests and at each request the dadindover procedure has the advantage of a reduced radio link
may be dropped with probability?,,, then the overall call signaling load and a low MS complexity, therefore, it can be
dropping probability is given by easily implemented in a satellite system.
The MS crosses the overlap area in a tiRg,.x. In cell y,

the MS must be provided with a new channel to carry on the
communication. If no channel is immediately available in cell
y, the handover request can be queued for a maximum time
Pos = Py1 + (1 = Py1)Parop = P + i Pia. (22) ¢, max, Waiting for a free resource ip. Let A(j) denote the
number of free channels in the generic cgllAn interbeam

andover request is served according to the following steps.

e . . )
1) If it results A(y) # @, the handover is immediately
served in celly and a call termination is performed in

Pdrop = 7‘L/th2. (21)

Probability P, can be obtained as follows [8], [14]:

Let us define parameter, that represents the average numb
of successful handovers per call accepted into the network. T
following formula is valid forn$:

n;)b = n/h - Pdrop- (23) cell z.
. . _ 2) If it results A(y) = @, the handover request is queued
Let us assume a uniform traffid; denotes the average arrival waiting for an available channel in cejl In the mean-
rate of handover requests toward a generic cell amggnotes time, the call is served by the originating cell. A han-
the average arrival rate of new call attempts in a generic cell,  goyer request leaves the queue owing to one of the three
so we have following reasons.
ny, = ﬁ (24) a) The handover procedure is successflihe han-
A dover request is served, before the call is ended
Equation (24) is general and valid for any mobility model. and its maximum queuing time has expired.
b) The handover procedure has been uselébg call
IV. HANDOVER QUEUING PoLICY ends before the corresponding handover request is

served and its maximum queuing time has expired.

c) The handover procedure fails and the call is
dropped: The handover has not been performed
within ¢, max and the call is not ended before its
maximum queuing time has expired.

The performance of a channel allocation technique is
strongly dependent on the handover management strategy; in
order to meet the specified requirements for the call dropping
probability, an interbeam handover strategy is here considered
that requires the queuing of handover (QH) requests when no
channel is available in the destination cell of the relevant

at the handover request instant. M§ Statistics of the Maximum Queuing Time

According to the basic assumptions (see Section Il) and the

A. The Description of the Queuing Technique mobility model (see Section Ill), the randomness ¢Qfinax

. only depends on the heightthat is related to the call in its
Let us assume that an active MS moves from gepward source cell; in particulat,, .., is derived as the time spent by

an adjacent celly; the competent satellite recognizes th?ne associated MS to cross the overlap area at a given height
handover need as soon as the level of the signal it recelvze%see Fig. 1) with a speell,,
from the MS drops below a suitable thresholdetfvork- '

controlled handover [16]. In this paper, we consider that " _ 0(2). (25)
this event corresponds to the instant when the MS enters the O Vi
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The average value of(z) has been found according to thecall®; 3) the timet,..x can be obtained by using (2%),

following formula: since the system knows both the MS motion and the cellular
coverage geometry and then can estimate the distance crossed
+R in the overlap area. The efficiency of this version of the LUI
Elo(z)] = / n o(2)f1(z)dz = V3Rp (26)  scheme suitable for implementation in LEO-MSS’s depends

on the accuracy of the MS position estimation.
As for the positioning system, we consider a solution

where integrated into the LEO-MSS itself: the MS position can be

4( /3 3 estimated by the LEO-MSS by measuring the propagation
B=—-|-—r—=]~0.139 (27) delay and Doppler frequency shift for the MS transmissions
I\ 3 2 [20]. Using the time delay measurement, a fixed propagation

delay circle is obtained on the earth. Since the Doppler
and 3 is a dimensionless parameter that only depends on tiequency shift is related to the angle between the satellite
geometric assumptions for both the mobility model and theelocity vector and the direction vector from the MS to the

overlap areas. satellite, the Doppler measurement defines a cone making a
Accordingly, the average value of the maximum queuiniixed angle with the satellite velocity vector. The intersection
time Efty max| results in on the earth between the constant propagation delay circle and

the cone identifies two points. A possible solution to solve this
Elo(2)] spatial ambiguity is to take another Doppler frequency shift
Eltwmax] = Virk = oTnp. (28) ' measurement from a second satellite in visibility (this solution
' adds some constraints on the satellite constellation). For more
In particular, in the IRIDIUM case we have: details, [20] and [21] can be considered. o
. E[o(2)] ~ 52 km; The LUI strategy version suitable for implementation in

LEO-MSS's is similar to the MBPS scheme, but the handover
ordering is based on MS position estimations rather than
on power level measurements. In the following sections the
C. Queuing Disciplines performance analysis will be carried out by assuming an ideal
Two main approaches are possible to order the handol&#! scheme, where the system knows the exact valug of.«
requests in the queue: the first-input—first-output (FIFO) a@r each handover request.
the measurement-based prioritization scheme (MBPS).
In the FIFO scheme [13], [14], handover requests are
gueued according to their arrival instants, whereas the MBPS V. THE FCA TECHNIQUE
scheme [7], [17]-[19] uses a nonpreemptive dynamic priority
to establish the ranking of the handover requests in the que
the priorities are defined by power level measurements on t
signal received by the satellite. The target is to serve first the
request from the MS with a more degraded link. The quality?

the link is continuously monitored for each handover request't_rz)r uniform traffic offered to the cells, the entire pool o

the queue in order to update its position. This policy Managegannels at disposition of the system is divided into equal
handover requests in a better way than the FIFO one, bubﬁ)ups each one composed Bychannels [22]

requires a greater implementation complexity.

Now, let us consider an idealized queuing scheme that will
be denoted bylast useful instanLUI). This new strategy S = M where K — D_2 (29)
relies on the fact that when a handover request is queued, the K’ 3R%°
system exactly knows its maximum queuing tirf¥g, yax)-

This request is placed before the other handover requestsn the following, FCA (or, equivalently, FCA NPS) will
found in the queue that have a greater residual maximufenote the FCA with no prioritization scheme (NPS) for
queuing time. Then, the system serves first the most criti¢dedndover requests, whereas FCA-QH will denote the FCA with
handover request. This queuing policy is not dynamic: thee queuing of handover requests.

relative ranking of queued handover requests does not change

while they are waiting for service.

In ,the LEQ_MSS,S “”qer examination, it Is pOS§Ib|e to 30nce a first MS position measurement has been taken, the MS position
consider an implementation of the LUI strategy, since th@n be tracked by estimating position variations on the basis of satellite
mobility is dominated by the satellite motion. In particulargphemerides (this is possible because, in the LEO case, the relative satellite-
the system may evaluate (with a sufficient accuracy) the tirffE motion is dominated by the satellite motion).
twmax fOr @ queued handover request as follows: 1) the M 40f COUrSe,tuw max depends not only on geometrical considerations, but

. . . L ., alsp on propagation aspects. However, since LEO-MSS'’s are expected to serve
position is determined at the beginning of the call, as describ

- ’ - bbile uses with sufficiently high elevation angles, we may neglect, with a
below; 2) the MS position can be easily tracked during thgod approximation, propagation aspects in derivinguax-

® E[twmax] ~ 7s.

With FCA, a set of channels is permanently assigned to
Sch cell, according to the allowed reuse distabceA call

h only be served by an available channel (if any) belonging
the set of the cell. If a channel request does not find any
ee nominal channel in the cell, the call is blocked and lost.
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VI. ANALYsIs oF FCA-QH wITH A+Ar A+An A+An An

A
DIFFERENT QUEUING STRATEGIES "
In this section, an analytical approach for evaluating th 0 e R e @ @ R
FCA-QH performance is presented. In performing our analy-
B 2u

sis, we have assumed the following. Su (SHIET my G725+ 2m

¢ S channels are assigned per cell according to (29).

« New call arrivals and handover attempts are two indepefi9- 4 The queuing system for FCA-QH.
dent Poisson processes, with mean ratemnd Ay, with
Ar related toX by (17) and (24). number of requests in the system); the output traffic from

* Whether handover requests are queued or not, the charth@gl system is not Poisson, but it is smooth, whereas the
holding time in a cell (for both new call arrivals andoverflow traffic is peaked [23]. A smooth traffic gives a lower
handovers) is approximated by a random variable withlocking probability than a Poisson one at a parity of system

an exponential distribution and meayy. given by resources, average arrival rate, service time distribution. Then,
1 A1 = Py) for the sake of simplicity, let us refer to the LEO-MSS with
" = ML= Py + (1= PbQ)E[tHl FCA: .each ceI.I can be modeled as a loss queuing systgm.
M(1— Pin) Even if the arrival process for new call attempts in a cell is
+ h b2 Eltpo] Poisson, the handover arrival process is not Poisson because
AL = Poa) + An(l = Piz) it can be thought as the output traffic from the loss queuing
— Eiti] + nj Elt o] (30) system that models the cells from which the handover request
1+n; may be originated. Analogous considerations can be made for

where Efty1] and E[t -] are derived from (13) ands, LEO'MS.S'S with FCA'QH' Accord_ingly, the hgnqlox_/er arrivg_l
process is a smooth traffic and this characteristic is magnified

is given by (23). ; , :
« The maximum waiting time is approximated by a randorg LEO-MSS's because handover requests are highly frequent

variable exponentially distributed, with expected valu uring call _I|fet|me. Therefore, the analysis _based on _the
equal t01/p, = Elt ], where Et ]'is given oisson arrival process for handovers permits to attain a

by (28) conservative estimate of system performance.
' Other analytical studies presented in the literature [7], [8],

« The handover queue has an infinite capacity. ! - S
. . 17] do not consider the possibility that a call, that originates a
It is important to note that on the basis of the cellular layouyy,

o . . : . andover request which is queued, may end before obtaining
and the mobility model, respectively described in Sections ébrvice in the destination cell of the MS and before its maxi-
and I, the distributions for both the time spent by an MS i

) . ; thum gueuing time has expired. This study removes such ap-
the overlap area and the channel h°|d'r.'g time in a cell r?é?oximation? as it will be explained in the following analysis.
not exponential. In both cases, the previously listed assu PErom the above assumptions, it follows that in the case
tions consider fitted exponential distributions with the sa the FCA-QH technique eac,h cell can be modeled as
expected value of the relevant actual distributions [i.e., (2 M/M/S queuing system with nonhomogeneous arrival
and (30), respectively]. The goodness of these assumptions

o ) . 8s [8], [14] @4: Poisson arrival procesdl: service time
been verified through th_e evaluation of paraméiedefined exponentially distributed: number of channels assigned per
by Hong and Rappaport in [8]. Parametérc [0, 1] measures

the d ¢ fitting betw " distribut th h cell). The queuing model has been shown in Fig. 4.
€ degree of fiting between two distnbulions rough a e giate of the gueuing system under consideration (i.e., a

Porn:_allzedette?f:ai dlffelren(;ef bletweten the'; con:plement?ﬁ}é" of the network) has been defined as sum of the number
unctions. Note that a value @r close to zero denoles a gooGys -5 i service and the number of gueued handovers.

fitting. It has been verified that the exponential diStribUtior\ﬁ/henever the system is in a stateless thanS, the gross
with the same expected values of the actual distributions att%ilqival rate isA + \»: while if the state is grea’1ter or equal

a very good fitting (|_n both cases; is qwt_e "tF'e:_G ~ 0.17) .t0 S, i.e., all channels are busy, the gross arrival rateyjs
very close to the optimum; the exponential distributions whic ig. 4)

minimize G give G =~ 0.16 + 0.17 in both cases with W
slightly different expected values as regard; thqse in (28) gve considered the following contributions to the departure
(30), but these differences have no practical impact on t:fte (Fig. 4):

estimation of the blocking performance. Therefore, for the g d ' h . letion f in th
sake of simplicity, exponential distributions with the expected queueu'e to the service completion for a request in the

values given by (28) and (30) will be used in this section for i
performance analysis. * iu,, Since _a_queued_ handover request may be cleared
Another approximation in the above list of assumptions ‘?efore attaining service; .
e ¢4 because a call may end in the overlap area before ob-

concerns the Poisson arrival process for handover requests '*° = . hi bt ) . i
in a cell because this is a smooth traffic [23]. In order ta|n|ng' service (this contribution gives rise 10 & different
analysis with respect to that outlined in [14]).

to demonstrate this point, let us consider a loss queuing

system Of. tde/M/S/S type (ZV[ F_)O'Sson arrival process/: SNote that the smallefE: max]/Tim = o is, the better the approximation
exponentially distributed service timt&/number of serversl:  that neglects the calls ended in the overlap area is.

hen the system is in the state+ ¢, fori =1,2,---, we
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The model shown in Fig. 4 is valid for both FIFO and. P,, with LUl Queuing Policy

LUI queuing disciplines; what changes in both cases is the|, the case of the LUI strategy, each handover request in

derivation of the handover failure probabili#, according he queue reaches anyhow the head of the queue (unless the

to the different ways for managing handover requests. o4 uest leaves the queue because the call is ended) before
Let us analyze the state probabilities for the Markov Chatﬂopping the associated call. Only the call related to the

in Fig. 4; by following the same approach proposed in [14)5ndover at the head of the queue may be dropped. This

the probability of the state, , can be derived as entails that the failure probability for a handover request that

(A+ )‘h)nP l<n<$_1 has been queued since it did not find any free resource among
nlpn 0 =n=eT the S, B35 does not depend on the position that this request
p — A+ ) N5 P on>s initiaIIy. had ?n the queue. Then, by using (33), the following
" n—3S 0 = result is valid:
StS TS + D+ diww) >
j=1 Py = Z P Pyis = Pyos Pl (35)
(31) n=5
where the idle system probabilit§, is given by where Py, s takes into account two joined and independent
events.
e The call related to the handover request at the head of
S-1 n 0 the queue does not end before leaving the overlap area;
()\ + )\h) - . .
Py = o + Z the probability of this event i$’,;, that has been already
n=0 H n=S used to deriveP,s in the FIFO case.
* None of theS channels of the cell becomes free before
1 the maximum queuing time has expired; let us denote the
probability of this event byF;.
()\+)\,L)S)\Z—5 By using the fitted exponential distributions for both the
n_s . (B2)  maximum queuing time (expected value 1/4,,) and the
S!MSH((S + )+ Griw) channel holding time (expected value 1/4), we obtain
=1 through some algebraic computations
New arrivals are blocked when all the available channels P, = Hrw Py = M (36)
(servers) are in use in the cell, i.e., when the queuing system Pt o S
is in the staten > S. Therefore,P,; results in Hence, in the LUI caseb,. is given by
oo //L'w I’L’IU
_ Py =P . . 37
P“_z_;qp"' (33) 2T e SHt 37

In this study,P,; is the same for both queuing disciplines,
A. P,» with FIFO Queuing Policy whereas probabilityP,, is different. Simulation results have
In this caseP,, can be derived by following the sameconfirmed thatF;; values are almost the same in both cases
approach proposed in [8], [14] and by taking account of the§&€€ Section VIl and in particular Fig. 8).
new aspects. The efficiency of the LUI queuing discipline as regards the
FIFO one depends on the following parameters: the mobility
epqarametera, the number of channels per cefl, and the
handover request is related to a call that does not etnrgffIC |r_1ten3|ty per cell due to new caI_I arrivaldl;,. Various .
simulations have demonstrated a slight dependence of this

before its timet,, ,,.x has expired. . o
2) State probabilities are derived according to the nefy cency Ona and AT, whereas a greater sensitivity to

i i : parameterS is expected.
duewhg model (Fig. ), a0 showa i (31) and'(32)_ Note that a recursive approach is necessary to comfiyte
3) We take account of the additional departure ratefor and B, (for both queuing disciplines) becausg is related
statesS + 4 with ¢ = 1,2, - -- that have been introduced b2 q 9 P &

to consider the handover requests whose calls end in WEPM and 1> through (17). We start the iterative method

e . h n; for P,y = P2 = 0 (this is the maximum value
overlap area before obtaining service and before the|{ ; ) . .
maximum queuing times have expired Of ny,: i.e., n;, = 4/(3«);n;, decreases for increasing values
, ' of P,; or Py). With such a value ofn,, p, and P, for
Py results in

n = 0,1,--- are computed according to formulas (30), (32),

1) P,» must contain a multiplying factoP,,, = ., /(i +
i) Which represents the probability that the queu

po > . Sp and (31). These values are used to comgtjteand P> (for a
b2 = L+ Z "1 Spt e queuing discipline) and then the new valuengf. This value
n=5 is averaged with the previous one [i.&/(3«) at the first
"IZIS . L < L 1>j (34) step]. A new iteration starts with this average valuengf

= Sh+ fw \ i+ fi 2 The iterative method is stopped when the relative difference

between then;, values computed in two subsequent steps is
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0,25 1
. FCA-QH r FCA-QH, FIFO
018
01
B | B,
013
. +FIFO, theory 0.0 ~ theary
0,07 - LU, theory —+ simulations
0I°1“_ 1 1 1 { 1 i i ! 1 0'001 1 i L ! ) 1 1 ) 1
4 45 5 55 6 65 7 75 8 85 9 4 45 5 55 6 65 7 75 8 85 9
traffic Intensity per csll, new arrivals ( e ) traffic intensity per cell, new armrivals ( erl )
Fig. 5. Theoretic comparison in terms &, for FCA-QH between FIFO Fig. 6. FCA-QH with FIFO queuing discipline: comparison between simu-
and LUI queuing disciplines (IRIDIUM case). lations and analytical predictions (IRIDIUM case).
below a given threshold (e.g., 16). Finally, we can derive 9
P,, from (22). FCA-QH, LUI

Fig. 5 shows the analytical results obtained for FCA-QH
with both FIFO and LUI schemes in the IRIDIUM mobility
case. These analytical results show that the LUI strategy 0,1
gives rise to a value off,; less than the FIFO one, but P
the performance differences of these two queuing schemes are
extremely reduced in terms d?,,.

o,o1,r ~thaory

VIl. SIMULATION RESULTS -+ simulations

The following assumptions have been made for the simu-
lations. 0,001 S S S S S S S
« The call arrival process is Poisson independent from cell 4 45 5 55 6 65 7 75 8 85 9
to cell with average call arrival rate per cell equalXo traffic Intensity per cel, new arivais ( ert )
» The call duration is exponentially distributed with averaggig. 7. FCA-QH with LUI queuing discipline: comparison between simula-
value equa| tdl,, = 3 min. tions and analytical predictions (IRIDIUM case).
+ The reuse distance B = v/21R; then, the FCA cluster
is formed by seven cells. rate, service time distribution, and number of servers [23].
* The simulated cellular network is parallelogram shapethis consideration explains the upper bound obtained by
and folded onto itself with seven cells per side. theory.
< A number of 70 channels is available to the system. Then,Figs. 8-10 show simulation results in termsif, P2, and
ten channels are permanently allocated to each cell with ;, respectively. In these graphs, the behavior of FCA with

FCA. no prioritization scheme (NPS) has been also presented. The
* The IRIDIUM mobility case is considere@y =~ 0.27). following considerations arise.
* An infinite queue capacity is assumed. « FCA-QH strategies (both FIFO and LUI) have values of

The comparison between simulations and analytical predic- F,; greater than FCA NPS, but values &f. far less
tions for FCA-QH with FIFO and LUI queuing disciplines are,  than FCA NPS. The advantage of the QH approach (with
respectively, shown in Figs. 6 and 7 in terms of paramBtgr whatsoever queuing discipline) with respect to NPS is
We may note that the theoretic approaches for both disciplines more evident in terms of’,,: the QH solution signifi-
give a conservative estimate of the blocking performance cantly reducesP,, with respect to the scheme without
obtained by simulations. This difference is exclusively due any prioritization (NPS). This result is very important
to the approximations of the analysis: the fitted exponential for future high-mobility systems (such as LEO-MSS'’s
distribution for the maximum queuing time, the Poisson arrival under examination), where handover requests will be
process for handovers, and the fitted exponential distribution extremely frequent during call lifetime (e.g., in Section IlI
for the channel holding time. However, due to the good fitting referring to the IRIDIUM system, we have shown that
between the exponential distributions and the actual ones, we when P,; = P,» = 0, there are, on average, about 4.82
have that the approximation of these results is mainly due to handover requests during a call which has an expected
the assumption on the Poisson arrival process for handovers. duration of 3 min).

Since the handover traffic is smooth, it gives a lower blocking « Figs. 8-10 permit comparing the performance of FCA-
probability than a Poisson traffic at a parity of mean arrival QH with FIFO and LUl queuing disciplines. It is
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* FCA, NPS
~ FCA-QH, FIFO
04 | TFCAGH, LI i 01l
Fl:1 I ns
£
0,01 0,01 *FCA, NP§
] ~ FCA-QH, FIFO
4 +FCAGH, LUI
0'001 [ | 1 1 L 1 1 1 1 o'm1 1 1 1 1 i 1 1 S 1
4 45 5 55 6 65 7 75 B 85 9 4 45 5 55 6 65 7 75 B8 B85 9

traffic intensity per cell, new amrivals ( erl ) traffic Intenslty per cell, new arrivals ( erl )

Fig. 8. P, performance for FCA NPS, FCA-QH FIFO, and FCA-QH LUIFig. 10. P, performance for FCA NPS, FCA-QH FIFO, and FCA-QH LUI
(IRIDIUM case). (IRIDIUM case).

1 have been investigated: the FIFO scheme and the idealized
LUI technique.
0,1 Analytical and simulation results have shown that the FIFO
t policy attains good results very close to the bound given
P. oof : by the LUI technique. Therefore, the FIFO solution has to
bz 7 ) be preferred to the LUl one which would require a greater
implementation complexity.
0,001
T *FCA, NPS
~ FCA-QH, FIFO ACKNOWLEDGMENT
0,0001 . .
 FCAGH, LU The authors would like to thank the unknown reviewers
for providing useful comments to improve the quality of this
0.00001 1 1 L L i 1 1 1 1 a er
4 45 5 55 6 65 7 75 8 B85 9 paper.

traffic Intensity per cell, new arrivals ( erl )

Fig. 9. P, performance for FCA NPS, FCA-QH FIFO, and FCA-QH LUI

(IRIDIUM case). [1]

important to stress that the LUI performance in terms of2]
P,s is the best possible among all the queuing disciplines.
Simulations have verified that the LUI queuing discipline[3]
permits to reducd’,> with respect to the FIFO one (see
Fig. 9), but this difference is very little, whereas LUI and
FIFO solutions have practically the same performance iif#¢]
terms of P,; (see Fig. 8). Finally, the’,, performance
of the FIFO scheme is near to the LUI one (see Fig. 10)s)
Therefore, we have that the ideal LUl scheme permits achie\fé]
ing a very slight performance improvement as regards the
FIFO one. In addition to this, we have shown that an implef’]
mentation of the LUI scheme would entail a greater complexity
than the FIFO solution. In conclusion, the comparison betweeys)
the simple FIFO scheme and the LUl one has permitted to
validate the goodness of the FIFO approach in LEO-MSS's.
[9]
VIIL.

In this paper, we have investigated resource managemgﬁl
strategies in LEO-MSS'’s. A suitable mobility model has beenz)
proposed. An FCA technique has been assumed. However,
handover requests which cannot be immediately accomplisr’[gg
may be queued for a maximum time. Two queuing disciplines

C ONCLUSIONS
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