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Performance Evaluation of an Integrated Access Scheme in
a Satellite Communication Channel

TATSUYA SUDA., memser, EEe, HIDEO MIYAHARA, MEMBER, (EEE, AND
l TOSHIHARU HASEGAWA, MEMBER, (EEE

Abstraci—A method for reslizing a circuit and packet integrated
access scheme in a satellite communication channel is considered. Two
kinds of terminals are assumed, namely, bursty terminais for han-
dling bursty traffic asd heavily loaded terminais for long-holding-
time message traffic. [n this method, the channel frame is divided into
two subframes: one is for bursty terminals, and the other is for heavily
loaded terminals. The subframe for heavily loaded terminais is fur-
ther divided into two subchannels, s reservation subchannel (con-
sisting of smali slots) and s message subchannel. The bursty terminais
transmit their packets in their dedicated subframes on the siotted
ALOHA protocol. The heavily loaded terminal having a message
transmits, first of all, a reservation packet in a randomiy selected
small siot of the reservation subchannel to reserve slots in the coming
message subchannels. One siot in the same position of each of the
succeeding message subchannels is reserved for the terminal until the
end-of-use flag, transmitted from the terminal, is received by the
satellite.

Mean transmission defays for both kinds of trafTic in this method
are analytically obtained. We show that there exists an optimal frame
length which minimizes mean transmission delay for one kind of
traffic while keeping mean transmission delay for the other kind
under some permissibie vaiue.

[. INTRODUCTION

HE sateilite communication system offers flexible and

homogeneous service to a large number of geographically
spread users of various kinds because of its multiaccess capa-
bilities. and hence, various multiple-access protocols for ap-
plication in satellite communication channels, e.g., random
access, demand assignments, fixed assignments, etc., have
been presented and analyzed in recent years. [n general, ran-
dom access techniques (ALOHA protocols) can be said to
give the best performance with bursty traffics. Demand as-
signments give better performance as the channel load in-
creases. Fixed assignments are the best schemes for heavy
loads. References [1]-{4] give clear and concise explanations
ol these protocols and show their relative performance char-
acteristics through representation of the mean response ume
in each protocol as a function of the channel loads.

Most of the access protocols proposed are for homogeneous
users, i.e., for users having the same traffic characteristics. and
none of those but the PODA protocol is efficient for mixed
traffic conditions. However, in most actual satellite communi-

Manuscript received September 9, 1981; revised March 11, 1982,
This paper was presented at the [nternational Conterence an Communi-
cations, Denver, CO, June 1981.

T. Suda is with the Department of Computer Science, Columbia
University, New York, NY 10027.

H. Miyahara is with the Department of Information and Computer
Science, Osaka University, Toyonaka-shi, 560, Japan.

T. Hasegawa is with the Department of Applied Mathematics and
Physics, Kyoto University, Kyoto, 606, Japan.

cation networks, the traffic will have various characternstics
according to different utilization forms. [t would therefore
be desirable for a satellite communication network to have an
access scheme that could handle varying kinds of traffic [5]-
(8]. With this view, we analyze the following integrated
access scheme based upon both slotted ALOHA and packet
reservation protocols.

We assume two kinds of terminals (i.e., computer terminals)
in the satellite communication system, namely, bursty termi-
nals for handling bursty data traffic, and heavily loaded ter-
minals for long-holding-time message traffic or stream traffic
(circuit-switched voice traffic). The former, for example, cor-
responds to the terminais operated by the interactive mode,
and the latter to the terminals which transmit file, facsimile,
digitized voice, and so on. [n our integrated access scheme, the
channel frame is divided into two subframes; one is for burs'y
terminals, which is used on a contention basis with the slotted
ALOHA protocol, and the other is for heavily loaded termi-
nals. The subframe for heavily loaded terminals is further di-
vided into two subchannels, a reservation subchannel and a
message subchannel. The reservation subchannel is for reser-
vation packet transmissions on the slotted ALOHA basis to
reserve slots in the coming message subchannels. If a reserva-
tion is successful once, one slot in the same position of each
of the succeeding message subchannels is reserved for the
terminal until an end.of-use flag is received by the satellite.
The heavily loaded terminal can then use this slot in each of
the succeeding message subchannels without contention un.
til 1t transmits an end-of-use flag. For this reason, the channel
for heavily loaded terminals will support traffic requiring
transparency in the channel. for example, circuit-switched
voice trarfic. Furthermore, this scheme can avoid exclusive
possession of the channel over a long period of time caused by
one user having a long message. The sateilite 15 assumed to
have an on-bo..J processing capability and assigns slots to
each successful reservation.

Mean transmission delays for both kinds of trarfic in this
integrated access scheme are analytically obtained. We show
that there exists an opuumal frame length which minumizes the
mean transmission delay for one kind of traffic, while keeping
the mean transmission delay for the other kind under some
permissible value.

II. MODEL

The number of bursty and heavily loaded terminals are as-
sumed to be finite, and are designated as .Vg and .V, respec.
tively. At each bursty terminal, constant bit length packets
(packet having a length equal to a tixed number of buts) are
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assumed to arrive according to a Poisson distribution with
parameter Ag (packets/slot). At each heavily loaded terminal,
messages generating a number of packets are assumed to arfive
according to a Poisson distribution with parameter Ay (mes-
sages/slot). The number of packets in a message is assumed to
obey a geometric distribution with parameter g, that is, the
probability that a message generates i packetsis (1 —gq) ™! q.

Our frame configuration is shown in Fig. 1. Channel time
is divided into frames, and each frame consists of (large) time
slots, the duration of which is equal to one data packet trans-
mission time. It is assumed that all terminais are operated
synchronously and that each terminal can transmit its packet
only at the beginning of the time slot. The assigned time in-
terval for the bursty terminals in each frame, the ALOHA
channel, consists of constant K successive (large) time siots.
The residual (large) time slots are for the heavily loaded ter-
ninals, and are partitioned into two subchannels, namely, a
reservation subchannel and a message subchannel, each con-
sisting of constant ¥ and § (large) slots, respectively. V large
slots in the reservation subchannel are further divided into L
small slots, the duration of which is equal to the transmission
time of a reservation packet. Here, K is assumed to be greater
than or equal to a round trip propagation delay R (in large
slots). '

A bursty terminal having a packet (or packets) to transmit
at the beginning of the ALOHA channel chooses one time siot
from this time interval according to a uniform distribution,
and transmits its packet in the selected slot. After a round-trip
propagation delay R, the terminal will know whether its trans-
mitted packet has been successiully received at its destination
or not. If collision of the packet is detected, the packet will be
retransmitted in the succeeding ALOHA channel, again accord-
ing to a uniform distribution. The terminal will not begin
transmission of the next packet until it knows that the pre-
vious packet has been successfully received by its destination.
Each bursty terminal is assumed to have infinite buffer capac-
ity for storing packets arriving while the terminal is in a trans-
mission mode. Arriving packets are transmitted “according to
the first-come first-served discipline.

For the message transmission procedure at the heavily
loaded terminals, the following contention-based reservation
scheme is employed. A terminal divides an arriving message
into constant bit length packets, the length of which is equal
to that of a data packet arriving at t bursty terminals, and
creates a reservation packet containing the identification of
the terminal. A terminal having a message (or messages) to
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trangmit at the beginning of the frame transmits, first of all,
a reservation packet in a randomly selected one of L small
slots in the reservation subchannel. The reservation is for ac-
quiring time slots in the message subchannels for transmission
of the message. Upon receiving the noncollided reservation
packet, the satellite assigns a slot in the message subchannel
for the terminal. If there are any nonreserved slots in the mes.
sage subchannel, the satellite randomly assigns one of them to
the originating terminal of the reservation packet. If all slots
in the message subchannel are reserved, the reservation is re-
jected. The terminal is informed of the success or failure of the
reservation by the control packet generated at the satellite.
The length of the control packet is assumed to be equal to that
of the reservation packet.

Once the reservation is successful, the slot in the same posi-
tion in each of the coming message subchannels is reserved for
the terminal. From the assumption that K is greater than or
equal to a round-trip propagation delay R, the terminal wil
know whether the reservation of time slots was successful or
not before the beginning of the message subchanne! in the
frame. In case of collision of the reservation packet at the up-
link, or reservation failure at the satellite, the terminal retrans-
mits the reservation packet in a randomly selected small slot in
the next reservation subchannel. Here, we should notice that,
in case of K < R, the terminal cannot know the position of the
assigned slots before the beginning of the message subchannel.
Therefore, some of the assigned slots will be kept empty until
the terminal transmits the first message packet. This leads to
inefficiency in the channel. This is the reason why we assume
that K » R. With regard to buffer capacity at the heavily loaded
terminals, we consider two cases, the case of infinite butfer
capacity and the case of one message buffer capacity. [n the
infinite buffer capacity case, messages arriving at a terminal in
a transmission mode are stored in its buffer, and are trans-
mitted according to the first-come first-served discipline. Each
terminal is assumed not to send the reservation packet for a
newly arrived message until it hascompletely transmitted ail the
messages that have arrived previously. In the case of burfer
capacity for only one message, a terminal will be “locked™ for
new message arrivals on the condition that a prior message at the
terminal has not been transrmutted, that s, the system in this
case corresponds to the blocked calls cleared system.

Our satellite is assumed to have the on-board processing
capability to interrogate the up-link reservation packet and to
create the down-link control packet. Furthermore, processing
time of this capability is assumed to be small enough o
neglect in the following analysis.

In our scheme, bursty terminals are not allowed to use the
excess capacity for heavily loaded terminals, even it it is not
used, and vice versa. That is, our scheme is the so-called “fixed
boundary” integrated access scheme. Bursty terminals, how-
ever, cannot know the usage status of the next message sub-
channel because of a long propagation delay between earth ter-
minais and the satellite. [t should be noticed that, hence.
straightforward extension of our scheme to the “movable
boundary” scheme is quite difficult.

In the following, the proposed scheme is analyzed and
mean transmission delays are obtained.
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[11. ASSUMPTIONS

The following assumptions are made in our analysis.

Assumption 1. The terminal state independence assumption
where the state of one terminal is independent of the state of
the other terminals. .

Assumption 2: The stationary assumption where the system
has a stationary probability distribution.

In the following analysis, we take one large slot duration as
the unit time; hence, transmission delays to be obtained are in
number of large slots.

[V. ANALYSIS FOR BURSTY TERMINALS

Mean packet transmission delay Dg for bursty terminals is
defined here as the time interval from when a data packet ar-
rives at a terminal until it is successfully received at its destina-
tion, which interval includes not only the time required for
packet transmission but also waiting time in a terminal buffer.
The probability Sg of successful transmission of a data packet
is necessary to obtain this Dg, and is considered in the next
subsection.

A. Probability of Successful Transmission

Here the notation Sz is defined as the probability of suc-
cessful transmission of a data packet given that a bursty ter-
minal has transmitted a data packet.

We first consider the case S + ¥V 3 R. In this case, all the
terminals that have transmitted their packets in the previous
ALOHA channel can know whether the transmission was
successful or not before the beginning time of the next
ALOHA channel. Therefore, each terminal accesses to a siot
in the ALOHA channel with probability 1/K when it has one
or more packets to transmit. From this fact and Assumption
1, Sg is expressed as follows.

where pg is the utilization factor at each bursty terminal. that
is, pg = A\g'E[Xg], where E[Xg] is the mean packet service
tume to be obtained in the next subsection.

Next we consider the case S + V< R. Here, the time inter-
val between two successive ALOHA channels is smaller than
the round-trip propagation delay R. Therefore, some terminals
will not know whether their data packet transmissions have
been successful or not at the beginning time of the next
ALOHA channel. This means that there are some terminals
which will not access to the time slots in the ALOHA channel,
even if they have packets to transmit. This fact makes the anal-
ysis quite difficult; hence, the following assumption is em-
pioyed in the analysis.

Assumption 3: Every terminal is assumed to access to a slot
in the ALOHA channel with probability 1/K when it has one
or more packets to transmit at the beginning ot the ALOHA
channel.
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Under this assumption, it is easy to see that Sg in this case
is expressed by (1). Furthermore, it should be noticed that, in
the case of s + V < R, Sg obtained by (1) gives the lower
bound, and the mean packet transmission delay to be obtained
in the following gives the upper bound.

In the next subsection, mean service time of a data packet
is expressed as a function of 5g.

B. Mean Packet Service Time

With regard to a packet arriving at an idle terminal, the
service time of that packet X/ is defined to be the ume in-
terval from its arrival to the end of its transmission (i.e., time
instant when the packet is successfully received by its destina-
tion). For a packet arriving at a terminal in the transmission
mode, its service time .\’Br is defined to be the time interval
from the end of transmission of the prior packet in the ter.
minal buffer to the end of its own transmission.

We consider the service time Xg'. The service time X
consists of the following three time intervals (see Fig. ).

1) Time interval from its arrival to the beginning of the
ALOHA channel (a).

2) Time interval required for retransmissions ().

3) Time interval required for a successtul transmission (v).

Therefore, we have

Xl =a+p+y. ()

Because a, 3. and y are independent, the mean and szcond
moment of Xg' become

ElX5') = Ela) + E[3] + E]7]
E[(Xg")?] = E[a°] + E13°] + E[¥°]
- 1+ (Ela] - E13] + E]3] - €17
- E[] - £la).

1<)
The mean ind second monent of each tez- - the above 2qua-
rons are obtained is tollows. Because . Poissen armnal

stream of new packets, the mean and second moment of the
random variable a decome {9].

Ela) =(V =K -5)2 3

Ela’] =(V+-K+ 953 (6)

The probability P, that the acknowledgment of the picket
transmitted in the previous ALOHA channel 1s recewved zetore
the beginning of the next ALOHA channel becomes

=S+ V+K-R)K
=1

(S + V<R)

o (S+V3R)

Using this, and noung that the probability ot 1 packet reguir
ing exactly i retransmissions to be successtully recewved is 33



156 IEEE JOURNAL ONSELECTED AREAS IN COMMUNICATIONS, VOL. SAC-1, NO. 1. JANUARY 19383
the ALOHA the ALORA the ALONA
Channel Channal Channel
ad '
4 —
Packet Intcial Successtul
Artival | Transatssion Retransuiseion Transstsaion

A LAt

]

Tima

-

P
Sp—

14

i Axis

- :

Fig. 2.

(1 — Sg), the mean and second moment of § become

- i
ET8l = 2 {2 GPI(1 =Py

i=0 | j=0
o (VHK+H+(E - - AV + K+ )]

(1 —S55)Sa
=(

2=P XV+K+5X1—Sg)/Ss (8)

i

£18°) = Z| X Pl —pa)!

1=0 | j=0

[ (VHK+)+(1 =) AV +K+5)]?
(1-S5)'Ss
=(V+K+9 Py —2)*(1 —S5)(2— S5)/(Se?)
+F(V+HK+2P (1 —P X1 —S55)/S5. 9)

Packet transmission occurs in a randomly selected slot of K
slots in the ALOHA channei, and 1t takes a round-trip propa-
gation delay R for the transmitted packet to reach the des.
tination. Hence, the mean and second moment of y become

K- 1
Eh]:E(i+R+1)-E=(K—l)/2+R+1 (10)
i=0
K -1 1
Elv*]= 2, (i+R+1) -
=0 X
=w+(k+|xK—1)+(R+ 1)2.

(11)

On the other hand, the service time XBT consists of the
following three time intervals.

1) Time interval from the end of transmission of the last
packet in the terminal buffer to the beginning of its
own transmission (8).

2) Time interval required for retransmissions (3).

3) Time intervai required for a successful transmission

().

Packet service time X g/.

Therefore, we have

XgT=6+8+7 (17)

Because &, 8, and y are independent, the mean and second
moment of XgT become

ElXgT] = E16] + £18] + £17] (13)
El(Xs")’) = £18°] + £16%] + £17°)
+ 2(E(8] - E18] +£78) - £1v]
+Elv]- E15)). (14)
Noting the fact that the random variable § becomes
§=Py [(V+K+§)—1]
F(A—-PH[AV+K +5)— 7]
=Q@-PV+K+8) -7, (15)
the mean and second moment of § are given by
E[8]=Q—P XV +K+85—E]] (16)
E[8°) =(2—P4) - (V+K+5)
—2-(2=Py) (V+K+5"E]7]
+E1v). (17
Substituting (16) and (17) into (13) and (14), we have
ElXsT) =E[B) + (2 —P XV +K+S) (18)
ELXgT)] = EB*] + 22— Py XV +K +5) - £[3]
+Q=PYV+K+ 5
+2E[y} -2 )} (19)

where £[3] and £[8?] are given by (8) and (9), respectively.
and £y}, E[¥*] by (10)and (11).

Finally, considering the fact that the probability of a termi-
nal being in a transmission mode is pg, the mean £[Xg] of the
packet service time Xg becomes as follows.

ElXg] =(1 —pg) * E1X5"] + 05 - £1X57]. (20)

Substituting (3) and (18) into the above equations, using the
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relation pg = Ag-E[Xg|, and solving the equation with
respect to Sg, we finally have

Q=P XV+K+S)
B P, — IXV+K+ +<K——-1+R+l>] “p
g"'(A X S) > 8

_ [(fz-_um) . (pA_%Wm}

h

From (1) and (21), the following equation, with respect to
p g, must hold.

°s Ng-1t
(l - -1? = the right-hand side of (21). (22)

In solving (22) to obtain the value of the utilization factor pg,
the steady-state condition for this system must be considered.
The terminal in a transmission mode accesses to a slot in the
ALOHA channel with probability 1/K. Hence, the total access
rate to a slot by all terminals G is

i
GC=Ng- . —-
Vg * P8 X

(23)
Total access rate G must be less than one for this system to
have the steady state. Thus, the following condition must be
satistied.

1
.Vg‘pB'E<l. (:4)

C. Mean Packer Transmission Delay

Each bursty terminal can be considered to be the following
generalized M/G/1 queueing system. Packets arrive at a termi-
nal according to a Poisson distribution with parameter Ag. [f a
packet arrives when the terminal is in a transmission mode, its
service time hasmean £[ X3 ] and second moment £[(X57)*]:
while, if a packet arrives when the terminal has no packet
to transmit, it has a service time with a different mean £[ X/}
and a different second moment £{(Xg/)?]. In [10], analysis
was made of a queueing system where the customer who ini-
tiates a busy period has a service time distribution functien
- different from that of customers who do not initiate a busy
period. Using his results, the mean packet transmission delay
Dg, that is, the mean time from a packet arrival instant to the
end of its transmission, becomes as follows.

\ = E1X5)
L= \g(ETXgT) — E1X5])
Mg - E1(X57)?)
2e(1=2g - E1X5T])
. et (Bl — (X7 Y]]
2-[1=2g - (ETXsT] —E1X5' )]

-~
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Through this analysis we can obtain the mean packet trans-
mission delay Dg by the following procedure.

1) Assume that the values of A\g, R, Vg, K, V,and S are
given,

2) Solve (22) with respect to pg and obtain the value of pg
which satisfies condition (24).

3) Calculate the value of §g by (1).

4) Calculate the values of E[Xp'], E[(X5")?], E(XpT]
and E[(Xg7)*] by (3). (), (18), and (19), respectively.

5) Calculate the value of Dg by (29).

V. ANALYSIS FOR HEAVILY LOADED TERMINALS-
INFINITE BUFFER CAPACITY CASE

Heavily loaded terminals with infinite buffer capacity for
arriving messages are analyzed and the mean message trans-
mission delay at each heavily loaded terminal is considered.
Mean message transmission delay Dy is defined as the time
interval from when a message arrives at the terminal unuil it
is completely received by the destination, that is, when the
last packet in the message is received by the destination. This
interval includes waiting time in the terminal buffer.

The equilibrium equation for the systemn is derived in the
next subsection to obtain the mean message transmission delay
Dyy.

A. Equilibrium Equation

The steady-state behavior of the system at the time epochs
of the frame beginning is analyzed, and the equilibrium
equation for the system is derived.

At first we define the following notations. Let

Sy probability that a reservation packet does not sul-

fer collision at the up-link given that it has been

transmitted.

T probability that there are ¢ reserved (busy) siots in
the message subchannel at the beginning ot the
frame.

P probability ot 1 arrvals of noncollided reservation
packets 1n a frame (i.e., 1n the raservanon subchan-
nel tnterval).

probability of / busy slots in the message subchan-
nel at the end of the message subchannel given
that there were k& present at the bezinning of the
message subchannel, that is, prchability that & —¢
end-of-use flags are found in the message subchan-
nel.

dk.j+

Here we employ the tollowing assumption.

Assumption 4: A terminal is assumed to transmit. with prob-
ability P, a reservation packet in a small slor in the reserva-
tion subchannel.

Then we have

Sy=(—pPyVH- L (26)
Noting the fact that there are L small slots in the reservation
subchannel, and using Assumption 4, the probability £, Jt
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i noncollided reservation arrivals becomes

=, Ci (1 =Ny P-Sy)~" -y +P-Sy)
P, (ifi<L) @n
=0 (ifiaL +1).

Furthermore, since message length is assumed to obey a geo-
metric distribution with parameter g, the probabuity ¢4 ;

becomes
M—qy  (ifj<k)
(ifj 3k +1).

=I¢Ci'qk_
=0

dx (28)

Using the above probabilities, probability transition matrix
(£;,) for the system becomes

A L

= E (qe.; " Px-i]l +as,; 2 Py
k=max(ij) =5-1
Py (fi<S—1,/<S) (29)
=4qs; (ifi=8.j<8)
=0 {otherwise)
where notation A4 is given by
=5-1 (fL>25)
A{=L~+1i (LSS —-1i<S—-L—-1) (30)
=5—1 (fLKS—-1,i25—-L)

[n (29) and the following, notation of summation T2 has
meaning only if a € b. {If @ > b, the term is assumed to be
zero.) Finally, the equilibrium equation becomes

S
m= QM Py ((=0,1.25) 31
=0
where
7 >0 for ailj
and
s
PIEAESE (32)
1=0

Note that (31) has degenerate solution #, = O for all j. To
avord this we drop one of the equations given in (31) and add
3 normalizing equation (32). This results in a set of S + | lin-
ear equations in § + | unknowns; standard computer pack-
ages can be used to solve these equations.

In solving the equilibrium equation, we have to consider
the steady-state condition. The mean number of successtully
transmitted messages per frame, that is, the mean number of
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messages leaving the system, M, is given by the following.

/3 [ono (grec)

i Pf) '<gi-qs,s-,>:l (L >$)

B & Lo (B )
30 £ 2)- (0]

G(fL<s—1).

(33)

Since the mean number of arriving messages to all terminals
per frame is Vy oAy (V + K +§), we have the following steady-
state condition,

M=Vy 0y (V+K+5). (34)

The blccking probability PB at the satellite for noncollided
reservations is now easily determined. The mean number ESR
of successful reservation per frame is given by

-i-1

S-2 S
= 2 rr,-[: E kP

/=0 k=1
S-j-1

+tS—/‘)<1— "Eo P,,)]

+rso (1= F)
(1fL >8)

ESR

j=S-L k=1
S-j-1
+($—/)Q— > Pk)
k=0
+ 5.0 " (1 —Fy)
GfL<S—1).

(33)
The mean number of noncollided reservation arrivals per frame
is Sf‘:orP,, and so PB is given by

L
PB=1- ESR/(Z i - P,-)
=0

=1 —ESR/(Wy - P-Sy L)
(36)
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B. Mean Message Transmission Delay

Similar consideration to the bursty terminals leads us to
consider each heavily loaded terminal as the generalized M/G/1
queueing system mentioned in Subsection IV-C.

The service time for a message arriving at the idle terminal
Xy is defined as the time-interval from its arrival to the time
instant when the last packet in the message is completely re-
ceived by its destination (i.e., the end of its transmission). XH’
consists of the following three time intervals (see Fig. 3):

1) time interval from the message arrival to the beginning
of the succeeding frame (o).

2) time interval required for establishing reservation (§), and

3) time interval required for message transmission (n).

Since a Poisson arrival stream of new messages is assumed,
random variable ¢ has the same mean and second moment that
random variable « (defined in Section IV-B) has. Noting
the fact that the probability Pg,.(i), which is defined as the
probability of the reservation packet requiring exactly 7 re-
transmissions to establish reservation, is given by

i

Pre(d =2, Cu(Sy+PB) - (1=Sy) %Sy (1 —PB)
k=0

=[1—Sy-(1—PB)] Sy (1 —PB), (37)

mean £(¢] and second monent £{£3] of random variable §
become

E]]l= 2 i (V+K+S) - Pru()
=0

=84+ (1 —PB
=(Vrks): SHF-’(I(—PB)) (38)
Ele‘l=§[f-(VvK+S)1’-PR¢(o'
=(V+K+85)
.[I—SH-(I—PB)I-[2-5,,-(!—?8)]}(39)

(Sw + (1 —BP))?

Message service time X g,

Random variable 7 consists of the following two time intervals
(see Fig. 3):

1) time interval required for transmitting all packets except
the last one in the message (¢) and
2) time interval required for transmitting the last packet in
the message (¥).
Means and second moments of the above terms are given by
the following.

Elo]= (-1 (V+K+5)] (1 —q)f "' q

=(V+K+85)-(1—qV¥q (10)
E[¢}) = D [G=1)- (V+K+ )] (1 -q)~" q
i=1
1 — ers
=(V+[(+5)1.(__q_?_z_(_ql )
q
S-1 :
E[V]= 2, (V+K+i+1+R) =
i=0 S
=V+K+ --;:.. +1+R a2
S~ |
E[wll = 2(»’*K+i*l+R)2v§
=0

=(V+K+1+RP+(V+K+ 1R -«S§—-1

(=1 -(S5-1)
 ——— .
6

-
L")

From (40)-(43), the mean and second moment of n ar2 ziven
by

E[n] = E]o] + £]v]
E(n*) = E[¢°] + 2+ £[o] - E[¥] + E[¥*].

From the above discussion, the mean and second moment of
XH’ become

E[Xy') = Ela] + ET] + £[n]

144)

143}

1=0)
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E{(Xu')}] = E10*] + 18] + ETn*)
+ 2 (Elo] - ET8]
+ ETE] E{n] + E[n] - ET0)). (47)

Next we consider the service time of a message arriving at
the terminal in a transmission mode X, 7, which is defined as
the time interval from the end of transmission of the last mes-
sage to the end of its own transmission. This service time Xy
consists of the following three time intervals:

1) time interval from the end of transmission of the last
message to the beginning of the succeeding frame ({),

2) time interval required for establishing reservation,
which has been denoted by &, and

3) time interval required for message transmission, which
has been denoted by 7.

The mean and second moment of { are given by

S-R-1 1

LY = (V+K+ = (V+K+i+1+R)] - <
=0

4

S
P>
=5-

i

[2-(V+K+S5)
R

—vekrir1+R) 2 ETRGZRTD
s xS

+1 R
+(RS )<V+K+S—l—7> (48)
S-R-1
Ef}l= 2, [(V+K+S5)
i=0
!
—(V+K+i+1+R)]? - =
)
S
- Y 2 (VHK+S)
1=§-R
—(r/+1<ﬂ'+1+1l2)]’-—l
s
l
=6—s°(S—R—l)~(S—R)-(ZS—2R—l)
R+1
+—'[(V+K+S—l)2
S
R-(R+1
—(V+K+s—|)R+———(6 )]~ (49)

Therefore, the mean and second moment of XHr are given by

ENXyT) = E[¢) + £1£) + E]n) (50)
EL(XyT)?] = E18?) + E1E%) + EIn?)
+ 2 (ETS] - ETE) + £18] « £1n)
+En] - ETLD. (s1)
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Finally, the mean message transmission delay is given by
(25). (Of course, the right lower subscript # has to be sub.
stituted for the subscript 8.)

Through this analysis we can obtain the mean message
transmission delay Dy, by the following procedure.

1) Assume that the values of Ay, q, R, Vy. K, V. S.and L
are given.

2) Set the initial value of the access probability P.

3) Calculate the value of Sg by (26).

4) Calculate the values of 2; and q, ; by (27) and (28),
respectively.

§) Calculate the values of transition probabilities P;; by
(29).

6) Solve the equilibrium equation (31) with respect to
ms.

7 C'alculale the value of M by (33), and check whether
the steady-state condition (34) is satisfied or not. If
the condition is satisfied, go to step (8). Otherwise,
change the value of P and return to step 3).

8) Calculate the value of the blocking probabiiity PB by
(36).

9) Calculate the values of E(Xy']. E[(Xy))?). E[X4T],
and E[(XyT)?] by (46), (47), (50), and (51), res-
pectively.

10) Calculate the vaiue of the mean message transmission
delay Dy by the formula in the generalized M/G/1
queueing theory mentioned in Subsection [V-C.

VI. ANALYSIS FOR HEAVILY LOADED TERMINALS-
BLOCKED CALLS CLEARED CASE

Analysis is made of the heavily loaded terminals with buf-
fer capacity for only one message, and the call blocking prob-
abiity and the mean line setup delay are considered in this
section.

We first consider the blocking probability for arriving
messages Pgc. Newly arriving messages are assumed to be
generated according to a Poisson distribution with parameter
Ag. but only those finding the terminal empty «1il be allowed
entry into the system. Hence, actual arrival rate to the :er-
minal is Ag{1l — Pgc). Furthermore, the message service time
in this zase s equal o .YH’, which 1s defined 1n Section [V-B.
Thus. we have

RH'(l—'Pac)'E[‘YHI] =Pac. (5:)
Solving the above equation with respect to Pgc. we have
Ay * E[Xy'
Pac H*E[Xy'] (53)

L+ Xy - E Xy
where E[Xy'] 1s given by (46).

Next, we consider the line setup delay, which is defined as
the time interval from the message arrival to the time instant
when the tirst packet in the message has begun to be trans.
mitted. The line setup delay consists of the rollowing thr
time intervals:

1) time interval from the message arrival to the beginning
of the succeeding frame, which has been denoted by o
in Section [V.B,

1) time interval required for establishing reservation, which
has been denoted by £, and
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3) time interval from when the terminal established reser-
vation until the terminal begins transmission of the first
packet in the message ().

Mean of the random variable § becomes

‘S 1 s—1
El8]= 2, (V+K+D) - ==V+K+— (54)
=0 A} 2
Therefore, the mean line setup delay Dg is given by
D = E{o] + ET§) + E16] (s9)

where £[8] is given by (54), and £(a] and E[] have already
been obtained in Section IV-B.

The terms in (53) and (55) being the functions of Sy and
PB, we have to know the values of Sy and PB to obtain Dg
and Pgc. These values, Sy and PB, can be obtained by solv-
ing equilibrium equation (31), which is valid for this blocked
calls cleared system. In solving the equilibrium equation, the
steady-state condition must be considered. As mentioned
above, the actual arrival rate to a terminal is Agy(1 — Pgc).
Therefore, the steady-state condition becomes

M=Ny Ay (l=Ppc) (V+K+35) (56)
where M is given by (33).

Dg and Py are obtained by the following procedures.

1) Assume that the values of Ay, q, R, Ny, K, V, §, and
L are given.

2) Set the initial value of P.

3) Calculate the value of Sy by (26).

4) Solve the equilibrium equation (31) with respect to a;s.

5) Calculate the value of M by (33).

6) Calculate the values of E[Xy!] and Pge by (46) and
(53), respectively.

7) Check whether the steady-state condition (56) is satis-
fied or not. If sausfied, go to step 8). Otherwise, change
the value of P and return to step 3).

8) Calculate the values of Sy and PB by (26) and (36),
respectively.

9) Calculate the values of Pgc and Dg by (53) and (55),
respectively.

VIL. NUMERICAL RESULTS

[n all of the following numerical examples, the parameters
R, Ng, ¥y, and g are set to be 12 (large siots), 120 (termi-
nals), 50 (terminals), and 0.1 (hence, the mean message length
is 10 packets/message), respectively. Furthermore, one large
slot in the reservation subchannel is divided into 5 small slots.

A. Infinite Buffer Capacity Case

Here, we consider the case of heavily loaded terminals with
infinite buifer capacities, and show that there exists an opti-

“ “\‘ \“\ “\ AL, Q?f\!h\\ valuesof §, V. and K.. wh.lch
ﬁ\\\ ATA WO “\m\“m delay fot one kind ol uatt‘;ce.‘
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Figs. 4 and S show the mean packet transmission delay Dy
as a function of g for fixed values of K. The value of S + Vs
12 (3R) in Fig. 4. and 8 (<R) in Fig. 5. respectively, Fig. 6
shows the mean message tranmission delay Dy as a function of
Ay for fixed values of S. [n Fig. 6 the values of K and V are |1
and 2, respectively. The theoretical results are well veritied by
the simulation points shown in these figures. From Fig. 4 it
can be seen that, in a low traffic case, the mean packet trans-
mission delay Dg becomes smaller as the value of K decreases.
However, the system with the smaller K becomes saturated
more easily as the traffic increases. This is because collisions of
packets easily lead to instability in the system with the smaller
K. A similar tendency can be seen in Fig. 6. Fig. 5 shows that
approximate analysis in the case where § = V' < R gwves the
upper bound of the mean packet transmission delay.

In what follows, we show that there exists optimal values of
5. ¥, and K which minimize Dy, keeping Dg under 3 given
constant, say Dg'.

Fig. 7 shows Dg as a function of K for fixed values of g
The frame length in this figure is 26 (slots). This figure snows
the values of K which satisfy the condition Dg < Dz’ For
example, the value of K must be greater than or equal to 1%1n
otder to satisiy the condition Dg < 74, when the frame lengtn
s eo‘uﬂ to 26 and Ag 18 e s n of V for fixed values 01 My

1o e ne
3 ows Dy as a func e of K.hence
F\!. g sh i‘ me \Qﬂ“-h 3‘!\d the valu qu‘\ o =61 A,

. the d ate &
\n this {.ES;‘:'V ate 1aken 2s constants. 3%
yalue © ;
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and 8, respectively. It can be seen that there exist best values
of Sand ¥ which minimize Dy . For example, when the frame
length 15 26 and K is 18 in the system with Ay = 0.0004, the
values of § and V should be 7 and 1. respectively, in order to
achieve the minimum delay of Dy . The reason why there exist
best values of § and V can be considered as follows. The num-
ber of collisions of a reservation packet, with resultant retrans-
missions, will increase as the value of S(¥) increases (de-
creases); the blocking probability of a reservation packet at the
satellite, however, will decrease.

From the above numerical examples we have shown that,
when the frame length is given, there exist best values of §, V,
and K which minimize Dy, satisfying the condition Dg < Dg".
In the following, we designate these best valuesof §, V. and K
as §*. V* and K*, respectively.

Fig. 9 shows Dy as a function of the frame length for fixed
values of Ay. Fig. 9 and Table [ are for the system with Ag =
0.0016 and with the condition Dg < 74. In this figure, the
values of §, V, and K are taken as best values mentioned above
for each value of the frame length. Table | shows these best
V:f::s of §% V* and K*, and furthermore correspondi
v s of Dy and Dg for each val B ponding

::::t;a::e. the value of A, i 000;: of rpe frame length, [p
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given with the condition Dg & 74, the optimal frame length is
26. and optimal values of S®, V*, and K* are 7, |, and 18,
respectively, and the minimum value of Dy is 329.27

We, secondly, show that there exist optimal values of S, V,
and K which minimize Dg, keeping Dy under the given con-
stant.

Fig. 10 shows Dy as a function of § + ¥ for fixed values of
Agy. In this figure the frame length is 26. and furthermors, the
values of S and V are selected opumally for each value of
S + V, that is, S and V are taken so as to minimize Dy . It can
be seen that, for instance, S + ¥ must be more than or equal
to 9, in order to satisfy the condition Dy < 345, when the
frame length and Ay are equal to 26 and 0.0005, respectively.

Fig. 11 shows Dg as a function of K for fixed values of Ag.
Here, the frame length is 26. It is shown that, for instance,
when the i-ame length, Ag, and Ay are equal to 26. 0.0015,
and 0.0005, respectively, and if the condition Dy < 345 (this
condition implies that K must be less than or equal to 17, as
shown in Fig. 10) is given, the best value of K which minimizes
Dg is 17 and the minimum value of Dg is 66.22.

Fig. 12 shows Dg as a function of the frame iength for
fixed values of \g. Here, the values of S, ¥, and K are selected
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Fig. 12. Mean packet transmission delay versus frame length.

TABLE (]
MEAN TRANSMISSION DELAYS IN VARIOUS SCHEMES

Mean Packet [ Mean Message
Transzission Transaission
Delay DB | Jelav J{
TOMA Scheme 281.97 I =53
Slocced ALOHA 37.15 ' 393,34
Propcsed Scheme 73.54 } 129.27
1. )
s 0.0016 H-O.OOOL

optimally for each value of the frame length so as to minimize
Dg, satisfying the condition Dy < 345. [t is shown that there
exists an optimal frame length which minimizes Dg, satistving
the condition Dy & 345.

Finally we show comparison of the proposed scheme to the
TDMA and the slotted ALOHA schemes. Here, in the slotted
ALOHA scheme, messages arriving at a heavily loaded terminal
are divided into packets and each packet is transmitted ac.
cording to the slotted ALOHA scheme after the previous
packet has been successfully received by its destination. Table
1l shows mean transmission delays in each of the above three
schemes. The values of Ag and Ay are 0.0016 (packets:slot)
and 0.0004 (messagesislot), respectively. Mean transmission
delays in the TDMA scheme are obtained through the cxact
analysis [11]. Because of the difficulty in the analysis,
mean transmission delays in the slotted ALOHA scheme are
obtained through simulations. In the simulation, the random
time delay in the retransmission is taken optimally so as to
minimize the mean transmission delay. The values in the pro-
posed scheme show mean transmission delays in the system
with K. V. and § being equal to 18, 1. and 7. respectively (see
Table I). It can be seen that the proposed scheme has better
delay characteristics for certain tratfic parameters in compar.-
son to the TDMA and the slotted ALOHA schemes.

B. Blocked Calls Cleared Case

We show numerical examples for the blocked calls cleared
system. The blocking probability Pgc for arriving messages
and the mean line setup delay Dg are shown as a function of
Ay for various values of V, in Figs. 13 and 14, respectively.
The values of K and § + V¥ are equal to 17 and 18. respec-
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tively. Simulation results shown coincide with the analytic
results.

VIII. CONCLUSION

A new integrated access scheme in a satellite communica-
tion system where there are both bursty terminals and heavily
loaded terminals has been proposed and analyzed in this paper.
We have obtained mean transmission delays at both kinds of
terminals, and have shown that there exists an optimal frame
length which minimizes the mean transmission delay at one
kind of terminals while keeping the mean transmission delay
at the other kind under some permissible value.

In the analysis we assumed infinite buffer capacity, but
this assumption is not representative of a real application.
Hence, the analysis for the system with finite buffer capacity
may be necessary to know system capacity requirements. But
it is quite difficult, and is beyond the scope of this paper.
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