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Abstract—In this paper, we propose a dynamic reservation pro-
tocol for the low earth orbit (LEO) mobile satellite system. Based
on an analytical model, the dynamic reservation protocol enhances
system performance by dynamically varying both the access prob-
ability and reservation bandwidth. To implement the protocol, a
novel contention-pattern-analysis method is proposed to estimate
the number of contending terminals at the start of a frame. The
reservation protocol is employed to integrate connection-oriented
and connectionless traffic over a satellite channel. Simulation and
theoretical results are presented to analyze the performance of the
protocol and illustrate its benefits.

Index Terms—Low earth orbit (LEO) satellites, multiple-access
protocols, reservation protocols.

I. INTRODUCTION

I N RECENT years, many satellite projects have been
implemented for various purposes [1]–[5]. In particular,

low earth orbit (LEO) mobile satellite systems can provide
worldwide personal communication services. With the advent
of Internet-based multimedia applications, the next gener-
ation of satellite systems will be required to support both
connection-oriented (CO) and connectionless (CL) traffic over
a broadband channel, particularly using the Internet protocol
(IP). Currently, multiprotocol label switching (MPLS) [6] pro-
vides an effective mechanism for forwarding IP datagrams over
the well-established asynchronous transfer mode (ATM) frame-
work. By using MPLS, many ATM-based satellite systems [2],
[3] can be extended to integrate CO and CL services. Motivated
by these developments, we consider an MPLS/ATM-based
LEO mobile satellite system. The aim of this paper is to develop
an effective and efficient access/reservation protocol for this
system.

Packet reservation multiple access (PRMA) [7] was orig-
inally developed to support integrated CO and CL services
for a cellular system. As it can provide bandwidth-on-de-
mand services over the traditional time-division multiplexing
framework, there has been considerable interest in extending
PRMA for LEO mobile satellite systems [8]–[11]. Inspired
by these reservation protocols, this paper proposes a dynamic
reservation protocol with some new contributions. Essentially,
reservation minislots are employed to improve the channel
efficiency and the number of minislots and the access proba-
bility are dynamically varied based on the estimated number

Manuscript received December 15, 2002; revised July 1, 2003 and November
10, 2003. This work was supported in part by The Hong Kong Polytechnic Uni-
versity under Research Accounts A-PB23 and G-T041.

The authors are with the Department of Computing, The Hong Kong
Polytechnic University, Kowloon, Hong Kong (e-mail: cshchan@comp.
polyu.edu.hk; csjzhang@comp.polyu.edu.hk; cshchen@comp.polyu.edu.hk).

Digital Object Identifier 10.1109/JSAC.2004.823439

of contending terminals. To develop the dynamic reservation
protocol, we need to investigate two fundamental questions.
First, before obtaining the contention result, should a con-
tending terminal that has accessed a reservation slot/minislot
(tried terminal) be disabled? Note that in a satellite system, the
contention result is not immediately known because of prop-
agation delay. If the tried terminals do not contend (e.g., like
PRMA [7]), many minislots may become idle and, hence, are
wasted. However, if they continue to contend (e.g., like packet
reservation multiple-access-hindering states (PRMA-HS) [8]),
the contending terminals that have not tried to access a reserva-
tion minislot may be affected. Our new contribution is to study
this issue in detail with an analytical model. Second, most
packet reservation protocols use a constant access probability.
However, this may not work well for the emerging broadband
satellite systems because the number of contending terminals is
larger and the data rate changes more quickly. To enhance the
performance of the system, it would be desirable to vary the
access probability dynamically. Unfortunately, the traditional
Bayesian algorithm and various splitting algorithms [12] cannot
be applied because they generally require immediate feedback.
A frame-based Bayesian algorithm has been proposed in [13]
for a delayed feedback environment. However, this method can
only be employed for Poisson-based traffic. In this paper, we
present an analytical model to study the above issues in detail.
The model can cover both the PRMA and PRMA-HS proto-
cols. Based on the analytical model, two methods for varying
the access probabilities are proposed, namely: frame-based
or minislot-based. To implement the protocol, we propose
a novel contention-pattern-analysis method for predicting
the number of contending terminals. Basically, this method
predicts the number of contending terminals by examining the
contention pattern in the previous frame. Combining the above
features, this paper presents a dynamic reservation protocol
for the emerging MPLS/ATM-based LEO satellite system and
analyzes its performance.

The remaining sections of the paper are organized as fol-
lows. Section II provides the system model. Section III presents
the analytical framework and the dynamic reservation protocol.
Section IV presents the performance analysis and discusses the
findings. Section V concludes the paper.

II. SYSTEM MODEL

Fig. 1 shows the network architecture of the LEO mobile
satellite system with three segments: space, ground and user
[1], [4]. Users can communicate with the LEO satellites through
their fixed/mobile terminals or using appropriate devices. Like
[8]–[11], the “earth fixed cell” approach is employed. The
satellite system can be linked with the Internet and other
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Fig. 1. General network architecture of the LEO mobile satellite system (inspired by diagrams in [1] and [4]).

networks by using suitable gateways. The network/satellite
control center provides various management functions (see [1]
for details). At the space segment, the LEO satellites, which
have an on-board processing capability, are networked by inter-
satellite links (ISLs). We consider that the satellites can support
MPLS by means of ATM switching. As a further enhancement,
the LEO satellites can form a hierarchical network with the
medium earth orbiting (MEO) and geosynchronous earth
orbit (GEO) satellites based on [14]. This paper addresses the
access/reservation protocol for an uplink channel (i.e., from the
user terminals/gateways to the satellite). As shown in Fig. 2, the
channel is framed, with three subframes in each frame: reserva-
tion minislots for conveying reservation requests, slots for CO
traffic and slots for CL traffic. There are slots per frame and
the duration of the frame is ms. As will be explained
later, the number of slots/minislots in each subframe, as well as
the access probabilities, are dynamically varied. Generally, slots
are assigned in the following order subject to availability: slots
for CO traffic based on the reservations, reservation minislots
for CO traffic based on the estimated number of CO terminals
(see Section III), slots for CL traffic based on the registered
slot requirements, and reservation minislots for CL traffic from
the residual capacity. As an example, we assume that each slot
has a 48-B payload for carrying a user packet and a 6-B header
for link management purposes. The header generally includes
a modified version of the standard ATM header and additional
control fields (e.g., for indicating the traffic type, mapping the
payload to a cached IP address if necessary and supporting
the piggybacked slot requirements to be discussed later). The
size of the payload is chosen to facilitate internetworking with
ATM to support cut-forwarding switching and MPLS-based
services through the satellite network. Note that a standard

ATM cell can be formed easily by replacing the 6-B header
with a 5-B ATM header at a gateway. The 6-B header is used
so that more control information can be included. A minislot is

th of a slot. We assume in this paper. To develop the
dynamic reservation protocol, it is assumed that the contention
results for frame and the slot assignments for frame
can be broadcasted via the downlink channel just before the
beginning of frame . To ensure this, the total number of
minislots in each frame is limited to . Here, we
assume that the round-trip delay for LEO satellites is about
10–12 ms [8]–[11], and for simplicity any processing delay is
ignored. Therefore, it should be possible to satisfy the above
requirements with the chosen parameters. Note that the above
parameters are just an example. It is possible to apply the
dynamic reservation protocol for other situations (e.g., by using
a different frame/slot size, etc.). To perform the later analysis,
two types of traffic are considered as follows.

A. CO Traffic (e.g., Voice)

We consider voice an example of CO traffic. The system sup-
ports 16-kb/s voice terminals, which are modeled by the popu-
larly used dual-state (i.e., active–idle) source (e.g., see [7]). The
independent active and idle periods follow an exponential dis-
tribution, with average values of s and s,
respectively [7]–[11]. For simplicity, it is assumed that a voice
terminal alters its state at the frame borders only. This means that
an idle (active) voice terminal will become active (idle) in the
following frame with probability

, where denotes an exponential function
or retain its current state with probability . An
active voice terminal requires one slot in each frame for trans-
mitting the voice packets. If a voice packet cannot be transmitted
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Fig. 2. Frame format for the uplink channel.

within one frame time, it will be replaced by the next voice
packet (i.e., discarded). Note that the above dual-state model
can also be extended to represent video traffic by aggregating
the dual-state sources (or minisources) [15].

As discussed in the next section, an active voice terminal
first connects to the corresponding satellite by accessing a
minislot. Upon connection and subject to slot availability, the
voice terminal can reserve one slot in each frame to send its
voice packets. The voice packets can be forwarded through
the MPLS/ATM-enabled satellites in two different ways. The
simplest is by using ATM switching, in which the voice packet
of each frame is switched independently. The second is by
using MPLS to support IP telephony services. In this case, the
voice packets of the same voice terminal collected from several
frames are combined to form an IP packet. The IP packet is
then transferred through the satellite network by using MPLS.
To enhance the channel efficiency, the IP header information
(e.g., destination and source IP addresses) can be cached or
stored at the satellite during the connection phase. Furthermore,
a short identifier is used for mapping to the IP header. By
doing so, each voice terminal only needs to include a short
identifier in the 6-B slot header to map to the corresponding IP
header. Based on the mapping, the respective IP packet can be
generated accordingly.

B. CL Traffic

For CL traffic, the bursty data source model and the corre-
sponding parameters given in [16] is adopted. Each data ter-
minal is represented as an ON-OFF (i.e., active–idle) source, with
the active and idle durations (e.g., with value ) each gov-
erned by a Weibull distribution as follows (see [16] for details):

(1)

Based on [16], an active data terminal generates packets ac-
cording to a Poisson process, with a mean rate of 20 packets/s
and with each packet requiring six slots for transmission. We
assume that each data terminal has a very large packet buffer.

Like the CO terminals, the active data (CL) terminals first
connect to the satellite by accessing a minislot. After connec-
tion, the data segments of an IP packet can be sent through the
assigned slots. Having received all of the data segments, the IP
packet can then be processed accordingly (e.g., encapsulated
with AAL5) and forwarded across the satellites by using MPLS.

III. ANALYTICAL FRAMEWORK AND DYNAMIC

RESERVATION PROTOCOL

In this section, we first formulate an analytical model to in-
vestigate a fundamental question related to the design of the dy-
namic reservation protocol. Then, to implement the protocol, we
present a novel contention-pattern-analysis method to estimate
the number of contending terminals. Finally, we describe the
protocol operation. Let us first investigate the following ques-
tion: “If there are a certain number of contending terminals at
the beginning of a frame, how should the access probabilities be
varied in order to maximize the number of successful terminals
at the end of the frame?” To investigate this interesting issue, we
consider that in frame , the contending terminals are classified
as follows:

• nontried: contending terminals that have not tried to access
a minislot in the frame;

• tried: contending terminals that have attempted to access a
minislot in the frame, but that have been unsuccessful due
to access conflicts (i.e., collision);

• successful: contending terminals that have successfully
accessed a minislot in the frame.



562 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 22, NO. 3, APRIL 2004

The purpose is to investigate whether the tried/successful
terminals should use a lower access probability. Note that due
to delayed feedback, each contending terminal only knows
whether it has tried or not tried to access a minislot. The
successful case is for purposes of calculation only. We consider
the state after the th minislot as , where
there are nontried terminals, tried terminals, and

successful/connected terminals. The nontried terminals
and the tried/successful terminals access the next minislot with
probabilities and , respectively. We use and

to denote the situations at the beginning and end of
frame , respectively. This means that there are minislots
in frame . It should be noted that, after the last minislot,
the state remains unchanged until the end of the frame. The
following are two methods of varying the access probabilities
for a delayed feedback environment (i.e., the contention results
are not available until the end of a frame): frame-based and
minislot-based.

A. Frame-Based Approach

Given the state and the access prob-
abilities and , we first determine the state tran-
sition probability for changing from to

The transition probability is de-
noted as

, which can be found in Appendix I.
Starting from the initial state and

using the given access probabilities, we can calculate
recursively the probability that after minislots, the
final state becomes . We denote
the respective transition probability (i.e., changing from

to ) within the frame as
.

Having found the final state , we can
compute the expected number of connected or successful termi-
nals (i.e., the terminals that can access a minislot successfully
without counting the duplicated terminals) as follows:

(2)

For the frame-based approach, our objective is to maximize
the expected number of successful terminals at the end of a
frame by choosing the best values of and , where

and . Note that for the frame-based
approach, the access probabilities remain unchanged within a
frame. The above model can in fact cover both the PRMA and
PRMA-HS protocols by setting and

, respectively. Note that the specified
probabilities are examples. However, it is not straightforward
to determine the optimal access probabilities. For the dynamic
reservation protocol, we consider that the access probabilities
can be dynamically varied based on the initial number of con-
tending terminals; i.e., . We refer to
this as the frame-based method. Here, let us assume that the ini-
tial number of contending terminals can be known. Later, we

Fig. 3. Number of minislots when the number of contending terminals varies.

will present a novel contention-pattern analysis method to esti-
mate . Another related problem is to determine how many
minislots should be assigned for the contending terminals. As
shown in Appendix II, if , the average
number of minislots required for all of the contending ter-
minals to become connected is

(3)

Furthermore, the upper and lower bounds of (3) are also worked
out in Appendix II. Unless otherwise specified, we use (3) to de-
termine the required number of minislots in a frame (i.e., )
based on the initial number of contending terminals. For a fair
comparison, the formula is also applied to other schemes. Fig. 3
shows the number of minislots for a different number of con-
tending terminals. As expected, the exact values are within the
lower and upper bounds.

Theoretically, we can determine the best combination of
in order to maximize the expected value, as

calculated by (2). To investigate this issue, Fig. 4 shows the
success ratio (i.e., the fraction of the contending terminals that
can be connected) for different values of and when the
initial number of contending terminals is 25. For simplicity,
the subscripts are removed. It can be seen that the success
ratio is more sensitive to changes in . In particular, when is
around , the success ratio can be kept at a high value for a
wide range of . Fig. 5 gives the best values of and for the
frame-based (exact) method when the number of contending
terminals is varied. Obviously, when there is only one con-
tending terminal, should be set to one so that the terminal can
access the minislot with certainty. As an extension to Fig. 5,
Fig. 6 shows the best values of and normalized with respect
to the reciprocal of the initial number of contending terminals.
It can be seen that when the initial number of contending
terminals is large, and should be set to about 1.2 times and
0.8 times the reciprocal of the initial number of contending
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Fig. 4. Success ratio when p and q varies.

Fig. 5. Best access probability when the number of contending terminals
varies.

terminals, respectively. However, Fig. 7 shows that the success
ratios for the frame-based and frame-based (exact) methods are
in fact very close, which indicates the effectiveness of using the
frame-based method. Hence, to facilitate implementation, we
set for the frame-based scheme.

B. Minislot-Based Approach

Next, we investigate how to vary (i.e., the ac-
cess probabilities for the next minislot) so that the chance of
accessing the minislot by using one of the nontried or tried ter-
minals can be maximized. Recall that due to delayed feedback, a
tried terminal cannot know whether the previous access is suc-
cessful until the beginning of the next frame. Mathematically,
we want to determine the best combination of in
order to maximize the value of the following function:

(4)

Fig. 6. Best normalized access probability when the number of contending
terminals varies.

Fig. 7. Comparison of the success ratio between the frame-based (exact)
scheme and frame-based scheme.

subject to the condition that , where
. Note that (4) gives

the probability that one of the nontried or tried terminals will
successfully access a minislot. To determine the best values

, we need to consider the turning point(s) and
boundary conditions as follows:

Case 1: The values of and are found by
considering the turning point where the derivatives of

with respect to both and are
zero; i.e.,

and

(5)

After calculation, it is found that the optimum values of
are

(6)
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(7)

As can be seen, this case is invalid unless or . If this
condition is not satisfied, becomes negative.

Case 2: We need to find the maximum value of
when . This is done by solving

when . The access probabilities
for this case are

(8)

The corresponding value of is

(9)

Case 3: Similar to case 2, we determine the max-
imum value of when (i.e., by solving

when ). We get

(10)

The corresponding value of is

(11)

Furthermore, we should also consider the cases where
or , as well as and . It is not difficult
to see that they are not the best choices.

Comparing the above cases, it can be found that the best
values of are shown in (12), at the bottom of the
page. Thus, if the access probabilities are varied as ,
the number of successful terminals at the end of a frame can
be maximized. However, the actual value of
cannot be known in reality. Here, we implement the
minislot-based scheme as follows. Consider that the probability
for changing from to is

. Let the expected
value of be , which can
be worked out as follows:

(13)

(14)

Fig. 8. Change in access probabilities for the minislot-based (exact) scheme.

(15)

With the expected values, we can calculate the expected op-
timum access probability by using (12), and then
determine
accordingly based on (30) (see Appendix I). Hence, starting
from the initial state and , we can
compute the expected optimum access probabilities recursively.
We refer to this method and to the exact solution (i.e., where
the access probabilities are calculated based on the exact
value of ) as the minislot-based and the
minislot-based (exact) schemes, respectively.

Fig. 8 shows how the access probabilities should be varied for
the minislot-based method. Again, the subscripts are ignored for
simplicity. The figure indicates that the best strategy is to disable
the tried terminals below a certain number of minislots and to
increase the access probability for the nontried terminals (i.e., )
exponentially toward one. When all of the contending terminals
have tried to access a minislot, should be set to the reciprocal
of the number of contending terminals.

Finally, let us evaluate the performance of the different
schemes. Fig. 9 compares the success ratio for the different
schemes when the number of contending terminals is varied.
When the number of contending terminals is less than four,
a better performance can be achieved by using and

(similar to PRMA-HS). However, if the number of
contending terminals is above four, using and
(similar to the original PRMA) is better. As expected, the

if and or or

if and
(12)
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Fig. 9. Success ratio for different schemes when the number of contending
terminals varies.

minislot-based (exact) method always gives the best perfor-
mance. However, it is only an ideal scheme, which cannot be
realized in practice. The other three schemes: frame-based
(exact), frame-based, and minislot-based give almost the same
performance close to the ideal result. This justifies the use of
the frame-based scheme for the dynamic reservation protocol
because it is simple to implement. In the rest of this paper, we
will focus on using this scheme.

C. Contention-Pattern-Analysis Algorithm

To vary the access probability dynamically using the above
frame-based scheme, we need to estimate the number of con-
tending terminals at the beginning of a frame. In this section,
we introduce a novel contention-pattern-analysis algorithm for
this purpose. The key question is: “Given a certain contention
pattern, what number of contending terminals is most likely to
produce the pattern?” The algorithm works as follows. We de-
fine as the possible number of contending terminals and
as the number of terminals that have successfully sent their re-
quests just after the th minislot. If the number of contending
terminals at the beginning of the frame is , we denote as the
probability that the pattern up to the th minislot is generated.
At the beginning of frame , we assume that the possible num-
bers of contending terminals are: (i.e., can be
one of these values) and that there are minislots. The algo-
rithm is described as follows.

1) Set .
2) Set and .
3) Starting from , for each minislot , update

based on the contention result as follows.
• If the result is “idle” (i.e., no terminal accesses the

minislot), update .
• If the result is “success” (i.e., one terminal accesses

the minislot and it has not previously sent a request
successfully), update

. Furthermore, set
.

• If the result is “duplication” (i.e., one terminal ac-
cesses the minislot but it has previously sent a re-
quest successfully), update

.
• If the result is “collision,” (i.e., more than

one terminal accesses the minislot) update

.
4) After going through all of the minislots, set

. Increase by one. If , repeat steps 2)–4);
otherwise, stop.

Finally, find (where ) such that is
the largest. Denote and as the estimated number
of contending terminals at the start and end of frame .
Based on the above, we set . Knowing that
terminals have accessed a minislot successfully within the
frame, we have . For simplicity, we
can set . Note that if the terminal model
is known, the estimate can be further enhanced based
on the terminal model. For the case of voice, we have

,
where is the number of voice/bistate terminals and
is the number of connected/reserved voice/bistate terminals
at the frame border. Note that the second and third terms
in the equation give the average number of terminals en-
tering and leaving the active state, respectively. To convert
the new estimate to an integer, the ceiling function is used.
The access probabilities for frame are updated to

. Here, we assume a
lower bound of two rather than one contending terminal(s) to
prevent excessive collisions in the case of occasional underes-
timations. Furthermore, the number of minislots for the next
frame is also set accordingly.

Let us use a simple example to explain the above method.
Suppose that the current frame has four minislots and that at
the end of the frame the contention results are collision, idle,
success, and duplication. Assume that initially there can be 0,
1, 2, and 3 contending terminals and the access probability for
the previous frame is . For each possible number of con-
tending terminals, the base terminal calculates the probability
that the above contention pattern is generated (see Table I). In
this example, the predicted number of contending terminals
is three because it has the highest chance of producing the
contention pattern: collision, idle, success, and duplication.
Since one of the contending terminals has accessed a minislot
successfully, the estimated number of contending terminals
becomes . Furthermore, the access probability should
be updated to .

We have conducted many simulations to evaluate the effec-
tiveness of the contention-pattern-analysis method. Some rep-
resentative results are presented in Fig. 10. Here, we consider
that the largest possible number of contending terminals is 50
and the number of minislots is set based on (3). We repeated
each case 100 000 times to obtain the results. Fig. 10 shows the
distribution (frequency percent of the 100 000 runs) of the es-
timated number of contending terminals for a different actual
number of contending terminals. It can be seen that the esti-
mate is generally quite good. In other words, the prediction
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TABLE I
SIMPLE EXAMPLE TO ILLUSTRATE THE CONTENTION-PATTERN-ANALYSIS METHOD

Fig. 10. Distribution of the estimated number of contending terminals.

matches closely with the actual number of contending termi-
nals except when the previous estimate is significantly under-
estimated. However, in this case, the next estimate will move
closer to the maximum number of contending terminals. This
eventually brings the estimate close to the actual number of con-
tending terminals. In summary, the contention-pattern-analysis

method provides an effective way of estimating the number of
contending terminals for the dynamic reservation protocol.

D. Protocol Operation

Based on the above analytical model, the dynamic reserva-
tion protocol works as follows. Note that our focus is on packet-
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level operations. We assume that the terminals have registered
with the satellite through an appropriate mechanism. According
to the contention pattern in the last frame, the satellite deter-
mines the access probability and number of reservation minis-
lots for each type of traffic (i.e., CO and CL traffic). The min-
islots are then assigned based on the available (nonreserved)
channel capacity. Basically, the minislots required for the voice
(CO) traffic are allocated first and the unused capacity (i.e., after
all of the outstanding transmission requests have been served)
is assigned as minislots for the data (CL) traffic. The access
probability and number of minislots for each type of traffic are
broadcasted through the downlink channel, together with the
slot assignments. The slot assignments (i.e., determining which
terminal can use a specific slot) can be conveyed via the down-
link slots. The terminals access the minislots/slots as follows.

When an idle voice terminal becomes active, it first sends a
reservation request through an eligible minislot by using the re-
spective access probability as broadcasted by the satellite. Based
on the reservation requests, the satellite reserves the slots for
the voice terminals accordingly. As mentioned above, each re-
served voice terminal needs to keep track of the slot assignment
for the subsequent frame via the downlink channel (similar to
[17]). After sending the last voice packet of the talkspurt, the
reservation is released. Note that the above protocol can also
be extended to support variable bit rate traffic. In this case, a re-
served terminal can change the bit rate (i.e., the required number
of slots per frame) through the transmitted packets so that fur-
ther slots (if available) can be assigned or reserved accordingly.

Similar to the voice terminals, an active data terminal first
accesses an eligible minislot (i.e., a minislot for the data termi-
nals) with the corresponding access probability, as predicted by
the above contention-pattern-analysis method. Note that the ac-
cess probability for the data terminals is likely to be different
from that of the voice terminals. After accessing a minislot, the
data terminal notifies the satellite about the number of slots re-
quired to transmit its packets. Having collected all of the re-
quests, the available slots are assigned to the data terminals
on a “first-come, first-served” basis. Once a data terminal is
connected to the satellite, later slot requirements can be piggy-
backed through the transmitted packets, based on a similar ap-
proach used in [16]–[18] (i.e., the information is included in the
header of each transmitted packet). Based on the information,
the satellite can record the slot requirements and then assign
the slots accordingly. By employing this method for transmit-
ting data packets, the channel efficiency can be improved. After
sending the last packet in the buffer, the data terminal is logically
disconnected from the satellite (i.e., the data terminal needs to
access a minislot again in order to transmit a new packet).

IV. PERFORMANCE ANALYSIS AND DISCUSSION

In this section, we analyze the performance of the dynamic
reservation protocol by using a Markov model and computer
simulations. We first formulate a Markov model to evaluate
the performance of the dynamic reservation protocol with the
frame-based scheme for multiplexing bistate CO traffic sources
(e.g., voice terminals). For purposes of comparison, we also an-
alyze the cases and with

the Markov model. Note that the frame-based and the frame-
based (estimation) (i.e., the scheme based on the contention-
pattern-analysis method) schemes use the actual and estimated
number of contending terminals to compute the access proba-
bility. Hence, the frame-based scheme gives the best possible
performance that can be used to evaluate the effectiveness of
the frame-based (estimation) scheme. In addition, the Markov
model is also employed to validate the simulation model with

. Unfortunately, it is computationally infeasible to use
the Markov model when is large because there are too many
states. Consequently, we employ the validated simulation model
to evaluate the performance of the system for large values of .
For CL traffic, the performance is analyzed using simulations.

The Markov model for CO traffic is described as follows. A
Markov chain is formed with states represented by the number
of contending terminals and reserved terminals at the end of
a frame. Consider the situation at the end of frame , where
there are reserved terminals, contending terminals, and

idle terminals. In general, the following
case can happen: of the terminals become idle, of
the terminals become active, and of the terminals
finish their active periods. The corresponding probabilities are
denoted as , and ,
respectively.

It is not difficult to see that and
, where and denote the number of contending

and reserved terminals at the start of frame . Hence, we
have

(16)

and

(17)

We use to denote the respective tran-
sition probabilities at the border of the frame. Note that the state
at the end of a frame is the same as the state after the last min-
islot of the frame. The transition probability can be found by
considering the general case as given above, i.e.,

(18)

Note that the lower and upper limits of are found by consid-
ering the following conditions:

and

(19)

Denote as the transition
probability that the state changes from to

within frame , which can be found by (30)
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(see Appendix I) by setting the initial values as
. For the number of minislots, we

allocate
. Here, we need to satisfy a number of requirements

simultaneously. Essentially, the required number of minislots is
calculated by (3), subject to the maximum number of available
minislots (i.e., ), and the propagation delay
requirement as explained above (i.e., no more than
minislots can be assigned). Furthermore, we assume that at
least minislots are provided subject to availability. Given the
state at the end of frame

, there are a total of contending
terminals at the end of the frame. Hence, we have

(20)

As we know, there are reserved terminals at the beginning
of frame , and terminals connected to the satel-
lite within the frame. Therefore, we have

(21)

Since a frame can support at most packets, terminals
cannot be assigned a slot when . These terminals
will return to the contending state. Therefore, the number of
contending and reserved terminals at the end of frame
can be found as follows in (22) and (23) at the bottom of the
page. Hence, we get

(24)

Having found and
, we can compute the transition prob-

ability for the Markov chain as
follows:

(25)

Denote as the limiting probability that there are con-
tending terminals and reserved terminals at the end of a frame,
which can be found by solving the following equations:

(26)

(27)

Having found the limiting probabilities, we can compute the
packet loss ratio and utilization as explained below. For voice
traffic, it is well known that the packet loss ratio should be kept
within 1% (e.g., [7] and [8]). Using , the packet loss ratio
(PLR) can be computed as follows:

(28)

It is not difficult to see that the denominator and numerator
give the mean number of packets transmitted by the terminals
per frame and the average number of packets lost in a frame,
respectively.

For calculating the slot utilization, idle slots and minislots are
excluded. If there are reserved terminals at the end of a frame,

of the slots are utilized in the next frame. Hence, the slot
utilization (SU) is computed as follows:

(29)

In addition to the above Markov model, a simulation program
has also been written using C++ to analyze the performance
of the dynamic reservation protocol for integrating voice (CO)
and data (CL) traffic, based on some of the simulation parame-
ters in [16]. The simulation and analytical results are presented
as follows. We first consider a system with only voice termi-
nals. Fig. 11 compares the packet loss ratio for the different
schemes when the number of voice terminals is varied. It can
be seen that the analytical results match closely with the sim-
ulation results, thus indicating the correctness of both models.
When , better performance can be achieved by using

and . However, when is increased to 50
and 100, using and gives an unacceptable
performance (nearly all of the packets are discarded). In these
two cases, using and is better. The figure also
shows that the packet loss ratio for the frame-based (estima-
tion) scheme is close to that of the frame-based scheme. This
means that the contention-pattern-analysis method is effective
in predicting the number of contending terminals and, hence,
in varying the access probability dynamically. When ,
the system can accommodate about 95 voice terminals, giving
a maximum multiplexing gain of 1.9 as compared with the con-
ventional time-division multiplexing system. Fig. 12 shows the
slot utilization when the number of voice terminals is varied.
Again, the simulation and analytical results match closely. It can
be seen that in terms of slot utilization, all of the methods give
almost the same performance. When and the number of
voice terminals is 95, the frame-based (estimation) scheme gives
a utilization of 80%. As shown later, the utilization can be fur-
ther increased by adding data traffic. Next, we consider the in-
tegration of voice and data traffic. According to [16], the active
and idle durations for the data terminals are computed by setting

if
if (22)

if
if (23)
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Fig. 11. Packet loss ratio for different access schemes.

and and , respec-
tively. Fig. 13 shows the mean packet delay when the number
of data terminals is varied. It can be seen that the delay can be
maintained at a steady low value until a certain number of data
terminals is reached. For example, if there are 95 voice termi-
nals, the system can accommodate 10 data terminals. Fig. 14
shows the slot utilization when the number of data terminals is
varied. The figure indicates that the utilization increases linearly
with respect to the number of data terminals. Referring back to
Fig. 12, the utilization is about 80% when the number of voice
terminals is 95. By introducing data traffic, the utilization can
be increased to above 85%. Based on [16], we have also studied
two other cases (bursty models I and III) with the same average
data rate as the previous case (bursty model II) as follows:

• bursty model I: and for active periods
and for idle periods;

• bursty model II: and for active
periods and for idle periods;

• bursty model III: and for active periods
and for idle periods.

There are 95 voice terminals in subsequent simulations. Fig. 15
shows the mean packet delay for the three cases. The result

Fig. 12. Slot utilization for different access schemes.

Fig. 13. Mean packet delay when the number of data terminals varies.

shows that the delay is slightly higher if is smaller, especially
when there are more data terminals. Like [16], we have also
simulated the case with exponential interarrival time (i.e., the
Poisson model) using the same average data rate. It is found
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Fig. 14. Slot utilization when the number of data terminals varies.

Fig. 15. Mean packet delay for different data parameters.

that this results in a slightly lower mean packet delay when
the number of data terminals is small. However, the delay in-
creases more dramatically when the number of data terminals
is large. This is because data packets arrive more uniformly
under the Poisson model, so in general a packet experiences a
lower waiting time in the buffer. However, it also gives a larger
number of contending data terminals, so the delay increases
more significantly when the number of data terminals increases.
Fig. 16 shows the slot utilization for different values of when
the number of data terminals is changed. In general, the differ-
ence in slot utilization is quite small. It is found that the Poisson
traffic gives a higher utilization. Fig. 17 shows the mean packet
delay for different arrival rates during the active period while
maintaining the same overall data rate. The figure shows that
the delay is smaller when the arrival rate during the active pe-
riod is larger. Note that as the overall data rate remains fixed,
the packet size becomes smaller as the arrival rate is larger.
Therefore, the mean packet delay becomes smaller. However,
as shown in Fig. 18, the utilization is smaller when the arrival
rate is larger. This is because in this case, a larger number of

Fig. 16. Slot utilization for different data parameters.

Fig. 17. Mean packet delay for different arrival rates during the active period.

Fig. 18. Slot utilization for different arrival rates during the active period.
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shorter packets arrive. The result is more contending data ter-
minals and, hence, a lower utilization.

V. CONCLUSION

In conclusion, we have presented a dynamic reservation pro-
tocol for the LEO mobile satellite system. To develop the pro-
tocol, we have formulated an analytical model to investigate
how the access probability and number of reservation minislots
should be varied under a delayed feedback environment in order
to achieve the best performance. In particular, two approaches
(frame-based and minislot-based) have been investigated and
compared. Based on the analysis and taking into account the
ease of implementation, it is proposed that the access proba-
bility should be varied in each frame based on the number of
contending terminals. To implement the protocol, a novel con-
tention-pattern-analysis approach has been proposed to estimate
the number of contending terminals at the start of a frame. Based
on the analytical model, a dynamic reservation protocol has
been developed to integrate CO and CL traffic over a satellite
channel. Analytical and simulation results show that the dy-
namic reservation protocol is effective in multiplexing CO and
CL traffic.

APPENDIX I
FINDING THE TRANSITION PROBABILITY

The transition probability is shown in (30). In the first and
second cases, none of the contending terminals accesses
the minislot; thus, the number of contending terminals remains
unchanged. In the first case, even the tried and successful ter-
minals do not send a request, so there is no change in the state.
In the second case, one of the terminals sends a request,
but none of the terminals accesses the minislot. Hence,

we have and . In the
third and fourth cases, exactly one of the contending ter-
minals sends a request, so we have . In
the third case, there is a successful access because none of the
tried and successful terminals sends a request. As a result, we
have and . In the fourth
case, the access is not successful because at least one of the

terminals has sent a reservation request. Hence,
we have . In the fifth case,
two or more terminals transmit a request, thus causing a
collision. The probability that of the nontried terminals sends a
request is , where .
After sending a request, they become tried terminals. Hence, we
have and . See (30), at the
bottom of the page.

APPENDIX II
CALCULATION OF THE REQUIRED NUMBER OF RESERVATION

MINISLOTS FOR THE FRAME-BASED SCHEME

Recall that at the start of frame , there are contending
terminals and the access probabilities for the frame are

. Given that terminals have connected to
the satellite, we denote as the probability that the th success
occurs (i.e., one of the nonsuccessful terminals
accesses a minislot successfully). As both the successful and
nonsuccessful terminals use the same access probability ,
and a new success occurs if one of the nonsuccessful
terminals accesses a minislot successfully, we have

(31)

if

if

if

if

if

otherwise

(30)
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With , we can compute the expected number of additional
minislots to get the th success. Its value is denoted as . It is
not difficult to see that

(32)
Hence, the expected number of minislots for all of the con-
tending terminals to connect to the satellite is

(33)

It can be found that (e.g., see [19])

(34)

Based on (34), the lower and upper bounds of can be
found as follows:

(35)

If is very large, converges to .
Hence, is bounded as follows:

(36)
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