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Multiple Access
Protocols for Data
Communications via
VSAT Networks

C. J. Wolejsza
D. Taylor

M. Grossman

W. P. Osborne

One of the most significant advantages of
VSAT Networks is the ability to link
together many terminals at remote sites
under a single manageable network and
to adapt the performance characteristics
of the network to the requirements of the
type of data traffic presented to the
network.
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Over the past 20 years, the technology of satellite
communications has achieved a tremendous
growth in capacity and geographic span for voice and
video applications, resulting in a worldwide communi-
cations network and the current emergence of regional
networks [1-4]. Until recently, however, the primary
mode of data transmission via satellite networks has
been via low speed voice band signaling, and has not
taken full advantage of the capabilities of a satellite-
based communications system. The use of satellites for
data communications has a number of significant
advantages compared to terrestrial networks. Because
any .earthstation within the field of view of the satellite
antenna could access the satellite network directly, the
potential for maximum connectivity is available. In
addition, satellites offer substantial flexibility in band-
width and power utilization, thus providing the capa-
bility for much higher data rates than are generally
available through terrestrial networks. Satellite systems
also facilitate the utilization of centrally controlled
networks, since each node in the network could have a
direct link to the central site. This offers the possibility
of providing private networks which are under total
control of the network user,

The potential for satellite data communications net-
works has been given significant impetus by recent ad-
vances in technology, especially in the area of micro-
wave integrated circuits. This includes solid-state power
amplifiers (SSPA’s) with up to 5 watts output power at
C-band and 2 watts at Ku band, as well as integrated low
cost up converters and low noise down converters [5].
Current digital technology also permits significant pro-
cessing power in a small size and cost. This capability
has led to the introduction of Very Small Aperture
Terminal (VSAT) Satellite Networks for data communi-
cations applications using satellite technology [6,7].
The benefits of such networks include wide area cover-
age, lower operating costs than terrestrial networks, ease
of installation and maintenance in remote areas and,
high performance which is independent of distance.
One of the most significant advantages of VSAT Net-
works is the ability to link together many terminals at
remote sites under a single manageable network and
to adapt the performance characteristics of the net-
work to the requirements of the type of data traffic pre-
sented to the network. :

VSAT Data Network Characteristics

The fundamental characteristics of such VSAT Net-
works require the use of low power transmitters (1-2
watts for Ku band) with small (1.2-2.5 meter) antennas,
but relatively high EIRP from the satellite. This results
in a situation in which the satellite itself is used in a
power limited mode, rather than a bandwidth limited
mode. The network is generally operated in a Frequency
Division Multiple Access (FDMA) mode with several
narrow bandwidth carriers, because the maximum avail-
able bit rate from any VSAT is relatively small com-
pared to the available bandwidth. If the entire capacity
of one such carrier is allocated to a single user, the mode
of operation is termed Single Channel Per Carrier
(SCPC). Forward error correction (FEC) coding is often
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used to optimize the trade-off between bit error rate and
SSPA power to maintain high throughput. The total
satellite capacity itself is determined by the multi-carrier
intermodulation distortion in the satellite. Ku band sys-
tems, which have the capability to achieve higher data
rates for a given antenna size, require greater margins in
the design to allow for the higher frequency and depth
of fading due to rain.

The use of VSAT systems for data communications
brings with it a number of special concerns which are
unique to the satellite environment. The chief of these
is the propagation delay associated with a round trip to
the satellite of about 270 msec. When designing a trans-
mission protocol to provide data integrity and to func-
tion efficiently with this delay, compromises between
efficiency of channel utilization and processing com-
plexity are required. VSAT networks also have some
other unique characteristics which make the design of
transmission protocols more complex. Early experi-
ments with data communications protocols were con-
ducted by the Defense Advanced Research Project
Agency (DARPA) in the Atlantic ocean basin using an
INTELSAT IV satellite and Standard A earthstations
[8-13]. In this environment, each earthstation was the
same size and used the same transmission channel,
Therefore each station was able to hear its own trans-
missions. Collision detection (necessary for contention-
based packet protocols) is therefore relatively easy. A
VSAT network, however, is generally unbalanced with
a large central hub and many small remote stations. In
this situation, a single outbound carrier provides data
transfer to the remote terminals operating in a straight
forward TDM channel mode. The inbound channel
consists of perhaps several lower bit rate carriers operat-
ing in some form of Time Division Multiple Access
(TDMA). Because the inbound and outbound carriers
are at different bit rates, the remote stations cannot hear
their own transmissions. Thus, the use of contention
protocols requires a positive acknowledgement scheme
to prevent loss of data. This is also a desirable feature
for any satellite system since packets could be lost due to
bit errors as well as collisions. Unfortunately, this also
results in a two round trip delay before the acknowl-
edgement is received by the sender, and the acknowledge-
ment packets add to the offered load on the transmission
channel. In addition, the actual data traffic offered to
the VSAT network would normally be unbalanced.

Satellite Transmission Protocols

Historically, as noted by Lam [14], multiple access
protocols were designed for voice communications with
the objective of maximizing the achievable channel
capacity or throughput in terms of the number of avail-
able voice channels. The primary access techniques for
this were frequency division multiple access (FDMA)
and time division multiple access (TDMA). Channels
could be either fixed assigned or demand assigned using
a suitable control algorithm [15]. FDMA and TDMA are
highly efficient access schemes for voice traffic and for
some data traffic, notably long batch file transfers.

One of the key issues which impact the efficiency and
consequent economics of a data only satellite network
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are the creation of multiple access transmission proto-
cols which are more efficient for this type of traffic.
These techniques are all oriented toward a packet
switching approach and this aspect of the network is
strongly tied to the actual nature of the data traffic to be
offered to the network. This has resulted in a multiplic-
ity of protocols which have been studied for satellite
networks. Generally, these protocols have been oriented
toward balanced networks in which each user can see
his own transmissions [12,18,16,17]. Of major concern
with any network is that each of these transmission pro-
tocols must interact with a higher level packet oriented
communications protocol such as SDLC or X.25. This
results in a considerable variation in the methods used
to achieve the performance needs of the user, especially
for unbalanced VSAT networks.

For the sake of consistency within this paper, it is
useful to define a consistent nomenclature for describ-
ing the transmission protocols. In the current context,
the designation ALOHA [18] will refer to a contention
based protocol in which the actual data packets are not
synchronized among the users and collisions at the
satellite may occur when two users attempt to transmit a
packet at the same time, with a consequent loss of data.
Collisions are detected by local observation of the re-
ceived signal. This class includes unslotted and slotted
ALOHA. Since this class of protocols depends upon
each earth station being able to receive its own transmis-
sion, they are generally not suitable for VSAT STAR
networks with small remote sites or unbalanced capacity
configurations. In addition, they are not suitable for
higher level protocols which depend upon packet integ-
rity since packets may be lost due to channel errors and
other causes besides collisions. Because they utilize con-
tention they also suffer from unstabilities caused by
high traffic loads. They are included for completeness
and because they are the most basic and thoroughly
analyzed type of protocol [16-20].

A variation of slotted ALOHA in which all packets
are acknowledged by the recipient is herein designated
Random Access TDMA. This approach has capacity
performance similar to slotted ALOHA and maintains
packet integrity, although it suffers twice the propaga-
tion delay before an acknowledgment is received by the
sender, and acknowledgment packets add to the offered
load on the channel thus aggravating the stability prob-
lem. The actual data is still carried in contention mode
on the channel. It is the only approach to implementing
a contention channel in a STAR Network.

The other principal dynamic transmission protocols
of interest for VSAT STAR applications are all varia-
tions of Reservation TDMA. These protocols are char-
acterized by a frame structure on the channel consisting
of reservable time slots which are assigned to users by a
central network manager on a real time message-by-
message basis. This class of protocols also requires a
separate reservation ‘“‘channel” by which each site
communicates its capacity needs to the network man-
ager. This channel may be on a separate frequency, or
simply separate time slots (usually smaller than data
slots) and may be used in contention ALOHA or non-
contention TDMA mode. This mode of channel man-
agement also requires a tradeoff between the fraction of
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channel capacity allocated to the reservation traffic and
that allocated to actual data traffic. Unbalanced net-
works also require a separate acknowledgment scheme
to guarantee data integrity. ’

There are some data communication environments in
which each remote site has a relatively fixed and well-
defined, though small, traffic requirement. In this situa-
tion, the use of pre-assigned time slots in a TDMA for-
mat, allocated to each user provides efficient utilization
of the satellite resources. This approach, Fixed Frame
TDMA, essentially provide a “bit pipe” of specified
average bit rate between each user and the central Hub.
Reallocation of capacity is generally performed only
occasionally and is done “offline.”

It should be noted that none of the above simple pro-
tocols provide a perfect fit for all or even a majority of
applications. In fact, for many applications, the traffic
environment may change with time or circumstances in
a periodic or stochastic sense and therefore more complex
and adaptive modes have been proposed such as C-
PODA [21,22] and SRUC [23] which attempt to exploit
the benefits of each class of protocol as a function of
traffic dynamics and reduce the detrimental effects of
contention channel instability.

Performance Criteria

The VSAT user in general wishes to replace his pres-
ent leased line network with a more efficient, flexible
and less expensive system without loss of performance
and, if at all possible, without loss of network avail-
ability.

The major factor effecting satellite network availabil-
ity is the effect of propagation phenomena, particularly
rain, on Ku-band transmissions. In normal VSAT sys-
temns [24] this at least one order of magnitude worse than
the combined equipment availabilities and is on the
order of 99.5-99.9 percent dependent on the choice of
antenna size, transmit power and transmit data rates
within the limits permitted by the FCC [25].

The network availability must be balanced relative to
the other major performance criteria, namely Bit Error
Rate (BER). Typical data users require BERs on the
order of 107 or 1077 and tend to think in these terms.
Unfortunately, BER is not the best or easiest measure of
performance in packet networks. As most packet net-
works are “bursty’’ in nature, and one either accepts or
rejects transmissions on a packet basis, and retransmits
faulty packets to prevent loss of data, Packet Error Rate
(PER) becomes the measure of “goodness’” of the net-
work. However, satellite links are still calculated on a

BER basis and a relationship between BER and PER

must be established. This relationship for an uncoded
system [26] is given by

Pe=L Pb (1)
where

Pe = Packet Error Rate
Pb = Bit Error Rate
L = Packet Length in Bits

for a system with a low PER. Due to the small size of the
VSAT antenna most systems use some form of Forward
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Error Correction coding and for a convolutional cod-
ing with soft decision Viterbi decoding the relationship
given in (1) becomes

10 Log Pe = 10 log (Pb) + Gp (2)

where Gp = the packet coding gain. Details and deriva-
tions are given in [26]. A similar expression for a
sequential coding system has yet to be worked out. As
the PER is easily monitored by counting the number of
occurrences of a non-zero CRC it provides a simple on-
line means to monitor BER performance and becomes a
good maintenance tool. As a reference point, in a system
utilizing a soft decision Viterbi decoder, a PER = 2 X
107® corresponds to a BER = 107° as shown in Fig. 1.

As in all system designs, trade-offs are required be-
tween the antenna size, transmit power and data rate as
a function of the desired BER at given propagation
availabilities.

The greater the availability required for any given
BER/PER, the greater the required power from the
satellite to the VSAT, hence the lower the transponder
utilization per carrier in the power limited environment
typical of VSAT operation. Other non-technical factors
also enter the equation such as the aesthetics of a satel-
lite antenna of a given size on the proposed structure,
local building codes and, as always, the cost versus per-
formance gain.

Two additional performance issues must be factored
into the design equation; these are throughput (average
percent of channel capacity carrying actual user data)
and delay (average time between receipt of data by the
VSAT network and error-free delivery to end user). Both
of the above are directly related to the nature of the
traffic being transmitted.
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Fig. 1. Relationship between packet-error-rate and bit-error-rate
for 128-byte packets when r=1/2, K = 7 convolutional encoding
and soft decision maximum likelihood decoding is employed.
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Traffic Characteristics

The nature of the wraffic will also profoundly effect
the type of satellite protocol that is most efficient for a
particular network. One can separate traffic into several
basic types:

a) Interactive Data

b) Inquiry/Response

c) Batch (File Transfer)

d) SCADA (Supervisory Control and Data Acquisi-

tion)

The interactive data (for example, Bank Transactions,
Automatic Teller Machine (ATM)) typically consists of
a single packet inbound, VSAT to Hub, with 50 to 250
bytes, and an outbound reply of the same size in a single
packet per message (SPPM), This is a low usage mode
(low arrival rate) and lends itself to contention mode
(Aloha, slotted Aloha) networks. It permits a relatively
large number of VSATSs on a single inbound channel.
This type of network is typical of approximately 10
percent of the VSAT applications.

A more typical network is the inquiry/response type
(for example, airline reservations) which features a
short inbound packet, 30-100 bytes, and a multiple
packet outhound response on the order of 500-2000
bytes. This is referred to as multiple packet per message
(MPPM) since packets are limited to a maximum of 256
bytes in a typical SDL.C environment.

Batch traffic (such as, ATM downloads) normally
consists of down loads or printer traffic and are best
suited to an SCPC type system for the duration of the
down load.

SCADA networks (for example, pipeline monitoring)
require a relatively small amount of data transmitted at
fixed times from multiple sites in a must have mode and
lend themselves to Fixed Frame TDMA networks. This
type of traffic has the advantage of operating efficiently
with pre-assigned slots and does not require positive
acknowledgments.

The reality of the marketplace is such that a typical
network will contain elements of most or all of the
above traffic types.

The effect of the type of traffic on the choice of net-
work protocol must be balanced against the required
throughput and delay. In general the contention modes
provide a maximum throughput of 18 percent for Aloha
and 36 percent for slotted Aloha and Random Access
TDMA [27,28], though typical operation is 10 percent
for the former and no higher than 30 percent for the
latter two. Fixed Frame TDMA systems have 70-80
percent throughputs while Reservation TDMA ap-
proaches average about 60 percent. These throughputs
must be balanced against the desired delay which is nor-
mally on the order of 2-8 seconds. Comparisons of
delays, given in references 14 and 29, show that the least
delay corresponds to the lowest throughput that is,
slotted Aloha, while Fixed Frame TDMA vyields the
highest delay and throughput, with Reservation TDMA
schemes holding the middle ground. It should also be
noted that processing complexity is also the least for
ALOHA based systems and increases for both Reserva-
tion TDMA (the most complex) and Fixed Frame
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Fig. 2. Delay-throughput tradeoffs for three types of protocol
illustrating the variation with the number of users and the
number of packets per message. Reproduced from [14].

TDMA, somewhat less complex. Figure 2 illustrates
such a comparison and shows the throughput/delay
trade-off for a balanced network. Details are given in
[14).

In additon, delay must be approached from two
pointis of view; first that of the user and secondly that of
the system designer. The user is only interested in how
long it takes for a packet to transit the network.
However, the requirement that the network ensure data
integrity implies a positive acknowledgment (ACK).
The VSAT/Hub must therefore retain the data until the
acknowledgment is received. This implies at least an
additional satellite delay which must be factored into
the design.

The nature of the traffic has an even greater impact
on the throughput. Once again the need for positive
acknowledgments raises its head. In the Interactive data
environment (one-for-one), an acknowledgment is re-
quired for each packet sent. On an outbound TDM link,
depending on overhead, ACK packets of 20-40 bytes
must be accommodated. On the inbound channels one
either allows them to occupy the same size packet as the
data and contend with the data for the available slots or
adopts alternative approaches such as separate ACK
channels or mixed slot sizes. In a N-for-one, inquiry/
response system the problem is compounded. The
inbound ACK traffic can be on the order of two to eight
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times the inbound data traffic in number of events and
effectively swamps the actual data being transmitted.
This requires the implementation of Group Acknowl-
edgment schemes with a Go-Back-N or Selective Reject
retransmission protocol [30].

Conteéntion Channel Stability

Finally, one must consider the stability of the
channel. Given that the delay is a prime requirement
orie might opt for a contention channel with acknowl-
edgment (Random Access TDMA). Here again the
positive ACK impacts the network. As the traffic
increases or the number of terminals on the channel
increases, the channel can become unstable [27,28].
When the channel becomes unstable, more packets are
actually offered to the channel due to increasing the
number of retransmissions and the throughput is
reduced. This situation can only be alleviated by off
loading traffic from the unstable channel until stability
is restored. This requires spare space segment capacity to
be held available for this purpose. An alternative solu-
tion is to increase the number of slots over which the
retransmission is randomized which increases the average
delay. This is only partially effective since continued
increases in traffic will bring the system to unstability
again.

A very useful approach to the analysis of contention
channel stability has been developed by Kleinrock [31].
This methodology is based upon a Markov model in
which each user 15 permitted to be in one of two states;
backlogged and available. In the available state, a user
generates and transmits a new packet with some small
probability, 6. In the backlogged state, the user is
attempting to retransmit a collided packet with & ran-
dom retransmission delay, with a probability p>> 6.
The Kleinrock model defines a locus of points in the
plane defined by the channel input (S) (in expected
packets per slots) and the number of backlogged pac-
kets (n), as shown in Figure 3a by the plotted points.
This locus is a function of the average waiting delay for
packet retransmission and divides the (S, n) plane into
two regions. To the left of the locus, the expected chan-
nel throughput exceeds the offered load while to the
right, the expected channel throughput is less than the
offered load. The locus is in fact the equilibrium con-
tour for which expected throughput equals offered load
and hence represents a locus of possible operating
points. Note that this equilibrium contour is a strong
function of the number of slots over which the retrans-
missions are randomized (L).

For a finite population of users, the actual operating
point must be on a straight line joining the total
number of users M, on the Y-axis and the total possible
load, M8 on the X-axis as shown by the “Load Line”’ in
Fig. 3a. Kleinrock also showed that the system will be
stable if and only if the load line intercepts the equilib-
rium contour in only one point, below the point of
maximum throughput.

Typical load lines for interactive networks are shown
in figure 3a. The figure shows that for a sample interac-
tive system of 120 VSAT users per channel and a
throughput of 30 percent, one would require a retrans-
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mission factor, L (the number of slots over which the
retransmission is randomized exclusive of satellite
delay) of approximately of 30 slots. This would yield
(Fig. 3b) an average packet delay (exclusive of queueing
or processing delays) of 1.5 seconds. If one can tolerate a
longer delay one can increase the number of VSAT users
per channel. On the other hand, if the delay is excessive,
one can either reduce the number of VSAT users per
channel or reduce the throughput per channel, both of
which increase the number of satellite channels required
and decrease satellite wtilization. Once again one trades
the number of channels required (satellite utilization)
against the network delay requirements.

Multiple Access Protocols

In this section, we consider in more detail multiple
access protocols for use in VSAT packet data communi-
cation networks. In a VSAT system, the suitability of a
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protocol is determined by the user traffic statistics, the
connectivity of the network and the unavoidable long
propagation delay.

As noted earlier, due to the bursty and diverse nature of
VSAT data traffic, multiple access schemes such as
FDMA and TDMA do not, in general, utilize the avail-
able satellite channel efficiently. In this bursty environ-
ment, more efficient use of the available capacity can be
made by dynamically allocating it[12] among the users.
The problém in designing a multiple access scheme is
then the resolution of conflicts among those users wish-
ing to transmit.

In general, multiple access schemes suitable for use in
VSAT networks are packet-oriented. Loosely speaking,
they may be classified into two broad categories;
namely, contention or random access schemes and reser-
vation schemes. The main contention schemes, suitable
for use in VSAT systems, are based on the ALOHA [33]
concept, of which there are three variations; namely,
pure ALOHA [33], slotted ALOHA [34] and reservation
ALOHA [35]. Classically, as noted earlier, these three
protocols were considered only for the case of a balanced
system in a broadcast channel, where the ability of each
user to see his own transmissions and to detect any colli-
stons provided any required acknowledgment with the
channel being assumed to be otherwise error-free.

Most VSAT systems are, however, unbalanced and
consist of a large central station or Hub and a large
number of VSAT’s. Almost all of these systems have star
connectivity with all communications occurring be-
tween the Hub and the VSAT’s with no terminal being
able to see its own transmissions. In order then to apply
ALOHA-type protocols, it is niecessary to create an effec-
tive broadcast channel. This is done by using positive
acknowledgments. As noted earlier in the paper, we
refer to these as RA/TDMA protocols. They have essen-
tially the same throughput properties as the correspond-
ing ALOHA schemes, however, they tend to have longer
delays due to the two-hop propagation delay required to
detect collisions between packets. In the following para-
graphs, we shall consider their properties in somewhat
more detail.

Pure ALOHA Based RA/TDMA

In a RA/TDMA system based on the pure ALOHA
protocol, users are completely unsynchronized. Each
user having a packet to transmit immediately transmits
it. In the classical version of this protocol, the user takes
advantage of the broadcast nature of the satellite chan-
nel to monitor his own transmission and if he receives it
correctly, assumes that it has been correctly received by
the end user, assuming, of course, a very low channel
error-rate. If two or more packets collide with each other
at the satellite, each of the users involved will detect it
after one round-trip delay time. Each will then retrans-
mit its collided packet after a randomized delay. This
randomization is critical to the delay, throughput and
stability properties of the system [31]. In the RA/TDMA
case, each packet contains a chiecksum (CRC) and posi-
tive acknowledgments by the Hub are used to detect
collisons and to ensure the successful transmission of
data.

35

Throughput or utilization of a pure ALOHA- based
RA/TDMA channel may, for a large user population,
be simply related to the offered traffic load [33] as:

' S=Ge?®

where:
S

Aggregate channel throughput in packets/packet
time
aggregate channel traffic in packets/packet time

G

From this it is clear that S achieves its maximum
value of 0.184 at G = 0.5 packets/packet time; so that at
best the ALOHA system achieves a channel utilization
of about 18 percent.

The average per-packet delay in packet times of this
protocol is readily approximated, assuming constant-
duration packets, as [36]:

D =R+ e (2R + 1/2(L+1))
where:

R is the number of packet durations in a single-hop
propagation delay,

and; .

L is the maximum number of packet durations over
which retransmissions are randomized.

An example of such a system is described by McBride
[20] who shows that for predominantly interactive traf-
fic with variable length packets, such a system provides
an efficient protocol for a large number of low duty-
factor users accessing the channel. Figuie 4 illustrates
the delay-throughput tradeoff for this system.

Slotted ALOHA Based RA/TDMA

The RA/TDMA protocol based on slotted ALOHA is
almost identical to the pure ALOHA scheme described
above with the additional requirement that the channel
is slotted in time. Users must synchronize their packet
transmissions into fixed length channel time slots each
having the duration of a packet. This synchronization
avoids partial overlaps of colliding packets. Under the
same assumptlons as above the channel throughput is
then given in terms of the offered traffic as [81]:

S=Ge"*

where S and G are as defined above. In this case, we find
that S achieves its maximum value of 0.368 packets/slot
at an average traffic load of 1 packet per slot. This is
double the maximum throughput that is achievable in
the unslotted case for fixed length packets.

The delay-throughput and stability tradeoffs of this
protocol are analyzed in detail by Kleinrock, et al. [31]
under the assumption of a broadcast channel. Its delay
characteristics are very similar in form to those of the
pure ALOHA system and as in the previous case the
average packet delay may be approximated as:

D=R+ 154 ¢ (2R + 0.5+ (L + 1)/2)

As in the previous case, we note the appearance of a
two-hop propagation delay (2R) in the retransmission

July 1987-Vol. 25, No. 7
IEEE Communications Magazine



200

-\ | \\ 1 |
\ s
\
@ 160-\ \, L=100 _l
o _ \
= . v
|S \ L= \
£ 120 —
m
& ]
S 80 \ —
X - N .
2 SN \ \,
o 401 /\ . -
L {g L=18 S -
) N
0.0 0.1 02 03 04
EQUILIBRIUM THROUGHPUT
(a)
12 T I B!

10 -

DELAY (s)
o]
|

00 0t 02 03 04
EQUILIBRIUM THROUGHPUT
(b)

Fig. 4. Delay-throughput tradeoff for a pure ALOHA VSAT
system as a function of the packet retransmission rate. This figure
1s reproduced from [20].

component of the delay. The resulting performance for
a typical VSAT system is shown in Fig. 3.

Under light traffic conditions, the S-ALOHA based
RA/TDMA protocol again provides an efficient multi-
ple access protocol for a large number of low duty factor
users, and indeed is the underlying basic protocol being
used by most current VSAT systems. Moreover, because
frame timing is inherently present, a slotted system has
the advantage of being much easier to modify, under
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heavy traffic conditions, to a reservation TDMA system
than is an unslotted system. :

Reservation ALOHA Based RA/TDMA

Reservation ALOHA was. originally proposed by
Crowther, et al. [37] to cater, again in a broadcast chan-
nel, to a user population whose traffic tends to consist
of multi-packet messages which is not well-suited to
either pure ALOHA or S-ALOHA. In addition to the time
slotting of S-ALOHA, the slots are organized into
frames, each having a duration greater than the round
trip propagation delay. This allows each user to be
aware of the state of the channel in the preceding frame.
A slot is considered to be unused if it is empty or if it
contains a collision. All slots in the preceding frame
that were unused are available in the current frame for
random access as in S-ALOHA. A slot which contained
a successful transmission by a given user may be used in
the present frame only by that user and becomes avail-
able in the next frame only if the user fails to use it. The
system can potentially achieve very high throughput for
users having either long messages or continuously
arriving short messages. However, it is not in its origi-
nal form very useful for use in a STAR configured
VSAT system.

Historically, R-ALOHA was the first approach to a
packet reservation scheme for satellite data communica-
tions. It has been shown to provide significant improve-
ment in channel utilization or throughput as the frac-
tion of multi-packet messages increases [31]. Indeed, as
noted by Lam [38], it is generally true that when the
traffic consists primarily of multi-packet or batch mes-
sages, then reservation protocols make more efficient
use of the available channel in terms of the achievable
throughput. The R-ALOHA scheme may be regarded as
both a contention and a reservation protocol in that
under light traffic loads it behaves like S-ALOHA and
under heavy traffic conditions, it behaves like a reserva-
tion system. However, it is normally considered to be a
contention protocol since it does not use an indepen-
dent reservation subchannel.

Under the assumptions of equilibrium conditions
and that a user does not announce when he is finished
using a slot, the throughput of the R-ALLOHA system
can be shown to be [39]:

— SSA
Ssqa + 1I/K

where Sg, is the S-ALOHA throughput defined above
and K is the average number of packets in a user mes-
sage. This is somewhat lower than the S-ALOHA for
small values of K, but approaches one packet per slot in
the case of long messages. It may be improved slightly if
each user includes an end-of-use flag in the last packet
of each message [40]. The delay properties of the R-
ALOHA protocol are very similar of that of SSALOHA
when messages are short and the traffic is light. They
approach those of TDMA for large values of K and/or
under heavy traffic conditions [40].

In the VSAT environment having star connectivity,
the R-ALLOHA protocol is not practicable. However, it
does suggest that some mix of reservation and conten-
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tion techniques may be the best design wadeoff for
VSAT communications. In the following subsection,
we shall consider packet reservation protocols.

Reservation TDMA Protocols

The objective of reservation protocols is to avoid con-
tention entirely and to achieve high channel utilization
or throughput, particularly when the traffic consists
mainly of multi-packet messages. As we shall see later,
this can be achieved only at the expense of increased
system response time or delay. Lam [38] has summarized
the characteristics of a number of packet reservation
protocols and more recently several detailed analyses
have appeared [10,40,41]. Characteristic of all of them
are the requirements for an independent reservation
subchannel and the implementation of a global queue.
The reservation subchannel may be either time or fre-
quency multiplexed with the data channel and may be
operated as either a contention channel or a fixed-
assignment TDMA channel.

The delay performance of any reservation technique
is not as good as that achievable using contention tech-
niques, because an extra round trip delay is required
before actual data transmission can begin. However, the
channel utilization or throughput can be made much
higher—approaching one packet per channel time slot
when the traffic intensity per user is high. The delay or
system response time of a reservation system has two
components, the delay in making a reservation and the
delay in transmitting a message after a reservation has
been secured.

If the reservation channel is operated in contention
mode, as in [10], then the delay in making a reservation
is essentially the same as for an S-ALOHA based RA/
TDMA channel with additional components that de-
pend on how the reservation subchannel is multiplexed
with the data channel. If the reservation channel is
operated as a fixed assigned TDMA subchannel on a
separate rf carrier from the data subchannel, then its
delay will be that of a TDMA channel [42]. On the other
hand, if it is multiplexed onto the same rf carrier as the
data, then the reservation delay becomes a complicated
function of the overall channel performance [42].

The second component of the overall delay, the data
channel delay is typically that of a TDMA system. How-
ever, most analyses of such systems to date make no
attempt to separate the two components of delay.
Instead, they compute the overall system response time
from the initiation of a reservation until the successful
transmission of the message. Typical examples of this
are provided in the references [10,42] and an example of
the delay performance to be expected when using a
reservation protocol were previously shown in Fig. 2.

Adaptive Protocols

Some more recent work such as [43,44] has attempted
to have the best of both types of protocol. That is they
have investigated the use of adaptive protocols which
under light traffic loading operate in a contention
mode, and as the offered traffic increases, automatically
become reservation protocols. These have the advantage
of allowing for very flexible system designs; however
they tend to be rather complex in their implementation.
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All of the analysis has again considered the case of a
broadcast channel; so that while adaptive protocols
look very promising in the VSAT environment, consid-
erable work is required prior to any implementation.

These adaptive protocols typically achieve average
channel utilizations or throughput lying between those
of the pure contention schemes and the fixed frame
TDMA schemes. However, their delay performance is
most interesting. At light traffic loads they achieve
response times that are comparable with that of S-
ALOHA and under heavy traffic conditions they achieve
average delays that are slightly smaller than those
achievable using Fixed Frame TDMA. This depends to
some extent on the frame structure in that for a given
average number of packets per message and traffic
intensity, there is an optimum frame duration. The per-
formance analysis of these adaptive protocols is ex-
tremely complex and the reader is referred to the refer-
ences for the details.

Summary

At this point in the evolution of VSAT-based data
communications, there are still a large number of alter-
natives available to the system designer and a significant
number of factors which must be considered. It is clear
that the nature of the user’s traffic should be the central
focus of the designer’s effort. Given the class of traffic
and the required peak loading and availability, the task
of evaluating the most effective protocols becomes a
trade-off between throughput and delay.

Finally, the impact of the multiple access protocol on
the overall costs of the network with the non-recurring
costs (hardware and processing complexity) tradeoff
against the recurring costs {satellite utilization) must be
considered.

References

(11 S. ]J. Campanella, and J. V. Harrington, “Satellite com-
munications networks,” Proc. of the IEEE, pp. 1506-
1519, Nov. 1984.

[2] P. Bartholome, “Digital satellite networks in Europe,”
Proc. of the IEEE, pp. 1469-1482, Nov. 1984.

[3] S. B. Bennett, and D. J. Braverman, “INTELSAT VI—a
continuing evolution,” Proc. of the IEEE, pp. 1457-1468,
Nov. 1984.

[4] J. N. Pelton, “Satellite telenets: a techno-economic assess-
ment of major trends for the future,” Proc. of the IEEE,
pp- 1445-1456, Nov. 1984, '

(5] C. Mahle, and H. C. Huang, “MMIC’s in communica-
tions,” IEEE Communications Magazine, vol. 23, no. 9,
Sept. 1985.

[6] D. L. Lyon, “Personal computer communications via
Ku-band small-earth stations,” IEEE Jour. on Selected
Areas in Communications, vol. SAC-3, no. 3, May 1985.

[7] E. B. Parker, “Micro earth stations as personal computer

accessories,” Proc. of the IEEE, pp. 1526-1531, Nov.

1984.

Comsat Laboratories, “Final technical report on the

DARPA packet switching program,” Report No. CTD/

85-012, Defense Advanced Research Projects Agency, Apr.

30, 1985.

L. Palmer, J. Kaiser, S. Rothschild, and D. Mills,

“SATNET packet data transmission,” Comsat Technical

Review, vol. 12, no. 1, Spring 1982.

[8]

(9]

July 1987-Voil. 25, No. 7
IEEE Communications Magazine



[10] W. W. Chu, M. Gerla, W. E. Naylor, S. Treadwell, D.
Mills, P. Spilling, and F. A. Aagesen, “Experimental

results on the packet satellite network,” National Tele- -

communications Conference, Washington, D.C., Nov.
27-29, 1979,

[11] F. A. Tobaji, R. Binder, and B. Leiner, “‘Packet radio and
satellite networks,” IEEE Communications Magazine,
vol. 22, no. 11, Nov. 1984.

[12] N. Abramson, “Packet switching with satellites,” Na-
tional Computer Conference, 1973.

[18] L. Kleinrock, and S. S. Lam, ‘‘Packet-switching in a
slotted satellite channel,” National Computer Confer-
ence, 1973.

[14] S. S. Lam, “Satellite packet communication—multiple
access protocols and performance,” IEEE Trans. on
Comm., vol. COM-27, no. 10, pp. 1456-1466, Oct. 1979.

[15] J. G. Puente, W. G. Schmidt, and A. M. Werth, “Multi-
ple-access techniques for commercial satellites,” Proc.
IEEE, vol. 59, Feb. 1971.

[16] D. Raychaudhuri, and K. Joseph, ““Satellite multiaccess
protocols for single channel data networks,” GLOBE-
COM 1986, Houston.

[17] S. Tasaka, “Multiple-access protocols for satellite packet
communication networks: a performance comparison,”
Proc. on IEEE, pp. 1573-1582, Nov. 1984.

{18] N. Abramson, “The ALOHA system,” Computer Com-
munication Networks, edited by N. Abramson and F. F.
Kuo, Prentice Hall, 1973.

[19] A. K. Kaul, “A dynamic model for satellite nonsynchro-
nous ALOHA systems,” Comsat Technical Review, vol.
7, no. 1, Spring 1977.

[20] A. L. McBride, “An overview of unslotted ALOHA in a
VSAT network,” Conf. Rec., GLOBECOM 1986, Hous-
ton, TX, Dec. 1-4, 1986.

[21] L. Jacobs, et al., “CPODA-—a demand assignment pro-
tocol for SATNET,” Proc. of Data Communication
Symposium, ACM, IEE, Sept. 1977.

[22] W. W. Chu, and W. E. Naylor, “Measurement and
simulation results of C-PODA protocol performance,”
Proc. of National Telecommunications Conference, Dec.
1978.

[23] T. Shuji, and K. Ishida, “The SRUC protocol for satellite
packet communication—a performance analysis,” [EEE
Trans. on Communications, vol. Com-34, no. 9, Sept.
1986.

[24] D. Chakraborty, “Constraints in Ku-Band continental
satellite network design,” IEEE Communications Maga-
zine, vol. 24, no. 8, pp. 33-43, Aug. 1986.

[25] FCC order 25.209, April 1986

[26] D. P. Taylor, and M. Grossman, “The effect of FEC on
packet error performance in a VSAT network,” GLOBE-
COM '86 Houston, TX, Dec. 1986.

[27] R. D. Rosner, Packet Switching— Tomorrows Communi-
cation Today, Lifetime Learning Publications, 1982.

[28] J.F.Hayes, Modeling and Analysis of Computer Commu-
nications Networks, Plenum Press, 1984.

[29] L. G. Roberts, “Dynamic allocation of satellite capacity
through packet reservation,” National Computer Con-
ference, 1973,

[30] D. Raychaudhuri, “Aloha with multipacket messages
and ARQ-type retransmission protocol-throughput anal-
ysis,” IEEE Trans. on Communications, vol. COM-32,
no. 2, Feb. 1984.

[31] L. Kleinrock, and S. S. Lam, “Packet switching in a mul-
tiaccess broadcast channel: performance evaluation,”
IEEE Trans. on Commun., vol. COM-23, pp. 410-423,
Apr. 1975.

[32] N. Abramson, and E. R. Cacciamani, ““Satellites: not just
a big cable in the sky,” IEEE Spectrum, vol. 12, Sept.
1975.

July 1987-Vol. 25, No. 7
IEEE Communications Magazine

[33] N. Abramson, “The ALOHA system—another alternative
for computer communications,” AFIPS Conf. Proc., vol.
37, AFIPS Press, Montvale, NJ, pp. 281-285, 1970.

[34] L. G. Roberts, “ALOHA packet system with and without
slots and capture,” Computer Commun. Rev., vol. 5, pp.
28-42, Apr. 1975.

[35] W. Crowther, etal., “A system for broadcast communica-
tion: reservation ALOHA,” Proc. 6th HICSS, Univ. of
Hawaii, Honolulu, Jan. 1973.

[36] M. Schwartz, Computer-Communication Network De-
sign and Analyses, Prentice-Hall, 1977.

[37] W. Crowther, et al., “A system for broadcast communica-
tion: reservation ALOHA,” Proc. 6th HICSS, Univ. of
Hawaii, Honolulu, Jan. 1973.

[38] S. S. Lam, “Satellite packet communication—multiple
access protocols and performance,” IEEE Trans. Com-
mun., vol. COM-27, pp. 1456-1466, Oct. 1979.

[39] S. 8. Lam, “An analysis of the R-ALOHA protocol for
satellite packet switching,” Conf. Rec. ICC 1978, Inter-
national Conf. on Commun., Toronto, Canada, June
1978.

[40] S. Tasaka, and Y. Ishibashi, “A reservation protocol for
satellite packet communication,” IEEE Trans. Commun.,
vol. COM-32, pp. 920-927, Aug. 1984.

[41] M. M. Balagangadhar, and R. L. Pickholtz, “Analysis of
a reservation multiple access technique for data transmis-
sion via satellites,” IEEE Trans. on Commun., vol.
COM-27, pp. 1467-1475, Oct. 1979.

[42] S. S. Lam, ““Delay analysis of a time division multiple
access (TDMA) channel,” IEEE Trans. on Commun.,
vol. COM-25, pp. 1489-1494, Dec. 1977.

[43] J. L. Capetanakis, “Generalized TDMA, the multi-access-
ing tree protocol,” IEEE Trans. on Commun., vol.
COM-27, pp. 1476-1484, Oct. 1979.

[44] S. Tasaka, and K. Ishida, “The SRUC protocol for
satellite packet communication—a performance analy-
sis,”” IEEE Trans. on Commun., vol. COM-34, pp.
937-945, Sept. 1986.

Chester J. Wolejsza, Jr., received a B.S.E.E. from Cooper
Unionin 1965, an M.S.E.E. from the Massachusetts Institute of
Technology in 1967, and a Ph.D. in Electrical Engineering
from the Catholic University of America in 1980. He joined
COMSAT Laboratories in 1967, where he developed modems
for SPADE, TDMA, and MARISAT applications. In 1975, he
became Manager of the Modulation Techniques Department of
the Communications Technology Division, with responsibil-
ity for supervising the design and development of PSK modula-
tion and coding systems which perform optimally in the band-
and power-limited environment of a satellite communications
channel. This included work on single-channel-per-carrier
techniques, advanced TDMA modulation systems, and special-
ized modulation and coding equipment for small terminals. In
1985, he joined the Network Products Division of COMSAT
Technology Products as Manager of the Modem Engineering
Department, where his responsibilities include the design,
development, and integration of modulation and coding
equipment for the STARCOM product line, which provides
VSAT data networks for distributed data processing and com-
puter communications.

Dr. Wolejsza has authored papers on modulation systems for
professional journals and numerous international conferences.
He has been a member of Tau Beta Pi and Eta Kappa Nu, and
an associate of Sigma Xi. He is currently a Senior Member of
IEEE.

Desmond P. Taylor (M’65) was born in Rouyn, Quebec,
Canada on July 5, 1941. He received the B.Sc. (Eng.) and M.Sc.
(Eng.) degrees from Queen’s University, Kingston, Ontario,



Canada in 1963 and 1967 respectively, and the Ph.D. degree in
1972 in Electrical Engineering from McMaster University,
Hamilton, Ontario, Canada. In 1972, he joined Communica-
tions Research Laboratory and Department of Electrical Engi-
neering of McMaster University where he is now a Professor.
His research interests are in the area of digital communications
and are primarily concerned with bandwidth efficient modula-
tion and coding and associated problems in satellite and
microwave radio communications. Some secondary interests
include problems in satellite multiple access and radio net-
working.

In addition, Dr. Taylor is a member of the Canadian Society
for Electrical Engineering, a Fellow of the Engineering Insti-
tute of Canada and is a registered Professional Engineer in the
Province of Ontario.

Melvyn Grossman received a B.E.E. degree from the City
College of New York in 1961 and an M.S. degree from George
Washington University in 1974,

He is a Staff Scientist reporting to the Director, Microwave
Technology Division, COMSAT Laboratories. His work is
primarily in the area of state-of-the-art satellite and earth ter-
minal communications systems design.

During the period of 1984 to 1986, he transferred to COM-
SAT Technology Products where he was Manager, Systems
Engineering, and responsible for VSAT Systems Design. Prior
to this he was a Staff Scientist reporting to the Vice President,
Special Projects and Systems, Comsat Labs where he was Proj-
ect Manager and Systems Engineer for the NASA ACTS
Ground Station, the National Seismic Station Communica-
tions Program, and responsible for the communications
systems design for the NASA Marshall Space Flight Center’s

39

Geostationary Platform studies, as well as the design and
development of the ATS-6 propagation experiment earth
terminal receivers. His technical responsibilities included the
development of a satellite regenerative repeater, parametric
amplifiers, wideband FDM/FM modems, elliptic function
filters and other related earth terminal equipment.

From 1962 to 1969, he was a Senior Engineer of the Space
Communications Laboratory of ITT Federal Laboratories,
where he was primarily engaged in the design, fabrication, and
manufacture of PLL and FMFB receivers for satellite earth
terminals. Prior to this he worked for the Filtron Co., where he
was involved in the study and suppression of electromagnetic
interference. Earlier he worked for the Nucleonics Branch of
the New York Naval Shipyard where he was involved in circuit
design and test of nuclear radiation detection equipment.

William P. Osborne’s most recent assignments with COM-
SAT Technology Products have been Vice President and
General Manager, TDMA Programs and prior to that, Vice
President, Product & Technology Development. Other posi-
tions held were Vice President, Engineering, Telesystems, Inc.,
after serving as Division Director of the Equipment Integration
Division of COMSAT Laboratories.

He had earlier held several positions with the Harris Corpo-
ration, including Vice President of Engineering of its Satellite
Communications Division. Dr. Osborne was recently a profes-
sor of Electrical Engineering at the University of Nebraska
where he taught courses in Communications Systems and
Computer Networks.

Dr. Osborne received his BSEE and MSEE from the Univer-
sity of Kentucky in 1966 and 1967 respectively, and his Doctor of
Science from New Mexico State University in 1970. [ |

July 1987-Vol. 25, No. 7
IEEE Communications Magazine



	Southern Illinois University Carbondale
	OpenSIUC
	7-1987

	Multiple Access Protocols for Data Communications via VSAT Networks
	Chester J. Wolejsza
	Desmond P. Taylor
	Melvyn Grossman
	William P. Osborne
	Recommended Citation



