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Abstract—Future mobile communication systems will be char- 30, S
acterized by the integration of several networks at the system A ///?
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I. INTRODUCTION /*/‘/k
HE MOBILE communications market is the fastest grow- 5§@1 e i I PR

ing area within the telecommunications sector [1]. Fu- 500 750 1000 1250 1500 1750 2000
ture third-generation mobile communication systems are de- Satellite altitude [km]
noted by theEuropean Telecommunications Standards Instj- . ) . .
. . P Fig. 1. Behavior of RTh,.x as a function of the LEO satellite altitude for
tute (ETSI) asUniversal Mobile Telecommunications SysteMgerent values of the minimum elevation angle.
(UMTS) [2]. The compatible standard of thaternational
Telecommunications UniofiTU) is the International Mobile _
Telecommunications after the year 200MT-2000). LEO-MSS’s offer several adyantages to the satellite segment
The scenario envisaged in this paper is that foreseen for fifethe future UMTS. In particular, they are characterized
future UMTS where the terrestrial and satellite componeri®y l0w-propagation delays and low-propagation attenuations
will be integrated at the system level [3], [4]. The focus herwhich permit the use of low-power handheld terminals. Fig. 1
is on themedium access contr@WIAC) sublayer. In particular, Shows the relationship between the maximum value of the
the packet-reservation multiple-acce@RMA) protocol [5] is found trip delay, RTDax, experienced by aiser terminal
considered in order to share the limited radio resource amdtgl) for a given satellite altitude and a minimum elevation
a great number of simultaneous users. angle, Elnin. _ _
The PRMA protocol was first proposed for terrestrial mi- TWO solutions have been proposed for the implementation
crocellular networks [5]-[7]. However, its interesting feature8f an LEO-MSS able to cover the earth [13]-{15]: one is
such as high efficiency [7], efficient management of voice ard@lledsatellite-fixed cellgadopted by the IRIDIUM systety
data traffics for future multimedia applications [8], compatibilwhere cells are fixed with respect to satellites which move as
ity with the ATM standard [9], dynamic allocation of PRMAregards the earth; the other is called earth—.ﬂxed cells (used by
carriers to cells [10], [11], support of multirate applicationd€ TELEDESIC systef), where cells are fixed on the earth
[12], and a quite transparent behavior with respect to us@id satellite antenna spot beams are steereq SO as to point to
mobility have motivated us to investigate its applicability téh€ same area on the earth as long as possible. This paper is
low-Earth orbit-mobile satellite systenfsEO-MSS’s) in the focused on the earth-fixed cell approach. Thergfore, we have
light of the future UMTS. not considered aspects related to user mobility, i.e., we neglect
UT cell changes during call lifetime owing to the large cell

sizes obtained by satellite antennas on the earth.
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However, it is important to note that the mobility manage- TABLE |
ment does not pose significant problems with PRMA. As soon SSTEM PARAMETERS
as a UT with a call in progress in cell enters an adjacent
cell 4, a handoff procedure is started. This situation may be
considered as a UT starting a talkspurt in cgllThe UT R, channel bit rate 765 kbit/s
maintains its reservation in cetluntil either the signal level is

Parameter Definition Value

. . R . R, speech source bit rate 32 kbit/s
acceptable, or a reservation is obtained in galt the talkspurt
ends. If an active UT leaves the coverage area oficefithout , header size of a packet 64 bit
a reservation in cell, it will suffer from packet dropping as D maximum packet holding time 33 ms

soon as the access delay exceeds a maximum acceptable value
However, no forced call termination is experienced by the UT.

Hence, in the PRMA case the UT mobility has a slight impact . ) . ) )
on the quality of service perceived by users. The quality of the voice transmission with PRMA is mea-

This paper is organized as follows. Section Il presenfkir®d by the probability’.,, that a packetis dropped from the

an overview on the classical PRMA protocol in terrestridquffer of a UT beca_use th? waiting time for transmission has
cellular systems; Section Il proposes the application of tHRC€€deMax. Obviously, if the number of UT's with a call
PRMA protocol to MSS's. A new version of the PRMAIN progress on the same PRMA carrlM,., increases, thgre is,
protocol [named PRMA with hindering states (PRMA-HS's)P" @verage, a greater number of UT's in the contending state,
particularly suitable for LEO-MSS's is described in Section NA"d: then.Puo, increases. With present speech codecs, it is

and its performance analysis is carried out in Sections V affluiredFuop < 1% in order to cause a minimal degradation
VI. Finally, simulation and analysis results are compared IR the perceivable speech quality. Important parameters to be
Section VII evaluated are theapacityof a PRMA carrier,My o;, defined

as the maximum number of UT’'s with a call in progress
that may share a PRMA carrier witRy,op, < 1%, and the
multiplexing gaingo.01, which is given by the ratio between

Il. OVERVIEW OF THE CLASSICAL PRMA PrOTOCOL the PRMA carrier capacity/y o1, and the equivalent capacity

C . . . of a time-division multiple-access (TDMA) carrieR. /R,
A PRMA carrier is divided into time intervals calleslots (ideal case without overhead), i.u.or = Mo.oiRe/Re

with duration 7,. N slots are grouped together to form & onversations/channel Parameayo, is upperbounded b
frame with duration 7 [5]. The access to an idle slot is ' 01 bp y

S » ~ 2.25 conversations/channel, wh is th
random, based on permission probabilityp. Once a UT has (t2 + 11)/t1 > conversations/channel, whete is the
. : : .average talkspurt duration anglis the average silent duration.
successfully transmitted on an idle slot, it has the reservatign

. . arameter, may reach about 1.6 conversations/channel
for the exclusive use of that slot in subsequent frames. T Fo.01 MaY

. S . . With optimized system parameter values [7].
transmission of voice is organized in packets. No more than .
) . A further performance parameter is th@oughputs, de-

one packet may be transmitteddp. Each packet contains user,. .
) . . . . .~ ~fined as the average number of packets successfully transmit-
information bits and a header with routing, synchronization : .

; . téd per slot. The ideal maximum value mfs one packet/slot.
and control information.

The PRMA protocol makes use of a speech activity detect('g:fr)r the PRMA protocol, we can usually achieve values, of

to avoid that slots may be allocated to UT’s during silen ose o 0.78 packets/slot [7].
phases. When a talkspurt begins, the related UT enters th
contending statethe UT tries to transmit the first packet on R.T} slots
an available slot. In this paper, we have assumed a slow speech N = {R T .+ H J

activity detector [7] which reveals only principal gaps within sST

a conversation. o _ whereR., R,, andH, are defined in Table | anglr| denotes

The reservation mechanism is made possible by a feedbggk nighest integer number less than or equaktarable |
channel broadcast by the controller (i.e., the base station, in t)g, gives the system parameter values assumed in this paper.
terrestrial case; whereas the satellite with on board processigie that these values are different as regards [7] for reasons
capability, in MSS’s) which informs all the UT's within anat will be clarified in the next section; in particulaR, is
cell about the state of each slot of the PRMA carrier (i.egjightly increased.
idle/reserved). _ _ Once the value of’; has been selected and has been

A collision occurs in accessing the shared channel wheneygjiained from (1), the following relationships will be used

two or more UT’s decide to send their packets on the sam order to obtain7,, and the maximum reservation delay
slot. If we neglect the capture effect, the controller cann@leasured in slotsD:

recognize any UT, so it leaves the slot unreserved and all the
involved UT’s remain in the contending state.

Due to delay constraints in speech communications, a UT
in the contending state discards the first packet from its buffer
if the time to obtain a reservation exceeds a maximum valughere[z] denotes the smallest integer number greater than or
Dyax. The value considered here fér,,.. is 32 ms [16]. equal tox (ceiling function).

éAccording to [7] the number of slots per frame results to be

1)

frame

Tf Dma.x
T.=—-— D= slots 2
N [ T, —‘ @)



DEL RE et al: ANALYSIS OF IMPROVED PRMA PROTOCOL FOR SATELLITE SYSTEMS 987

which sees the satellite at the zenith) prevent any application
of the PRMA protocol. Conversely, the use of the PRMA
protocol in MSS’s based on LEO satellite constellations seems
to be possible by taking into account that RTD values are in
the range 5-30 ms (see Fig. 1). For instance, in the case RTD
= 10 ms a contending UT has at most three attempts within
D, In order to transmit the first packet of its talkspurt,
before dropping it.

We have considered here RTD always equal to its maximum
value, RTD,,, (conservative assumption). Moreover, we have
assumed RTR.x < 1f — 1. Hence, when a UT makes a
Fig. 2. The UT state diagram for the terrestrial PRMA protocol. successful transmission attempt on an idle slot it knows the
outcome of its transmission before the beginning of the same
slot in the next frame. The feedback channel broadcast by
. : YRe satellite provides the UT’s with an updated information.
shown in Table I, we obtaid = 21 slots/frame forl’; = 15 If the reservation attempt has been successful, the UT can
ms. Then, from (2) we havé, = 0.71 ms andD = 46 slots. . . P .

Lje-.ixcluswely send its packets on the slot. Otherwise, the UT

Fig. 2 presents the state diagram which models the aits for the next idle slot, where the contention procedure
behavior [7]. State transitions may occur at the end of eadh ' P

. . : IS restarted.
slot. A UT may be in one of the following statesilent state, N i . N
SIL, if the UT is in a silent gapreservation statesRES, (for In order to simplify the feasibility study carried out in this

=0, .-, N 1), ifthe UT has a resenvaion forthe nah_ 500 1 oot Sesumed KIR S 0 % (08 PO,
slot; contending stateCON, if the UT is attempting to transmit .

. L ._the more general case R < 1y —1T; will be investigated.
on available slots. Other symbols shown in Fig. 2 are def'ned;ccording to [5]-[7], we have assumed here that a reserva-

as: a is the probability that a UT attempts to transmit on th . o
ot o . .tion packet may be erroneously received only when a collision
next slot; « is the probability that a transmission attempt is . .
occurs with other reservation packets.

successfuly is the probability that a silent gap ends within It can be easily noted that the PRMA performance depends

T; ~v is the probability that a talkspurt ends duriftg; v, is .
the probability that a talkspurt ends withify. on both?’; andp. Therefore, optimum values must be selected

On the basis of the voice source model described in [‘g order to attain the best behavior. Toward this end, we

For instance, according to (1) and on the basis of the val

talking and silent periods are exponentially distributed wi onsider an MSS with system parameter values given in

. . able I. Note that in some practical applicationd, may
mean value$; andt,, respectively. Typical values are 1 s forassume a value less than that given in Table | (e.g., by means
t1, and 1.35 s for, [7]. According to the above assumptions g 9. 0y

is obtained as bf the use of powerful codecs [18]). In these cases, the PRMA
v capacity is improved, i.e., higher valuesaf o1 are possible.

v=1-(1-y". (3)

In the state diagram in Fig. 2 we have also considered
transition from the CON state to the SIL one with rateSuch ~ In deriving the optimum value op, we have considered
a transition takes into account that a talkspurt may end befdté = 30 UT's/carrier and two values fofy, i.e., 5 and 15

obtaining a reservation (and, hence, it may be completdl§s (note that the casE; = 5 ms by means of the assumption
dropped). This has a high probability to occur when the CORf =~ RTDuax, entails a limit situation for the altitude of

Aé1 Selection of

state is congested. LEO satellite$). From Table | and (1), it follows that we have
N = 17 slots/frame andV = 21 slots/frame, respectively. The
. APPLICATION OF THE PRMA PROTOCOL behavior ofFr.p, @s a function op for both the terrestrial and

T0 MSS's: A FEASIBILITY STUDY the LEO satellite cases is shown in Fig. 3. It is evident in this

raph thatl’; = 15 ms permits to have the lowest,., on a

In order to use the PRMA protocol in MSS's, we musg/ide range ofp values. This interesting result will be further
consider the time needed to know the outcome of a reservatign. ;ssed in Section II-B.
attempt during the contention phase (i.eaund trip delay, |y the satellite case, regardless of the valudpfwe have
RTD). This time is much greate_r than in _terrestrlal ce_llulatrr1at if p increases from 0.1 to 0.4, the packet dropping proba-
systems (e.g., Gs for a terrestrial cell with 1-km radius) ity gecreases, i.e., the access delay is reduced. Conversely,

and it is not negligible with respect to the slot duration (se]f; values greater than 0.6 give rise to an increas&’jn,.

Fig. 1). In MSS'’s we can consider that a UT stops contendifg,reqver, it is evident in Fig. 3 that in both the satellite cases
when it is waiting for the result of a transmission attempt; this

information is received from the satellite after an RTD time. !Since in LEO-MSS's, RTR.x 3> T, we can neglec’s with respect to
The use of the PRMA protocol in MSS’s has been pré®TPmax. In this case, we practically havgs ~ RTDmax.

. : ) . ’ 2 L L _
viously discussed by Ananasso and Delli Priscoli [17]. In °The limit situation for LEO-MSS's with RTD..x = 5 ms has been
considered only with the goal to evaluate the PRMA performance in an LEO-

particulqr, they showed that the.high RTD values arismg Miss which presents the most favorable conditions for the RTD very close to
geostationary MSS'’s (e.g., RTD is equal to 250 ms for a Ud'terrestrial scenario.
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Fig. 4. The PRMA multiplexing gain as a function @¥ with p = 0.4 for

Fig. 3. Behavior of Py, versus p with M = 30 UT's/carrier both the terrestrial and the satellite case.
for the PRMA protocol in both LEO satellite cases, continuous line
(Ty = RTDmax = 5 ms andTy &~ RTDmax = 15 ms), and terrestrial
i =5 = 5 . . . e
ones, dashed lines’¢ = 5 ms andZy = 15 ms) high value of RTD which significantly reduces the number of

possible contention attempts withi,,,,.. However, in both
considered (i.e.7y = 15 and 5 ms) Py, has a minimum the terrestrial case and the satellite opgg; has a quite flat
aroundp = 0.4. Thereforep = 0.4 can be assumed, with amaximum for 7} in the range 15-16 nfs.
good approximation, as the optimum choice for a wide rangelt is important to note that, according to Fig. 4, the PRMA
of 1’y values. This is valid in the terrestrial case as well.  protocol is suitable for application in LEO systems (i.e.,
ito.o1 > 1 conversations/channel), but not medium Earth
B. Selection ofl’; orbit-MSS’s (MEO-MSS’s), where RTR, values are usually

This section discusses the impactlyf (equal to RTQ,.,+ 9reater than 70 ms. _ o
T,) on the multiplexing gain performance of the PRMA We emphasize that from Figs. 3 and 4 it is evident that the

protocol. This study may help the system designer in selectifgme values op and 7y (i.e., 0.4 and 15 ms, respectively)

a suitable frame duratichFig. 4 shows the multiplexing gain OPtimize the performance of the PRMA protocol in both
as a function ofl’; with p = 0.4 for both the terrestrial satellite and terrestrial cellular systems. This is a promising

#40.01 . . . .
and the satellite scenario. The system parameter values'§ault in the light of the future expected integration between
Table | have been kept fixed. Therefore, according to (1), ##f terrestrial and satellite segment within UMTS.

increase iril’; causes longer packets. The dependenge, af
on T highlighted in Fig. 4 can be explained as follows. IV. THE PROPOSEDPRMA-HS RrOTOCOL

* A low value of T; implies to reduce the slot duration The main limitation for the application of the PRMA proto-
by assuming fixed values aRk. and R,. Therefore, a col to MSS's is that the high RTD values reduce the number
UT needs a large number of reserved slots to transmit acontention attempts withi®,,,.,.. In order to overcome this
talkspurt. This entails a reduced number of slots availabpeoblem we propose a modified version of the classical PRMA
for transmission attempts by new active UT’s. In this casprotocol, named PRMA-HS, which allows a UT to attempt
the multiplexing capabilities of the PRMA protocol argransmissions also during the time interval needed to notify
significantly reduced any,.,, increases. the outcome of a reservation attemptafting time. The first
An excessive value d’; causes a worse system perforsuccessful attempt of a UT is recorded by the satellite in a data
mance because it leads to reduce the maximum numbebake in order to ignore any successive successful transmission
attempts available for a contending UT before droppinattempt made by the same UT during the waiting thktence,
a packet. If a frame duration greater than 40 ms i8e say that after the first successful attempt the UT enters a
considered, the multiplexing gajiy.o1 suddenly reduces block of hindering stateshbecause any successive transmission

and undergoes one conversation/channel, i.e., the I:)RM’Q‘This result is consistent with that shown in [7], whéfe = 16 ms was

protocol loses its advantages as regards TDMA. selected by using slightly different system parameter values (i.e.,zbatid
From Fig. 4, we can note a significant difference betweé'ﬂz parameters of Table I). , _
We refer to the voice service: a UT needs the reservation of a single slot per

the _terrestrlal C_ase and the satellite one fPr high Valu_es f%fme, whereas multislot reservation could be required in a multimedia system,
1%: in the satellite case we have a more evident reduction @fiere multirate applications are considered. The investigation of such a case

po.or when Tf exceeds 40 ms. This difference is due to thie beyond the scope of this paper. However, PRMA—HS_does not pose any
’ problem for multirate applications as regards PRMA. In this case, the number

3In this section, we will find a range @F values that assure a good PRMAOof slot reservations per frame for a given UT depends on the application(s)
performance. Within this range, the selectiorilgfdepends on both the voice it is running. See Section VII for more details on multimedia transmissions

codec and the packetization process. with PRMA-HS.
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attempt is useless and may only disturb the access attemptspgnt in the block of reservation states, RE8ust be equal
other UT’s findering contention However, we will show in to N slots. Whenever a UT leaves the RESates, with still
Section VIl that despite this drawback, the PRMA-HS protocelbice packets to transmit, it enters the loop from RES to
outperforms the classical PRMA protocol. RES). The behavior of the UT when it is in the block of RES
In investigating the performance of the PRMA-HS protocditates is the same as for the PRMA protocol.
we assumé’y = n RTDy.x, With » greater than or equal to  In the UT state diagram we have also considered the
one. In the special case = 1, we actually considef’s ~ backward transition from the CON state to the SIL one with
RTD,.., as already discussed. For the sake of simplicity, werobability v to take into account that a talkspurt may end
will consider only integer values fat which are divisors of before obtaining a reservation.
N; then, RTD,,. will contain an integer number of slots. We Let R denote the total number of UT's which have a
expect that for a fixed value &} the Py, performance can reservation. Then, the expressionagfi.e., the probability that
improve if RTD,,. is reduced (or equivalently increases). a UT makes a transmission attempt on the next slot) is obtained
On the basis of the optimization process carried out on thg considering the joint probability of two independent events:
PRMA protocol, we have selecteéfl; equal to 15 ms (this 1) the next slot is unreserved (probability— R/N) and 2)
choice will be validated in Section VII also for PRMA-HS).the UT obtains the permission to transmit on it (probability
Consequently, due to the possible values of RTPpwithin the p). Hence
LEO range, we have that reasonable valuesifare one—three R
a= <1 — N)p 4)

(values ofn greater than three entail an RER value which
is lower than that allowed by LEO systems).

In the PRMA-HS protocol a UT remains in the contendinget us consider the probability that a transmission attempt
state (CON) until it obtains a reservation. If the transmissidias been successful and let us denotefbthe total number
attempt of a UT fails, it has to attempt again on the next freg UT’s in hindering states. A UT in the CON state, which has
slot on which it has the permission to transmit. Let us assuraempted a transmission on a given slot, obtains a reservation
that only one UT has attempted to transmit on a given slgt;no other UT (in the CON state or in HINstates) attempts
after the RTDRy.x time (i.e., N/n slots) the UT will know to transmit on the same slot. Therefore, probabilitgan be
the positive outcome of its access attempt. During the waitiegpressed as follows:
time, the UT continues to attempt transmissions on each idle H
slot according to the permission probabiftyf course, any w— {(1 )", for < 1andvH
successful reservation attempt after the first one will be ignored (1—-p)ti=t,  forC>1landVH

by the satellite. whereC represents the number of UT’s in the CON state.

We can model the behavior of each UT by the Markov tq giate vector of the PRMA-HS system is given by the
chain shown in Fig. 5. An active UT stays in the SIL Stat?ollowing set of 2V + 2 variables:

as long as it has no speech packet to transmit. As soon as

the first packet of a talkspurt is generated the UT enters the 2 ={S, C, Ry, Ry, -+, Ry_n/p1, HN—njms =75

CON state. It remains in the CON state until its attempt is Hyn_1, Ro, Ry, -+, Ry_1}

successful; in this case, the UT leaves the CON state and

enters the hindering states chain from HIN; to HINN—N/n; whereS$ is the number of UT's in the SIL stat€], the number
these states model the delay to know the positive outcome0$fUT’s in the CON state#;, the number of UT’s waiting for

a transmission attempt (i.e., RER: = N/n slots). While the a positive acknowledgment that will arrive after (N —N/n)

UT is in HIN; states, it may continue to attempt transmissiorf#0ts; 22;, the number of UT’s that have a reservation on:the

on available slots even if it has already obtained a reservatitiure slot and have left the CON state from a time less than
because the positive acknowledgment is received by the ©QTequal tol; R;, the number of UT’s that hold a reservation
only after the RTQ,.x time. From the UT standpoint, the CONon theith future slot and have left the CON state from a time
and the HIN states are indistinguishable. This justifies thgreater thanl’s.

introduction of theglobal contending statéGCON) in Fig. 5.  Of course,R;, R}, and H; may be equal to either one or
When the UT receives a positive acknowledgment, the UZEro. Since a given slot can be reserved by only one UT, the
leaves the hindering states, and must wait #or N/n — 1 following constraint must be considered:

sI(I)ts to ttrhansmit the tsu?sequr:ent palc'l]fetthOf tthli talktspurt o(rj tg{ Ri+H; <1, for N— N/n—1<i<N-1
release the access to the channel if the talkspurt is ended.: y .

In order to take into account this time, a special block of Rt i<, forO<i<N-—N/n—1.
reservation states (RES which is different from the main In order to obtain the total number of UT’s holding a reserva-
chain of reservation states (RBShas been considered. Thetion, R, we have to sum the following terms.

overall time spent in the hindering states, Fililus the time  « The number of UT’s in hindering statd$, since these
6If the UT waits for a time greater thaP., without obtaining a reser- UT’s have already obtained a reservation even if they

vation, it stops transmitting the first packet and starts to attempt transmissions have not yet received the acknowledgment from the
with the second one. However, the first packet has to be considered actually ggtellite due to RTD.

dropped only if the UT does not receive a positive acknowledgment within ..

Dmax + RTDmax. After the first packet is dropped, subsequent packets are * The number of the UT’s in RESstates.

discarded from the buffer afte¥ slots. e The number of the UT’'s in RESstates.

()

(6)
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GCON

Fig. 5. The UT state diagram for the PRMA-HS technique in an LEO-MSS.

Then, according to the definitions &;, R, andH;, we have A point €2 in the state space is an equilibrium point if
that and only if it satisfies the condition that at each slot the
expected change in each state variable is zero

R=R"+H () : .
The advantage of the EPA approach is that it is not necessary
where to calculate the state transition probabilities, since it is assumed
N1 that the system is always at an equilibrium point. The EPA
H = Z H; method reveals some problems when the system has multiple
i=N_N/n equilibrium points. A critical discussion about the accuracy
and of the analytical predictions obtained by the EPA method has
N—N/n—1 N1 been given in [23] and [24]. We will validate our analytical
R = Z R + Z R;. (8) predictions by means of comparisons with simulation results.
e ‘ e As already discussed in Section IV, we assume That n

RTD,..x, Wheren is an integer value greater or equal to one
and a divisor ofN.
R+S+C =M. (9) The equilibrium value of each state variable is denoted by
small letters, e.gs denotes the equilibrium number of UT's in
the CON state. The equilibrium values of the state variables are
real nonnegative numbers that can be derived by equating the
The stationary probability distribution of the state veddr inflow and the outflow for each possible state of the diagram
could be derived according to the standard method outlinedghown in Fig. 5. From above, it is straightforward to verify
[19] and [20] for Markov chains. Unfortunately, that approacthat the following results hold as shown in (10)—(15), given at
does not represent a viable solution in this case, since the bottom of the next page. Recalling that the total number
number of possible state® is very high (i.e., 22" M%) of active UT’s is M, we must have
and the derivation of the stationary distribution can become
computationally unfeasible whe®V and M have practical
values. Nandaet al. [7] overcame this problem by resorting
to use theequilibrium point analysiSEPA) [21], [22]. The
EPA technique is based on the following definition of ain (15), the terms: and « are obtained from (4) and (5) by
equilibrium point of a system: substituting the equilibrium values to the variab{&s R, and

Moreover, we must have

V. EQUILIBRIUM POINT ANALYSIS

st+ec+Nr+ Nh=M. (16)
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H: ¢, Nr + Nh (see noté and Nh/n, respectively, 0.015

a=(1—r—"n)p 17 <
ueptn sy ]

= (1 _p)c-l-(]\"/n)h—l7 fore > 1. :‘—‘[:_% |

Equations (13)—(16) form a system of four equations in thé %'

four unknown equilibrium state variables ¢, », andh. This

Ting sta

system can be simplified in the following one, where theg
unknown variables are and h: é
1 N < 0.005
Fle, h) = [— +—} h+ (1+1)c=M 19) &
g Yf g %
h 5
gle, h) =upc(l —y)|1— —| —h=0. (20) 2 \ N
’7 ' A S
. . . f \.A — \\‘“7\4‘
For each couplec( /) which fulfills this system we may obtain 00‘ E {0 15 55 55 30
the corresponding values of the state variablesxdr as Number of UTs in the contending state at equilibrium, ¢
= 1_—’” h (21) Fig. 6. Behavior ofg(c, k) = 0 in the regionc > 0 and2 > 0 with
Yf N = 21 slots/frame, for several values pfandn.
h
s= m (22)
g Nandaet al. in [7], where a more simple equation of the

Equation (20), i.e.g(e, h) = 0, is transcendent. Therefore, ittype F(c) = M has been solved. We are interested to find
is impossible to solve the reduced EPA system (19) and (20 region where the system (19) and (20) admits only one
by the classical substitution method; (20) represents a cus@ution because this condition assures a correct application
on the planec—h, where the function(c, ») defined in (19) of the performance analysis (see Section VI). First, we may
has to be evaluated. Equation (20) can be numerically solvgi@phically study the solutions of the system (19) and (20)
for ¢ > 0 andh > 0 by resorting to use the Gauss—Newtoy considering the following procedure: we select a given
recursive method [25]. We have selected the origin (0, 0) avalue for ¢; according to theconstraint g(c, h) = 0, we
starting point. The behavior of (20) has been shown in Fig.dbtain through a recursive method the corresponding value
for several values of the permission probabijitand for both A(c); then, we compute a point of the curé&ec, h(c)). The
n = 1 andn = 3. We can note that the curvgc, h) = 0 solutions of the system (19) and (20) may be studied on a 2-D
slightly depends on the value of Since parameter is present graph as the intersections between the line at a constant height
(by means of probability:) only in the second equation of the)M and the curvel'(¢, h(c)) as a function ofc. This graph
system, (19) and (20), that ig{c, ») = 0, we can conclude has been shown in Fig. 7 fer = 3, N = 21 slots/frame and
that there is a very slight dependence of the EPA solution.onseveral values of the probabiligy.
This interesting result will be further validated in Section VII, We note that!'(¢, h(c)) is equal to zero for = 0 and that
where it will discussed the impact afon the performance of F(e, h(c)) is greater tha/ for ¢ = M (see not®). Then, the
the PRMA-HS protocol. EPA system has an odd number of solutions for any selected
The EPA system (19) and (20) represents the twwalue of M.
dimensional (2-D) transposition of the method proposed byLet F; denote the minimum of thé'(c, i) curve over the
"The UT’s that have a reservation are in RESates, in RESstates, and constraint and let; denote the maximum OF(C’ h) curve

in HIN; states; all these UT’s must be considered for evalualings done OVEr the constraint. Botlt; and F> depend onNNV, p, na, 7.
in (7) and (8). We obtain the equilibrium value &f by consideringh UT’s

in each of theV/n HIN; statesh UT'’s in each of theV — N/n RES states, 8In (19), even if we neglect the contribution due to(generallyh < c;
andr UT's in each of theV RS; states. Consequently, the equilibrium valuesee Fig. 6), we have thd&(c, h) ~ (14 /o), and this quantity is greater
of R is given by Nr 4+ Nh. than M for ¢ = M.

equilibrium at state

TQ=T1="""TN_1 =T res fori =0, ---, N -2 (20)
hN—Njn =hn-Nm—1=--hy_1=h  HIN;fori=N—N/n, .-, N—1 (11)
To=T1 = TN_ N1 = B re§ fori=0,---, N - N/n—1 (12)
os =y +v¢h + e SIL (13)
r= (=) + 1=k resy-— 4

os = yc+ auc(l — ) con (15)
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% 401 g [ congestion.cuitve
‘é oL ) - Fy cvirve
20 2 M T Uislaarmer Lo L
Region with a single selected p'value
ol =099 r= 0'.9 . ) . 101 * EPA solution and nop-
0 5 10 15 20 25 30 o congeste'd system . l
o 0.2 0.4 0.6 08 1

Number of contending UT's at equilibrium, ¢
Permission probability, p
Fig. 7. Behavior ofF(c, h) over the restraing(c, h) = 0 for N = 21 . . . . .
slots/frame,n = 3 and several values qf. Fig. 8. Behaviors off'y and F5 [respectively, the minimum and the maxi-
mum of F'(¢, h) overg(c, k) = 0] as a function ofp, in the regionc > 0
andh > 0, with N = 21 slots/frame and: = 3.

According to the method outlined in (A.4) of the Appendix,
we have obtained the behaviors shown in Fig. 8 for bbth |, conclusion, in order to have a good behavior of the

and F as a function ofp for 7y = 15 ms,n = 3 and the pr\MA-HS protocol we are interested in the region below the
other system parameter values shown in Table | (thers 21 .,ngestion curve and below tHa curve. We will show that
slots/frame). For example, we have obtainéd~ 61.22 and s jimitation to the value of\/ does not reduce the usefulness

Fy ~ 69.05, for p = 0.3; | ~ 45.46 anql Fy =~ 61'05'_ of our analysis, since the fulfillment dfy.., < 1% represents
for p = 0.4. According to what is shown in the Appendix, stronger constraint.

Pmin(N, n, o, 7) is the minimum value of the permission
probability p which allows a maximum and a minimum forA ility of the Equilibrium Poi
F(c, h) over the constrainy(c, h) = 0. Therefore, we can "~ Stability of the Equilibrium Point .
state that the number of solutions for the EPA system (19) andn order to assure a good behavior of the PRMA-HS
(20) is as follows. protocol it is necessary that the system is at a stable equi-
Forp > p o librium point. In this situation, any small excursion of the
M p pai pmm- . . . oy .
0 < M < F state variables is forced back to their equilibrium values.
— one, | ) < <41 Following the same approach proposed in [7], the stability of
— three, if 1 < M < Fj an equilibrium point can be studied by considering the outflow
— one, if M > F5. from the CON stateZ(c, h), defined as (see Fig. 5)
° Forp < Pmin:
— one, for any value of\/.

In Fig. 8, the darkest area represents a region where the valwberew is a function ofc and/ as shown in (18).
of M andp cause three solutions for the EPA system. In this Note that the outflow in (23) considers both the transition
case the system oscillates among the two extreme conditioisvard the hindering states and the transition toward the silent
We must properly select the system parameter values siate that occurs when an entire talkspurt has been dropped
order to avoid this behavior. Moreover, Fig. 8 also contairdulie to system congestion.
a congestion curvethat will be described in Section V-A, On the basis of the EPA equations (13)—(15), we have that
where we will prove that the PRMA-HS protocol has a low#(c, h) = h + ~., where h is a function of ¢ according
throughput (i.e., congestion) when its operating point is abot@ g(c, k) = 0. An EPA solution characterized by a given
this curve. Note that in Fig. 8, below the lin® = 21 value of ¢ is a stable equilibrium point if an increase of
UT’s/carrier, the PRMA-HS protocol does not efficiently use causes an increase of the outflow from the CON state,
the transmission capacity of the carrier (since we hsve 21  G(c, h). Therefore, a stable equilibrium point is characterized
slots/frame). by a positive derivative of¥(c, i) with respect toc (see the
The gray area below thg; curve and below the congestionAppendix).
curve represents a region where the PRMA-HS performs wellThe expression of the outflow from the CON stai&¢, h),
(there is a single EPA solution and the system is noncois-quite similar toF'(c, h); then, a similar behavior for both
gested); whereas the white area aboveRheurve and above functions is expected. Therefore, the outflow may have both
the congestion curve is a region where the PRMA-HS protoamlaximum and minimum points that must be investigated with
does not work correctly (the EPA system has a single solutidhe same method used in the caseR{i, h(c)). We have
but the throughput is very low). analytically studied these extreme points in the Appendix.

G(e, h) = auc(l — ) + e (23)
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From the results shown there we can conclude that Boéind that this is the connection point of two curves with slopes of
F5 curves in Fig. 8 permit to state (with a good approximatiorgifferent sign). Hence, we can express the maximum point for

the following. the A curve as follows:
* Values of M and p which fall outside the dark region . [t (p), for p < pPlim 25
delimited by 7}, and I, curves assure a single and stable €= 1, for p > Piim. (25)

solution for the EPA system. However, the system can be . . . A S
. I ) n conclusion, if0 < ¢ < ¢, the equilibrium pointe is in a
congested or not depending on the position with respect L e A
. : o .hioncongested condition; whereasdf> ¢, the equilibrium
to the congestion curve, as discussed later in this section. g o .
: ; . point ¢ is in a congested situation (case of a single EPA

« Values of A andp which fall in the dark region between . LS : . .
) . ; —._solution). This is similar to the behavior found in the terrestrial
F| and F; curves, entail three solutions with three d'ﬁer'PRMA case [7]. The congestion curve shown in Fig. 8 (for

entc values for the EPA system. The two extremelues

are in the stability region; whereas the centralalue is the system parameter vaI_ues glve~n |n~TabIé’Jl, 15 ms
o andn = 3) has been obtained d8(¢, h(¢)).
unstable because it is between thalues that correspond . . .
: . In the regions where the EPA system has a single solution
to Fy and F, that are approximately the extreme point

for G(c, h(c)). Then, the system oscillates between th below the F; curve or above thd% curve), the analytical

) evaluation of the system performance can be carried out as
two extremec values; the lowest one corresponds to a .. . : ) o
o . ) outlined in the next section. Moreover, since it is necessary to
noncongested situation (i.e., high throughput), whereas . . ; .
> ) avoid the system congestion, we are interested to the region

the other corresponds to a congested situation (i.e., |

%Vglow both theF; curve and the congestion curve. Hence,
throughput).
- ) the values ofdM andp must be properly selected. Thé o,
In Section VI-B, we will prove that when the EPA system,, a5 that will be obtained in Section VII fgr= 0.4, will

admits a single solution, the throughput of the systemis e pejow both the congestion curve and fiecurve shown
proportional toh. Typical behaviors of: as a function ofc Fig. 8.

are shown in Fig. 6. When increases alsé increases until
it reaches a maximum. i increases agairh, andr decrease: VI. PERFORMANCE ANALYSIS

the system becomes congested and it cannot guarantee fhe PRMA performance for voice transmissions is evalu-

good performance. Then, in order to investigate the systgffizd in terms of both the probabilit{’,,., and the system
congestion, we need to study the point of maximum for thgroughputs.

function . = h(c) obtained from the implicit relationship
g(e, h) = 0. Let us denote by the point which corresponds
to the maximum of the: curve.

In order to formalize the definition @f, we have considered It is straightforward to note that when a UT is in a hindering
the sign of the derivative ok with respect toe, that is given state no packet dropping can occur. Then, the discarded
by (A.2) and (A.3) in the Appendix. We have obtained thpackets which affecf’y,, are related to a UT in the CON

A. Packet Dropping Probability

following results. state shown in Fig. 5. This is a situation similar to that of the
« dh/dc is always greater than zero in the region with terrestrial PRMA protocol [7].
and h greater than zero and < 1. Let us considerPy,., conditioned on havinglX* termi-

« dh/dc has the following behavior in the region witrand nals which know to have a reservatiod{ terminals in

I greater than zero and> 1 depending on the value of hindering states, and” terminals in the contending state,
c*(p) = —1/1In(1 — p) with respect to one: it*(p) < 1, i.e., Piop(C, H, R*). We cannot consider th&* terminals

then dh/dc is always negative for > 1; otherwise, if and theH terminals together, ag terminals which hold a
c*(p) > 1, thendh/dec < 0 for ¢ > ¢*(p), dh/dc = 0 for reservation because the terminals in the hindering states have

¢ = ¢*(p), anddh/dec > 0 for 1 < ¢ < ¢*(p). a double function: they still contend even if they have already
Note that if p approaches zera;*(p) tends to+oo. Obtained a reservation.
If probability p increases from zero, we have thétp) By taking into account thaky,,,, must be less than or equal

becomes more and more close to o‘he the ||m|t|ng to 1%, we neglect the back transition from the CON state to the
condition is given by a Specia| value f@r Dlizns which SIL state (See Flg 5) We consider a tagged UT which arrives
entailsc* (pii ) = 1. According to the definition of*(p), at the CON state where othérterminals are already present.

we obtain This UT leaves the CON state at the end of a slot (because it
has obtained a reservation) if the following three independent
Plim =1 —¢ 1 2 0.6321. (24) events occur: 1) the slot is available; 2) the tagged UT has
the permission to transmit on it; and 3) only the tagged UT
If p > pim, then,¢*(p) < 1. has transmitted on this slot and then its transmission has been

By joining together the above cases on the sig@ofdc for  successful. Accordingly, the probability that the UT leaves the
¢ < 1land forc > 1, we have that fop < pi,,, the derivative CON state on a slof’,,. is given by

dh/dc becomes equal to zero fer= ¢*(p) where we have a R4+ H
= <1 - )p(l —p)“H. (26)

maximum; whereas foy > py;, the derivativedh/dc is never P...(C, H, R*)
¢ = 1, since the derivative changes its sign in this point (notdote that in (26)F,. is conditioned onC, H, and R*.

equal to zero, but tha curve equally presents a maximum for
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The tagged UT remains in the CON state at the end ofome; then no more thalV/» UT’s are in HIN, states). Hence,
slot with probabilityv(C, H, R*) = 1— Ps,(C, H, R*). Let we have
tcon denote the time spent by a UT in the CON state in order

to obtain a reservation. We assume thatn givenC, H, R*, O (H.|R )

has a geometric distribution with parametee »(C, H, R*) _ (min(N = R*, N/n)\ g, in(N—R", N/n)—H

[7] = H P (1 ph) )
H € [0, min(N — R*, N/n)] (32)

Peon(§|C, H, R*) = (1 — o)’ ™Y, j=1,2,---. (27)
- _ ) wherep;,, is obtained by equating the equilibrium value &f
Then, probability Pu.ep (C; H, R*) is computed according 0 (e N /) to its expected value which is derived according
[7] as to (30)—(32); the following result is valid:

~.
1 (1 ’yf)v Ph = h 7 for R* > N — N/TL (33)

For the special cas® + R* = N and M > N, we have that n—nr—(n—1h

the distribution (27) is not yet valid, sinee= 1. Under the We have numerically verified that the distribution &f =

condition thatH + R* = N, all slots are reserved antdon R* + H obtained by using the distribution®g-(R*) and

approaches infinity. Then, by taking the limit for — 1 in O r- (H|R*) is very close to the binomial one used in [7].

(28), we obtainPyop(C, H, R*) = 1, for H + R* = N. By following the same approach proposed in [7], we model
The probability Py.., can be computed by removing thethe CON state (which is shared among all the UT’s) as a

conditioning onC, H, and R* in (28). Therefore, we need toqueuing system of th&EOM/GEOM/1type® [26]. Conse-

express the joint probability distributic®c i & (C, H, R*) quently,®¢ g, r-(C|H, R*) is geometrically distributed; this

for the state variable€’, H, and R*. Toward this end, we distribution must be truncated as shown in [7] because the

D *
Pdrop(c7 H, R*) _ L (28) h, for R <N — N/TL

resort to the Bayes rule as follows: maximum number of UT’s in the CON state is upperbounded
. by M — H — R*. In conclusion® «(C|H, R*) is given
Oc. i - (C, H, ) bzloz o, r-(C| )is g

= Ocim, p+ (C|H, R")Omp-(H|R")Or-(R*) (29) .
®C|H,R*(C|H7 R )
where Og-(R*) is the probability thatR* terminals are po(1 — po)¢ for C< M — H — R*

in the RES states, Oy g-(H|R*) denotes the probabil-

i i : : = —po)© =M-H-R (34

ity that H terminals are in the HIN states givenR* (1= o), for ¢ ,M H-R (34)
and ¢y g-(C|H, R*) represents the probability tha® 0, otherwise

terminals are in the CON state givei and R*. where py is the probability that the contending state is idle.

In expressing®g-(1*), we assume that the UT’s actAccording to the EPA approach, parameggrcan be derived
independently, and that each slot has the same probability equating the expected value of the number of UT’s in
to be reserved. Lep... be the steady probability that a slotthe CON state E[C], to the number of contending UT’s at
is reserved. Since slots can be independently reserved, eaghilibrium c. We obtain E[C] by using the distribution of
with probability p.s, the following binomial distribution is UT’s in the CON state9(C)
considered forOg. (R*): N min(V_R*, N/n)

N "R . 0(C) = <) .(C|H, R*
@R*(R*):<R*>PT§S(1—pres)A R R0, N] (©) Rgo Hz__:o ey, e (C1H, B)

(30) O p (HIRNOR (R,  Celo, M]. (35)
wherep,.s may be obtained according to the following consid- . o )

eration: since we have assumed that our PRMA-HS protoddfnce. E[C] = ¢ is an equation in the unknown variahjg
operates in the noncongested region with a single equilibridiffiich can be numerically solved. A very good approximation
point, the mean value d&* from (30) (i.e..E[R*] = Np,.,)is Of the solution is

equal to its equilibrium value (i.elyr+ Nh— Nh/n); hence, po & (c+ 1)1, (36)
Pres =7 + <1 _ l)h_ (31) A \validation of the expressions used fo®g-(R*),
n Ouir-(H, R*), and O¢ gy, - (C|H, R*) has been carried

Note that in this study we consider th&f > N because this GEOMetrically distributed interarrival times/GEOMetrically distributed
is the case of interest for the PRMA protocol, where we expesstrvice times/one server [26].
that more UT'’s share the use of the same slot. 19The model of the CON state and then formula (34) are approximated
TR . ._,because we have neglected the following aspects: 1) the arrival process of
The distribution® H|R*)hasb db I
) e aistribu '_0 _HIR*_( | i ) as been a_ssume InomialyTs to the CON state depends on the departure process of UT's from the
since the UT’s in hindering states have an independent behaoN state; 2) more than one UT may enter the CON state on a given slot;
ior and the maximum value off cannot exceedV — R* or and 3) the time spent by a UT in the CON state depends on the number of
N hich is | h h b f HIN UT’s in the CON state. These approximations can be accepted if the average
/n, whichever is less (note that the number of HiMates | mper of UT's in the CON state is less than one, as it is expected to obtain

is N/n and in each of them the maximum number of UT’S i®4,., < 1%.
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1 . . , . i , . admits a single solution. Moreover, on the basis of (21), we
0o have thatr is proportional toh
| h packets
- 0.8 n=— - (39)
o V¥ slot
s o7
g o06f | For p < pumin, the EPA system (19) and (20) admits only
5 05 one solution for any value off. In these conditionsy is
g proportional toh according to (39). Fop > pui,, the EPA
A 04 — theory 1 system (19) and (20) may have either one or three solutions
0.3l . depending on the value a¥/. Of course, (38) and (39) can
== simulations . .
o2l e | be applied only when the EPA system has only one solution.
| This situation can be identified as follows. Let us denote by
0.1 K 1 cmin the EPA solution with the lowest value offor A = F}
N AN L . : " . . and byc,,.. the EPA solution with the highest value offor
0 5 10 15 20 25 30 3 40 Ay — [, Then, forp > pui, (38) and (39) can be used only
Number of UTs in the contending state, C when eithere < Comin OF € > Cax-

Fig. 9. Comparison between the distributiéh-(C) obtained from the Let us remm_d thate = h(c) Emphcnly g'Ve“Nb.y g(c, h) :
analysis and the relative histogram obtained by simulations for the systéfy has a maximum fotc = ¢ (see Fig. 6):¢ is the point

parameter values shown in TableZly = 15 ms,n = 3, p = 0.4, and where dh/dc changes its sign. According to the Appendix,
M = 40 UT'sfcarrier. for p > pmin Maximum and minimum points oF (¢, k(c))
o are obtained in correspondence with the intersectiodgtlc
outin Fig. 9, forTy = 15 ms,p = 0.4, n = 3, and M =40  wjth the horizontal line for-(1+v/o)/(1/o+N/~;) < 0: the
UT's/carrier, where the distributior®¢(C) from (35) is  maximum F; corresponds to the poirtr» and the minimum
compared to the related histogram obtained by simulations. corresponds to the pointz;. Then, we have < cps <
We can note that there is an acceptable agreement betwgen . .
simulation results and analytical predictions. The slight | conclusion, forp < puwin, the point of the maximum
differences are due to the approximations made in using (34) 7, — h(c), ¢ always corresponds to the point of the
for Ocu r-(C|H, R"). maximum forz; whereas fop > pui, ¢, is the point of the
The performance analysis is obtained as follows: we COfRraximum forn only if & < cmin. In Fig. 8, we have shown the
pute the equilibrium values, r, s, andh according the EPA congestion curve?(¢, h(¢)) for the system parameter values
system (19) and (22); these values are used in the distributigfigen in Table ,7; = 15 ms andn = 3. In this case, the
Or-(R"), Oy r-(H|R"), and Oc|y, - (C|H, R*). Finally, jimiting condition ¢ = ¢y, is obtained forp =~ 0.35, i.e.,
we remove the conditioning iu.o,(C, H, R), given by \hen the congestion curve crosses ffie curve (note that,
(28) with the exceptionuxop(C, H, RB*) =1,for R*+ H =, .~ 0.205, as discussed in the Appendix). Then, the point
N (e, v — 1) of the maximum forh is also the point of the maximum of

N min(N—R*,N/n) M—H—R"—1 n for p < 0.35.

Pdrop = Z Z Z Pdrop(C7 H7 R*)

R*=0 H=0 C=0

-Ocu, r-(C|H, R*)Oyp-(H|R*)Og (R*). (37) C. Transmission Attempts by UT’s in Hindering States

_ . When a UT obtains a reservation it will receive the positive
Note that_m (37) the sum of’ is up to M - H— R —1, acknowledgment after an RTR, time. In the meanwhile,
by assuming that there is at least one UT in the SIL state tlﬂl@t—{zMA-HS allows that other transmissions may be attempted
enters the CON state. by the same UT. These attempts may give rise to collisions
with the reservation attempts of other UT’s in the CON state.
This is a drawback of the proposed protocol; its impact on the
The throughput; is the probability that a slot is reservedsystem performance is discussed below.
pr, by either a UT in a RESstate, or a UT in a HilNstate or a Let P,;,, be the probability that a transmission attempt made
UT in a RES state. From the assumed distributigdg- (R*) by a UT is originated from a HINstate and gives rise to a
and© - (H, R*), we have verified that, with a very goodcollision with the attempt of one UT in the CON state. Note
approximation, the variablé& = R* + H can be considered that this is the sole case in which the transmission attempt of
binomially distributed from zero taV with parametep,.. If a UT has been both useless (because a UT in a; ISthte
we equate the expected value Bf(i.e., E[R] = Np,) to its has already obtained a reservation) and harmful (because it
equilibrium value (i.e..Nr 4+ Nh), we obtain hinders the access of a UT in the CON state). Probability
Py is related to the simultaneous occurrence of the following

(38) independent events.

* The UT which decides to access the shared channel on an
Equation (38) is only valid in the region where the EPA system idle slot is in a HIN state; this occurs with probability

B. System Throughput

packets
slot ~

n=p.=r+h
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Puselessy given by

N N 8
Pruseless = <E h) / <c+ - h). 40 F oo

« Only one UT in the CON state attempts to transmit or&
the same idle slot. We derive the probability of this eventﬁé o1
Py, by conditioning on the number of contending UT’s, & : \
C: the conditioned probability is given b§p(1—p)© 1. é 005 | T ‘\ “‘
Hence, we use the distributioB(C) given in (35) to g \\\ N S, 22”
obtain Py, as % 0 \%\)}‘§;;§:§:s§§:
M & 0 \\\\“’ == 8
Piyr =Y, Cp(1—p)“r0c(0). (41) ) 1
C=0
ion T, 0.03
It follows that Frame duration, 7 0 Permission probability, p
Prin = Pusetess Prur- (42) Fig. 10. Behavior ofP,,,, as a function ofT; and p for M = 34

Numerical evaluations of (42) have shown that the tran¥] S/camer andn =1 (simulation results).

mission attempts of UT’s in hindering states slight influ-
ence the system performance. In particular, after solving 18 e
the EPA system (19)—(22) for the parameter values giveﬁggﬁ 17

{
in Table |, Ty = 15 ms,n = 3, andM = 40 UT’s/carrier 2 ’E ,
(note that’v = 21 slots/frame), we have obtaindd,;,, =~ 51§ 18
2%. We have also verified thdt,;,, is sufficiently small g!*a 15
(i.e., below 3%) if in the previous numerical example we- ;
considern = 1 and7 is increased up to 25 ms. E 14
g 13
VIl. THEORETICAL AND SIMULATION RESULTS éﬁ 12
This section deals with the validation of the analytical 52 . LB e
approach outlined in the previous sections. Numerical results= e >
have been obtained for the system parameter values showi® 1 ' ;
in Table I. We have considered very long simulation runs in 08 : ‘ ;
order to achieve an accurate and reliable estimatioR,@f,. TETTIoT A0 0E R0 T 35 40 45 B0 BS

In particular, we have selected a duration of 5010° slots Frame duration, 7

) N . .
which allows 5% confidence I_r;)terval fd?,dro_l) for values of Fig. 11. The PRMA-HS multiplexing gain as a function®Bf with p = 0.4
M that guaranteePy,., > 1077 [27]; this is the range of and., = 1 (sateliite case with RTRax ~ Ty).

Purop values which is useful for evaluating the capacity of

both PRMA and PRMA-HS. o . -
within D, overcomes the disadvantage due to transmission

Fig. 10 shows simulation results faPy.., for different ) _
values of T} and p, in the case of\ = 34 UT's/carrier and attempts from hindering states. Consequently, the PRMA-HS

n = 1. From Fig. 10 we can note that: W, increases protocol maintains an acceptable performance also for higher
- . . . rop

whenp approaches zero or one for aiy value and 2)Py.op altitude LEO satellite constellations than PRMA.
significantly increases wheff; is too low (e.g., 5 ms) or As proved by the following results (see Figs. 13 and 14),

becomes greater than 25 ms. It is interesting to note that ##§ PRMA-HS performance is quite insensitive to the value
best operating conditions for PRMA-HS are obtained wheif 7, for @ givenTy value. Therefore, the optimum values of
T; = 15 ms andp = 0.4, i.e., the optimized parameter value0th 7y andp for n =1 (i.e,, Ty = 15 ms andp = 0.4), can
used in the case of the PRMA protocol (see Section IIl). be considered as a good choice alsosfor 1.

The behavior of paramete o, obtained from simulations ~ Fig. 12 shows the behavior dfy.op (theory and simula-
for PRMA-HS is shown in Fig. 11 as a function @ with tions) as a function of\/ for the PRMA-HS technique with
p = 0.4 andn = 1. From these results we can state that thie= 0.4, 7y = 15 ms (optimized values) and RTR. = 5 ms
maximum value forugo; (i.e., 1.63 conversations/channel)i.e.,» = 3). This graph shows that the proposed analytical ap-
is achieved forT; = 15 ms. However, a good performanceproach efficiently predicts the system behavior arofiad,, =
is also obtained foff’; values within the range 12-25 ms. Byl% (a similar behavior has been also obtained for other values
comparing Fig. 11 with Fig. 4, we can note that in the satelli@f p). In particular, we note that both theory and simulations
case the efficiency of PRMA-HS is better than that of PRMAconfirm that the capacity of a PRMA-HS carrier (i.84;.01)
Moreover, PRMA-HS has a better performance than PRM& 39 UT’'s (henceuo o1 = 1.63 conversations/channel).
also for highZ’y ~ RTD,,.x values. This is an interesting result Fig. 13 shows the comparison between the PRMA-HS pro-
which proves that the advantage of more transmission attemjaisol and the PRMA scheme in terms Bi,.p, in LEO-MSS’s
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Fig. 12. Theoretical and simulation results Y., versusM for the . . )
proposed PRMA-HS scheme with= 0.4, T; = 15 ms, and RTRyax = 5 Fig. 14. Behawot 0fP4.op for the PRMA-HS protocol in the LEO case
(both RTDnax = 5 ms and RTRhax = 15 ms) and the original PRMA

ms.
scheme in the terrestrial case (RED0), for p = 0.4 andTy = 15 ms.
0.016 T T T T T 0.9
PRMA , 08
s 0014} RTD,ox =5 ms //,’ ] .
b e
A o7t
2 .
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Fig. 15. System throughput (simulation results) for PRMA-HS as a function

Fig. 13. Comparison in terms @,,,, between the PRMA-HS protocol and of the number of UT's per carriefy/, for Ty = 15 ms, RTDnax = 5 ms,
the original PRMA scheme in LEO-MSS’s with= 0.4 and7y = 15 ms, andp = 0.4.
for bothn = 3 (i.e., RTDnax = 5 ms) andn = 1 (i.e., RTDhax & 15 ms).

by assumingl’y = 15 ms andp = 0.4. We have considered

for both n = 3 (i.e., RTDyax = 5 ms) andn = 1 (e, O LEO-MSS'S with RTDhax = 5 s and RTDya = 15 ms,
. respectively. From this graph we can note that the PRMA-HS
RTDyax = 15 ms) withp = 0.4 andZ; = 15 ms. We note . .
e . rotocol in the LEO case witl’; = 15 ms allows the same
that in this figure the performance difference between PRI\/ﬁ\ . . . .
d PRMA-HS is sliaht fom — 3 and sianificant fom — 1 capacity of the PRMA protocol in the terrestrial environment
3n ] IS slig h omh— a:cn signi 'Cs;np;l\r;rA_ " (i.e., 39 UT's/carrier). This result represents a further proof
ence, we may state that the periormance o SoNglat 7, = 15 ms andp = 0.4 are optimum values for
depends om: an increase in RTD leads to a worse behavioge pRMA-HS protocol in both terrestrial and LEO cellular
Whereas PRMA-HS is less sensitive to variations of RTD. Thé%/stems for the parameter values shown in Table .
is an interesting result that makes this protocol quite insensitive,:ig_ 1é shows the parameterfor PRMA-HS as a function
to the variations of RTD experienced in LEO systems during M, for T; = 15 ms, p = 0.4, andn = 3. From this figure,
call lifetime, mainly due to the motion of LEO satelliteSyye can note thayy has a maximum ford/ about equal to
Moreover, the PRMA-HS performance obtained for= 1 45 UT's/carrier. ForM values greater than 45 UT’s/carrier,
(ie., Ty ~ RTDmax) can be considered as a conservativg decreases. This behavior reveals a system congestion. For
estimate of the PRMA-HS performance for any RIR value A7 = My, we obtainn =~ 0.78 packets/slot, as for the
less thanT. terrestrial PRMA [7]. Moreover, under the same conditions
Fig. 14 shows thePy.., behavior of PRMA-HS as a func- assumed for Fig. 15, Fig. 16 presents the comparison between
tion of M for both a terrestrial cellular system (where RED analytical results and simulation ones fgrvalues in the
0, and PRMA-HS is equivalent to PRMA) and LEO-MSS’sregion whereM is less thanF; = 45.46. [According to
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Fig. 16. System throughput (theory and simulation results) for PRMA-HS . .
as a function of the number of UT’s per carriét, (in the region where the Fig. 17.  Behavior off’s.,, for PRMA and PRMA-HS as a function of the
EPA has a single solution) f&F; = 15 ms, RTDnax = 5 ms, andp = 0.4.  iNput data trafficrg, for Ty = 15 ms,n = 1, permission probability for voice
= 0.4, permission probability for data 0.2, 16 multimedia UT’s/carrier.
Fig. 8, there is only one EPA solution and formula (39) can be
used to evaluate theoretically sinceé > ¢y, for p = 0.4,
formula (39) cannot permit to show the maximumspfsee 2200
Section VI-B.] A good agreement is evident in this graph. 2000 |
Finally, simulations have been carried out in order tog
highlight the better efficiency of PRMA-HS with respect to =
PRMA even in the presence of voice and data traffics. Wg? 1600 |
have envisaged a data service with no special constraint 0 4400 |
the end-to-end delay (e.g., file transfer or e-malil messagesi.
Moreover, multimedia (data voice) UT’s have been considere%
which may need to transmit (even contemporaneously) voicg 1000
and data. The procedure used to acquire a reservation for dafi;a
is the same as that considered for the transmission of talkspurgs
(see Section IV). If a UT already holds a reservation for the® 600 | == PRMA-HS 1
transmission of a talkspurt (data message) it must acquire 400
another reservation for the transmission of an incoming data
message (talkspurt). An exhaustive policy has been assumed input data traffic, 74 {packets/slot]
for the transmission of data packets in the buffer of a U-Eig. 18. Behavior oflsg for PRMA and PRMA-HS as a function of the
Data messages are generated by a UT according to a Pmpisitt data trafficr4, for Ty = 15 ms,n = 1, permission probability for voice
sSon process. The message |ength in packets is geometrica”?A, permission probability for data 0.2, 16 multimedia UT’s/carrier.
distributed. We have assumédg¢ = 15 ms and a permission
probability equal to 0.4 for talkspurts. A lower permission
probability (i.e., 0.2) has been considered for data messag¥stems where the round trip delay is not negligible with
in order to prioritize the (delay-sensitive) voice service. ~ respect to the slot duration. We have shown that PRMA
Figs. 17 and 18, respectively, shdi,.,, for voice packets maintains a satisfactory performance in LEO systems, if the
and the mean message de|ay (m S|(ﬂ$)§g, for data messagesframe duration and the permission probability are Suitably
as functions of the input data traffic; (in packets/slot). In selected.
deriving these results we have considered 16 multimedia UT’sA novel protocol based on a modified version of the
per carrier with the system parameter values given in Tabli®RMA scheme, called?RMA with hindering statePRMA-
and an average data message length equal to 20 packets. Friéh has been also proposed. The performance of the PRMA-
Figs. 17 and 18 it is evident that the PRMA-HS protocdilS protocol has been evaluated by both an analytical approach
permits a higher value of, without loosing the constraint and simulations. An important result shown here is that the
Puarop < 1% and a lowerT,,,.,. Hence, we may conclude thatPRMA-HS scheme in LEO systems achieves a performance
PRMA-HS allows a better utilization of system resources tha&fiual to that of the PRMA protocol in terrestrial cellular
PRMA. systems. The better behavior of the PRMA-HS protocol with
respect to the PRMA alternative has been also highlighted in
VIIl. - CONCLUSIONS the case of voice and data transmissions.
In this paper, we have carried out a feasibility study concern-Finally, we can conclude that this paper has shown that
ing the application of the PRMA protocol in mobile satellitehe PRMA-HS protocol may be a good candidate as a unified
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MAC protocol for both the terrestrial and the satellite segment ;, ,,

of the future UMTS. ‘ ‘ ) ' ‘ ‘ ’
o.o15_§ b |
APPENDIX '
THE NUMBER OF SOLUTIONS OF THE 0.01 7'\ R
EPA SYSTEM AND THEIR STABILITY 0.00 l' dh
In order to estimate the number of solutions of the EPA i ]
system [see (19) and (20)] for different values &f, we 0 ~—
need to consider the maximum and the minimum of the curve T =
F(c, h), defined in (19), over the constraigc, h) = 0 which ~ -0.005_ ™ /// 1
is given in (20). We use the derivative df(c, h(c)) with T
respect toc -0.01, ~(1+y /0)/(Vo + N/y)
dl'(c, h(e)) _ F E} dh n (1 n 1) A1) -0.015. | 1
de o vyl de o ‘
-0.02 j 1 , , ‘ l
0 1 2 3 4 5 6 7

wheredh/dc can be obtained through the rule for the deriva-
tion of the implicit function [28]: we compute the partial
derivative of g(¢, h) with respect toc and we equate this Fig. 19. Behavior of bothh and dh/dc as a function ofc for p = 0.9,
expression to zero; we obtain an equation that permits to deriVe= 2! slots/framen = 3.

the following implicit expression ofih/dc:

dh n(1 —y)p(ys — h)¢ this line. In Fig. 19 there are two intersections. The intersection
o 1 — pucn — (77 — N (1 — p)] + v (A.2) corresponding to the lower value ofs related to a maximum,
! ! since dh/dc passes from above to below the line(1 +

Number of UTs in the contending state at equilibrium, ¢

where v/0)/(1/o + N/v¢) in this point. Whereas the intersection
(1 — p)N/m fore < 1 corresponding to the higher value ©is related to a minimum.
£ {(1 _ p)etN/mI=L1 e Tn(1 — p)], fore> 1 If p decreases, these intersection points move toward higher

(A.3) values ofc and the minimum ofi%/dc approache®— [only

and A is a function ofc according tog(c, h) = 0. dh/dc depends om, but the line—(1+~/c)/(1/0 + N/vy)

In order to obtain the maximum and the minimum ofl0€s not]; we arrive at a value pf here denoted bymin =
F(c, h) over the constraing(c, k) = 0, we equate (A.1) to Pmin(N; 7, 0, 7), below which there is no intersection of
zero, wheredh/de is given by (A.2) and (A.3). This method @%/dc with the line —(1 + v/o)/(1/o + N/v;). Through

can be summarized as follows: graphical evaluations, we have obtained that, ~ 0.205
~ for N = 21 slots/carrier and» = 3. Then, forp < pumin
dh (1 + ;) we have no minimum and maximum for tt#€(c, h) curve
=TT N (A.4)  over the constraing(c, h) = 0: F(c, h(c)) has a monotonic
[; —} behavior and the EPA system has a single solution for any
s value of M.
wheredh/dc is given by (A.2) and (A.3). In order to study the stability of an equilibrium point for

The problem (A.4) has been solved through ththe PRMA-HS protocol we need to consider the outflow from
Gauss—Newton iterative method [25]. Since multiple solutioriee CON state which is given b§(c, k) defined in (23). In
are possible for (A.4), it is required to select the starting poiparticular, we must find maximum and minimum points of
sufficiently close to a solution for a fast convergence. Thig(c, ~) as a function ok. The derivative ofG(c, h(c)) with
can be obtained by graphically identifying maximum antespect toc is obtained as follows:
minimum points from Fig. 7 and by using these approximate dG(c, h(c))  dh
solutions as starting points. — 0 4 + (A.5)

In order to establish if a solution of (A.4) represents a ¢ ¢
maximum or a minimum, we must study the disposition offheredh/dc is given by (A.2) and (A.3).
dh/dc as regards-(1+~v/o)/(1/0+ N/vs). Let us consider ~ We are interested in investigating the sign of the derivative
the following example: the behaviors of bothand dh/dc of G(c, h(c)) with respect toc; in particular, this derivative
as a function ofc have been shown in Fig. 19 fa¥ = 21 is equal to zero under the following condition:
slots/carrier,p = 0.9, andn = 3. We may note thatih/dc dh
has a discontinuity foe = 1 (due to the definition ofu), — =7 (A.6)
which corresponds to the cusp point (and maximum} @fs de
a function ofe. In this graph the horizontal line representsvheredn/dc is given by (A.2) and (A.3).
the value—(1 + v/o)/(1/0 + N/~;); the minimum and the A stable equilibrium point is characterized by a positive
maximum of F'(¢, h) over the constraint can be graphicallyderivative of G(¢, h(c)) with respect ta:, whereh must fulfill
found by considering the intersectionsdif/ dc with respectto g¢(c, h) = 0 with ¢ > 0 andh > 0.
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