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' ABSTRACT

This the.sis is concern;ed with the optimization of a multibeam
packet satelliEe system. s&.\cl? a system includes M transponders that.
can be switched to cover h\J service zongs. The trafflc from each
use;. in a group is concentrated in a central switching office which
. handles the uplink transmissions. For the system, the average
packet delay and the total throughput are defined and computed
mathematlcally, and by introducing an optimization_algorithm, the |
system performance 1s enhanced. Several computations are needed for

this matter. A straight-forward procedure has to be follewed for

the application of these results in a realistic system.
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Chapter I

INTRODUCTION

when communications satellites were first launched, they were
used exactly in tne same way terrestrial cables were used for
point-to-point  communication. For e;ample, a transatlantic
satellite connected carrier offices on .either side of the ocean.
The carrier could route a particular call over the satellite link or

over the cable. The satellite represented a big cable-in-the-sky.

This type of usage had some advantage at that time due to the
fact that satellite earth stations were expensive, making It

unlikely many people would decide to buy one of thelir own.

In the last two decades, the situation has changed completely.
The price of ground stations has dropped, and the cost of computer
{interfaces went a way down: also, the growth of telecogmunications
for tran;mitting data has been enormous, bringing with it a demand

for communication channels with much higher bandwidth and a much

lower error rate.
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These reasons suggésted fuf:her developqsent of the mode of
operation of the satellite. The key ingredient is that the declsion
of how to allocate the satellite channel must be made using the
channel itself.

The main qQuestion in a system having & single coc;:nunication
channel that must be shared efficiently among a large number of ‘
widely dispersed., and uncoordinated users 1s, how to share this

channel? If everyone just begins transmitting whenever he wants,

rega':dless to what the others are doing, conflicts may result and

there wil! be no cossunication at all. From this point, rises the

1ssue of channel assigrnzent.

In recen: Yyears. zany wideband satellite cocmunication” systems

'
have been used to link together a large number of earth statlons.
e Satellite-Switched Time Division Multiple Access Method
(SS/TDMA) . &s one of the oost effective‘ techniques designed for

allocating the communication bandwidth provided by a satellite link

to carry the bursty traffic between the earth statlons [2].

The (_ss/m) technique utilizes the merits of high gain spot
beaz antennas, along with the efficlen: ‘I‘D&m-method for providing
coc=plete connectivity of coverage areas. A satelllite embodles
several spot beam antennas and a switch, which periodically switches

the connections of uplink and downlink beams to facilitate

interconnectivity of beam =zones. A spot beam satellite offers
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a large frequency reuse without crowding the frequency spectrum [41.

In Chapter I, some random Aaccess techniqueé used in satellite
cocmunications are presented. First, the packet switching technique
i{s described, and irs mode of operation 1s discussed. Then. the
well-known ALOHA protocol is introduced, and the system measures are
evaluated in terms of network throughput $nd packet delay.

Chapter III 1s a complete representation of the satellite system
under study. -All the assumptions are stated clearly: the throughput

and average packet delay are evaluated with some numerical examples.

Chapter IV takes care of the system optimization. This 1s the
main contribution of this thesis. - The maximum throughput and the

minimum packet delay are computed in terms of slot assignments and

channel allocatlon.



Chapter II

.- . RANDOM ACCESS TECHNIQUES.

2.1  PACKET SWITCHING

-

The origins of packet switching are more strongly basedlin‘ﬁoiée
communicationSn{ﬁan in data comuunications., though packet Switching

is now more widely applied to data on computer—based communicaiions.

The idea started with the notion of breaking a voice
conversation between two partles ingo short, separate pleces
(packets). At each switch, the pieces of a call would be mixed with
pileces of other calls and sent, plece by plece, over several

different routes to the destination (fig. 1).

!

2.1.1 Baslc Concepts -

The concept of packet switching, using discrete switghing
elements in a distributed fnetwsrk, is based upon the ability of
_modern high-speed digital computers to act on transmitted
informaticn, .so as to divide the calls or messages into pileces
called packets. Packets move around the network, from switcﬁing

center to switching center, on a hold-and-forward basis; that is,
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each switch holds a copy of each packet in temporary éfbrage until
the switch 1s sure that it has been received properly by the next
switch or by the destination user. This form of operation permits
the network fo achieve low overhead for short messages and
eliminates the setrup time for «calls that is required 1in
conventional circult switched telephone networks. Because all

communications are broken down into 'similar component pieces, long

messages and short messages can move through the network with a

minimum of interference with eaéh other. By moving the packet

through the network 1n reai time, the switches can adapt their
T

operation wgquickly in response to changing traffic patterns or a

failure of part of the network.

f . ’ i

Many different implementations of packet switching have been
developed, which, though they all provide standard user Iinterfaces,
are largely Yncompatible on a switch-to-switch level. As a result,
the interoperation of different netwo;ks has to take place at a
fairly high-level of protocol through interface gateﬁays_ rpc_
gateway is a process that transforms the internal message s£fuctur€

of the originating network into an input format accessible to the.

network that contains the destination suﬁscrtber.

2.1.2 Network Operation =

-

Pigure 2 illustrates a portion of an arbitrary packet switched

network. For short messages that can fit into a single packet,

]
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the operation of any network is quite simple. The complete message
contained within a single packet, simply moves as a discréte entity
from one user to the other, following a path through the network
selected by the switching elements. 1In fact, the concept of message
hamdl_}ng. where the entire message is required to fit within a

" single packet, is defined by a packet switched mode of operation

known as datagram.

I_tl is only when messages extend beyond the. limit of a single
packet that more complex data management protocols come 1into- play.
The ability of packet netgorks to handle multlple-packet messages
requires the application of numerous checks in the operational
protocols to protect against various aris'ing preoblems. ﬁat is
known as virtual circuit operation of a packet switched network,
provides a mumber of steps directly arialogon;s to normal telephone
operation. Vvirtual circuits have to be established through the
network on the basis of a new call request. Once the virtual
circuit is‘'established, packets flow on a continuous basls from user
to a user, almost as_ if ~a fixed connection lexisted between

end-points.

[
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T2.2 THE ALOHA TBCHNIQUR -

2.2.1 The ALOHA Protocol

The ALOHA prstocol {2] pravides the most fundamental approach tS
a fully distributed network. The mode of operation of. this protocol
is suggested by its name (Good Bye). System operaticn 1s based upon
the users initiating transmission inte the common system whenever

they have a new message to transmit.

.
2.2.2 The Operational Environment for ALOHA Systems

Figure 3 shows a group of users each broadcasting to a central
processor. The broadcast takés '_place over a commonly available
satellite channel using a synchronous satellite 22,300 miles at;ove
the equator. Because of the long distance the transmission must
travel, "1t “takes about cne-fourth of '\a second for a'siqnal to reach

y

the satellite and be returned to earth. Since all users are

presumed to have ldentical earth stations, each usi:'r can receive the
ccumunica:tions from all other users and can also hear his .own
transmissions. Though the[sa;ellite retransmits ex.actly what 1t
receives, it is more than just a mirror-in-the-sky. The satellite

receives signals transmitted on the uplink frequency, amplifies

them, and retransmits them on a different downlink frequency. All
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users in the system transmit on the same uplink frequency and listen

to the same downlink frequency., Although the ALOHA technique 1s not

dependent on any particular data rate, it will be easiest to explain

the opeggtlng princiéles in terms rof a 'particular set of data
rates. Let us assume, that the channel is operating at a rate of
50 Kbits/sec, :and that each user sends his—-data in packets of
1000 bits each. A packet will have a du{ation of 26 nsec, which is

relatively short compared to/th 50 sec round:trip delay.

2.2.3 Transmissions and Collisions \g

i
Figqure 4 1llustrates the typical /pécurrences in the ALOHA

channel. The figqure shows eéch user's uplink = transmission
separately, and at the bottom, the combined downlink transmission
heard from the‘satellite. we choose a packet lengih of 20 msec. We
see that packets sent by users 2 and 4 will oyerlap and then be
destroyed. There will be a collision. It is assumed that if any
part of a packet 1is damaged, thé entire packet has to be
retransmitted. It is also assumed that the collision of two packets
damages both of them equally, which is a worst case assumption.
‘ikfter the time of one roundtrip propagation has elapsed, user 2 and
user 4, both_listening to the common downlink, hear the collision of
thelr éackets. and each transmits a repetition packet to replace the
damaged packets. However, an immediate retransmitted packet has the

same chance to collide agaip. In order to minimize the probabllity

; -
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of a second collision, both users select a random delay time before

attempting the retransmission.

-

2.2.4 Performance of the ALOHA Protocol

.

Now that the mode of operation of the ALOHA protocol has been

[

explained, we wish to determine the throughput and delay of the

channel to user traffie.

The Polsson
assoclated with
unrelated users,

probability that

process mathematically describes the probability
the actions of a large number of statistically
on the basis of their average message rates. The

a large group of uncorrelated users will generate

exactly N new packéts during a time interval t seconds large is:

P(N) = (Zo)N . e”A t
- N! ' .

where A is the average packet arrival rate.

The probability that user 1i's packet 1s successful,his the same as

the probability

that “exactly zero other packets are transmitted

during the time interval 2 {.seconds.

¢

PS = e'zu’



Page 10

where ) is the sum of originating and retransmitted packets and

\*

¢ is the packet duration. J

The probability of 'success 1f the ratio of successful outcomes over

the total number of trials.

Pg = A / X

By multiplying both sides by the packet length (., we obtain:

-2
S=ge 9

5 is the channel throughput.

g is the normalized channel traffic.

An approximate plot of the above relation is shown in figqure 6.

2.2.5 Delavy in the ALOHA channel

Figure 5 illustrates the elements of the delay associated with a
single packet message through the ALOHA channel. The packet is
inirlally transmitted, which takes { seconds. After N seconds of

round-trip propagation delay, the packet 1s received, possibly with
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interference. If a collision occured, however, the protocbl

.

requires that the sender waits for a random period, between zerc and

K packet times, before retransmitting, in order to minimize the

probability of a second collision. On the average users have to wait

(K + j) { .
—
bl

seconds before attempting retransnission.

The total average delay is therefore [2]: -

D = + NC + ( 29 - 1) + N+ (K + 1) C)
¢ + NO + (e“5 (¢ + N £

A plot of D versus S 1s shown in fiqure 7.

2.3 SLOTTED ALOHA PROTOCOL -

The slotted ALOHA channel pro;ocol decreases the probability of
interferece between packets, by reguiring that users transmit only
at the beginning of discrete time intervals. This kind of channel °
protocol means that two users can interfere with each other only if
they transmit at exactly the same time. If only one user transmits

at the beginning of a packet interval, his packet is gquaranteed no
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interference since no other user is permitted to rransmit until the
beginning of the next interval. This technique is capable of,
effectively doubling the channel capacity at only a small 1increase

in the average delay.

5.3.1 Analysis of the Slotted ALOHA Channel [2]

We assume that every packet is filled to maximum length and thus
does not waste any capaclity between the-end_of one packet and the

beginning of the next allowable time slot.
we begin with the following definition:

si = the probability that user i successfully transmits a

packet.

9, = the probability that user i transmits any packet.

For user i to transmit a successful packet, since this is a slotted

case, he must transmit his packet while no other user transmits

one. Mathematically, this can be stated by:

5y = g4 (1~q1) (1-g3) ..cn-.- (1-qy)
(1-94)
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All terms are included in this equation for all N possible users of

the channel. The expression is divided by
(1-g,)
since user 1 1is transmitting. This means that the probability of

user 1 transmitting a successful packet is the probability that all

other users are not sending any packet.

An assumption has to be made at this point. All users are

statistically equal, they share the capacity equally. Therefore:

w
[}

s/ N g, =G/N

where S5 and G are the channel throughput and channel traffic

respectively

s= ¢ (1-a/m) ¢

}?3
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N_
for large number of users, (1 - X/N) 1

approaches EXP(-X); this results lmo:
—G
Ss=Ge

The relationship between channel throughput and channel traffic is

A
shown in figqure 8.

The - delay assoclated with the slotted ALOMA channel c¢an be
derived. in the same way the unslotted delay was found. The only
difference is that, on the average,.éach time a user 1is ready to
mﬁke a transmission, he has to wait one-half of a packet time until
the beginning of the next slot interval before he can actually

“trankmi:.

The total average packet-delay—itt————o

-

D=¢+ & +NC+ (8 -1+ &+ N+ (KHL)]
2 2 2
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Figure 1: A packet switched network for volce communication [21.
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Piqure 2: Basic operation of a packet switched network [2].
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Figure 3: A distributed network [2]
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Figure 4: Typlcal occurrences in an ALOHA channel [2].
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Figure 5: Delay in ALOHA channel [2].
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Pigure 6: Throughput vs channel traffic for pure ALCHA [2].
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I

Figure 7: Plot of channel delay vs channel throughput [z2].
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piqure 8: Channel throughput vs channel traffic for slotted ALOHA [2]
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Chapter III

. {
CONFIGURATION AND ANALYSIS OF A MULTIBEAM
- . SATELLITE SYSTEM -

3.1 INTRODUCTION

The (Sg{TDHA) slot assignment problem in a multigeam satellite
has been studied ?gﬁtenéively (3] to [7]. However, one common
assumption made in these papers is that the rraffic within one zone
must be concentrated at the earth station 1in that zone and then
routed through the satellite repeatef? In this lchaé?E?T*ﬁﬂ:ﬁyill
study the performance o: a multibeam packet satellite system using a

given protocol. These results come from [1].

3.2 THE MULTIBEAM SATELLITE SYSTEM

\

g}gure 9" depicts the configuration of ;he system to be
considered. This system can be divided into three major parts, the
switch and transponders, the antenna network, and the spot beams
that cover the entlre area.

The satellite is employing .H identical wideband transponders,
each one used at its full capacity. Given the number of spot-beam
zones N, the system traffic can be représented by an Nx¥N matrix. ©On

board the satellite, there exists a switching matrix that directs
4

.-23—
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the traffic from one zone to another. The number of spot beam zones
is determined by the size of the antennas used in the antenna
network. The reason for dividing the entire coverage area into,
spatially disjoint beam zones 1is to accomplish frequency reuse in

the multibeam system. . : L

In the space %égment, we consider a system whose antennas are
arranged to form N non-overlapping  spot-beams, each serving a
separate zone. Each beam comprises one upl@nk and one downlink at
different q?rrier frequencies, with a connections mode between. up
and downlinks through a switch matrix .in the  satelllte. Each
connection represents a path through one of M frequeﬁcy translating
sranspenders, and we ;llow for thé case where they may be fewer
transponders than zones. Such a system may be tﬂ;ughf of as having
many scanning beams, one assoclated with each tran;ponder. We
ass&he ‘that there are a number of ground stations within each zone
and they are transmitting in a packet—switéhed time division

multiple access (TDMA) mode. All packets are of fixed length, each

‘requiring one time slot for transmission.

Multiple access in these systems 1is conveniently viewed at two
levels. 'First is*the problem of organizing access from all stations
within one zone, which are contending for the same uplink; we call
this the station access problem. Second, there 1is the pro?;em of

setting up the satellite switch so that, the packets arriving on the

uplinks are switched to the appropriate destination zone downlinks;

Iy
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this is the switch assignment problem.

The role of the satellite in facilitating station access depends
on the intra-zone ground connections. Many situations could exist,
but in our case, whlch is the simplest one, all stations' operate
independently, so that any contention among ground stations within a
‘zone must be resolved through control via the satellite. Each

station transmits to the satellite via the uplink frequency of its

Zone.

The degree of onboard processing ‘availab;e in the satellite .

determines the role it can play in both station access and switch

assignment.

Flgure 10 shows a simplified conceptual model of the system

under consideration. All those boxes represent the space segment of

the system.

LN

3.3 , SYSTEM PROTOCOL

Throughout this chapter, we assume the entire area covered by
the satellite 1s divided into N spatially disjoint spot beam zones.

Let M denote the number of transponders provided by the satellite

system. For practical Interest, we assume M<N.

g
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~" Bach beam zone is ser;led by one uplink and possibly several
downlink channels. The reason for adopting multiple downlink
transmissions is to allow the possibility of simultaneous service of
several transponders' to the same zone. This would be needed when
the traffic on the uplinks is mostly bound for a specific beam
zone. ©Only one uplink channel is used for each zone. The idea of
using multiuplinks afises mainly from the need to reduce the
contention on the uplink. This problem is now solved since all the

area is divided into non-overlapping beam zones. One single uplink

channel ‘per beam zone 1s good enough.

The time axis of each channel is sliced into slots of seconds
each representing the length of one packet. The uplink _ct}annel is
operated in accordance with the slotted ALOHA p_roto-col.

~ The service provided by a transponder is governed by a TOMA
frame. Bach transponder can have its own frame structure. A TDMA
frame consists of slots each capable of handling the transmission of
one packet. Blank slots while a transponder switches from one zone
to ano.ther may exist in a TPMA frame. We use tr, expressed‘ in the
nﬁtmber of slots, to denote the length of the transition perlod.
Sometimes the transition period could be ignored, i.e. tr=o. Let
FLL be the frame length of the ith transponder. Figure 1l shows an
example of frame structures of a three Dbeam satellite with twe
transponders [l]. Each number represents the downlink zone to which

the slot 1s being assigned, while the shaded slot represents a
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. transition period of 1. The frame length of\ transponder 1 is 5,
whilé FL2 is 4. The common period between them is the smalle;t
common multiple which is 20.‘ It is easy to see that in such common
period, thgfe are several s;ots during which zone 1 is serviced
simultaneously by the two transponders. Thereforé, we have assumed

two downlink channels for zone 1.

Given the frame structure of the transponders, we can easily
dérive the frame strucfure of each zone. Not to mention we have N
such frames. The numbers in the slots couid véry between 0 and M,
where 0 represents that the corresponding zone is blocked from
service while M means that all transponders are offering service to

the zone during the time slot.

In figure 12, the frame structure ofAeach zone is shown. A Zero
indicates that the corresponding zone is blocked from downlink
sefvice due to each transponder elither being busy with some other
zone or undergeoing a transition perlod. Similarly, a 2 in the frame
structure of zone 1 indicates that during the s;pt. zone 1 recelves
downlink serviée from both transponders. Therefore, two downilink
channels are reguired in that slot.

In other words, as long as the frame structure of each
transponder 1s given, the frame structure and the frame length of
each zone can then be obtained accordingly. ‘We assume all uplink

channels are completely synchronized in slots.
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3.3.1 Protocol Formulation [1]

The system protocol can be stated as follows:
Any station with a newly arrived packet ready for transmission.
immediately transmits that packet at t;e beginning of the next slot
via the uplink of its zone, since it is operating according to the
slotted ALOHA protocol. It then walts- a while to deternmine if a
retransmission is needed. Wwhen a retransmission is required, the

station reschedules the transmission after a randomized delay which

is uniform on [1, - - . ,K1].

If the packet transmitted on the uplink turned out o be
successful or did not suffer a collision, the satellite processor at

the beginning of each slot picks out from among those successful

packets just arrived from the uplinks the ones which are scheduled

“for downlink transmission during the current slot, and the microwave®

switch immediately relays these packets to thelr corresponding
transponders. If the numbgf of successful packets which have the
same zone as their- common destination exceédé the total number qf
transpenders available for that zone in that sleot, then the
satellite processor randomly selects as many packets as the number
of transponders‘availéble for that zone gg&:;he rest are assumed to

be lost or destroyed. The satelllte prdc%ssor in figqurel0 is

.t

=
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responsible for determining whether a transmission on the uplink has
been a success by performing error checking. One important thing to
mention 1is that tﬁere is no buffer available on Dboard the

processor. All unserviced packets will be destroyed.

3.2.2 Packet Acknowledqement

since a packet could have different source and destination
zones, and since the broadcast capacity of each downlink channel is
1imited to one zone only, there exists the 1issue of packet
acknowledgement. A solution making use of the processing capabllity

of the satellite repeater, is as follows: [1]

Each pack created by a ground station, includes b bits of overhead
thaff—igizz;te the . transmission status of the wuplink channel
cor nding to the destination zone of this packet. At the
beginning of each time slot, 1if there exists a packet to be served
by some transponder and to be transmitted to zone 1 in that slot,
Jhen the satellite processor writes into this packet the b status
bits of the uplink channel of zone 1. These bits indicate the
transmission status of the most recent b slots on the uplink. Those
bits will be grouped in a string of 0's anq 1's where a 2zero
indicates a packet has been lost due to a collision or no available
transponder to service it, and 2 1 indicates a packet which not only

succeeded on the uplink but is also picked up by the tr;;sponder and
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couted to its destination zone. Por uniformiry all packets use the

same b. The value of b must be chosen to be the maximum number of'm”'

consecutive blank slots which exist in the dcwn;ink frame structures

of all beam zones. For the example shown in figqure 12, b=4.

-

Via Ehis ‘approach,fra stapion shouid start -monitoring the
dewnlink transmission, R slots, the round-trip propagation deiay.
after the packet was transmitted, and only has to walt at moéﬁ b
slots, to detéréine whether a retransmission is needed by inspecting
the b status bits of the first packet whicﬁ appears on the
downlink. In case there is no'pécket to receive dcuniink service
when 2 scheduled time slot has arrived, the satellite processor can
always insert a control packet in that slot to serve #ne sane
purpose: This method 1is beneficlal for the follogln; reasons:
First, a scpa:ateracknouledgement channel is not required. éecond.
a station does not have to walt long before it can detérmine.whether
a fetransmission is peeded. Third, b usually .is~—censiderably

smaller than the packet length; therefore the cost of overhead is

negligible.

This operation is done by the processor at the baseband. In
other words, packets -recelved on the uplink must Dbe demodulated

first and remodulated before they are transmitted on the downlinks.
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3.4 THROUGHPUT ANALYSIS [1]

The throughput 1s:gefined as the average number‘of successful
p;ckets transmitted per slot. Since the packet size is equivalent
to one slot, the maximum throughput that could be achleved is 1.

Throughout thé following analysis., we assume that the traffic
fromA zone i; constitutes a Polsson process with mean rate Gl
packets/slot. Before we proceed, we will stipulaté the notations

which will be used.

A/-\
s Total throughput
Si Throughput contribution from zone 1
Sij ThéSGEHpUt"coatsLbuttdh from zone i to zone ]
/
rij The.probability that a packet generated by zone 1 will
nave zone j as destination
}ﬁij Number of transponders avallable from zone i during the
4th slot of a TDMA frame of zone 1
v1 Frame length of zone 1
P, The probability that a packet succeeds ‘on the uplink

channel of zore 1
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xij The probability that j packers succeeding on the uplink

channel per slot, will have zone 1 as thelr destination

xi(z) The 2 transform of xij' i.e.

2, N
CXyo * Ry Tt X teeet X

U(x) The unit step function.

The success- of a packet from zone 1 to-zone } depends on three
factors. First, the packet aust succee& on the uplink of zone 1.
Second, upon its arrival at the satellite, there must be at least
qne transponder available for zone J. supposedly 4 1is the
destination zone. Third, the packet must be pickéd up by the
satellite processor, 1if, together with this packet, the total number
.oE successful-packets heading for zone 31 exceeds the total number of

transponders avallable for that zone.

The uplink channel is operated according to the slotted ALOHA
- -

protocol,- The probability that a packet will succeed on the uplink

of zone 1 1is:

-G :
Ps =Gy el (1)
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The probability that there must be at least one transponder

available for zone 3 in any randomly selected slot is:

UE"’“‘jl) + - = - * U(u jVj) .
Vj -

which is in fact:

# of slots where a transponder is avallable
total number of slots - %

= 1 X > 0 a
Ux) =y oenerwice ' -
In the system urder study, we assume that the number of

- transponders 1s less than the number of zones. A small chance

of having a number of packets heading to zone 3} exceeds the

number of traggpondérs available for that zone is:

M 9=l  N=1
Ioae{Taym+1 B qu0)
= 0

(3)
¢=1 K= K+1

K=2

where aji and qij(k) are defined as follows. Physicallf.

ajg represents the brobability that ¢ transponders are in

fact available for zone j, given the condition that there is at

least one. Mathematically, ajg 1s glven by the number of
uyr = &, r=l,...,v4,  divided by U(ujl)+_..+u(ujv.). f?e.:
- . J
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ajp= [ gjm(a.uji)]/[ ‘E,j Uu4y) (4)
] 151 151 3

1 1if x=¢

where ID(%,x)={ , otherwise

N
*

qij(k) reéresents the probability that, in addition to the

packet which succeeded on the uplink of zone 1, there are k

more successful packets heading also for zone j in the same

é*?t. Mathematically,. qij(k) equals the coefficient ' of zk
in: . .
-
X4 (2)
Pirij?)+ {1 - Pirij)
where xj(z) is:
N

x4(z) = -I—I [Piry42 + (1 - Pyryy)] . 4=1,...,%
j:

Tﬁérefore, qij(k) is: | -
: .
°1 ij(k) Ty ;—E { 1T [Pgrgj z+ (1 - Pgrgj)]] " (5)
2
Ao g=1
s ’ : 241 . '_ LR

Yo,
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~

by differentiating k times with respect to 2, we obtain:

-

N N N N ’
q33(k) = 2§ [Pyrgy [ % Ppfpy --- % Pglgy || Ppelpq Z + (L = Ppreq)])..]
ij KT o5y 3 el mim] <21 sisj t= tte) tied

R#i S mEL - t¥s

ubp N .

" S*m -

s=#1 - t#i
The througiiput equation is formulated as follows:
-1

S _ g_,] L/{ M - N-=1
= Pirij U (; ji) t...+ U - jvj {lglajﬂ.{ E:UQij (k) +k§9.

L K
« KT q39y(k)]]

vy

The throughput contribution from zone 1 is:

N

LS o

Sy = 3
: 1 3

~]

The total throughput is therefore:

(8)

Several plots of the-total throughput -vs the‘total arrival rate

are shown in figures 13 and 14.
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3.5 [’DBLAY ANALYSIS [1]

The following notations with thelr corresponding definitionﬁ

will be used in analyzing the average packet delay of the gystem:

®
. F

_Di Average pacéet delay for packets generated by users 1n zone

i.
- /
) =

NIi The number of idle subframes in the equivalent TDMA frame of
zone 1. Here an 1dle subframe regresents a subperiod of
maximal length of the equivalent TOMA frame in which no
transponder 1ls available.

Iij The length of the jth idle subframe in the TDMA frame of
zone 1.

R The round trip proéagation delay measured Iin packet slots:-

The delay 1s the time elapéed between the transmission of a

packet and the reception of its acknowledgement by the. sender. The

round-trip delay and the average time a station has to wait before

retransmission is included in the delay expresslon.

L4
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%
Therefore:

Dy = (average number of retransmissions) x (delay by each

retransmission) + (delay by the succes§ful transmission).k
P =

"In section 3.2 we elaborated . on the issue of packet
3
azknowledgement. This factor is of extreme Iimportance 1In
calculating the packet delay. Wwe remind that, each packet created
by any ground statlon should include b bits of overheads in whiéh
the satellite processor will write the transmlssion status on the
uplink channel c6;;:sponding to the destination zone. The value of
b must be chosen to be the maximuﬁ number of consecutlve blank slots

which exist in the downlink frame structures of all beam zones.

Mathemat;cally.,b can be expressed by:

Therefore, in addition to the round trip delay, a statlen has to

walt at most b slots to determine whether a retransmission is needed.

we will now £ind the average number of slots a station has to
wait before scheduling retransmission. In the TDMA frame of zone 1,

there exist MIi idle subframes with different lengths Ii°'

tx
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T4 = 21
I12 = &3
IiNIi= Q’NIi

we group idle subframes in order of length. For simplicity,

assume 21 < 5<... ‘“-NIi

The probabllity of waiting one sl?t before finding a free

transponder 1s:

Number of idle subframes NIi
frame length —_

The probabllity of walting X slots before finding a free

transponder 1s:

Number of idle subframes whose length>X _ Py

The "average number of slots that one has to wait is:

2 ] 1 NI 119‘ '
= ___ K

K K 2

.V:L 8=] K=1
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The average number of slots a packet has to wait before knowing if a

retransmission 1s needed, is:

\

NI
1 YY1+ (9)
v 2 743 "1

Vi g=1 -

From the protocol definition, the station reschedules the
retransmission after a randomized delay which is uniform on
(1,. - .,kl). Since thig is a uniform distribution with elements
each occuring yith probability_l/kl, the average nﬁmber of slots a

station has to wait before rescheduling retransmission is:

Therefore, the delay introduced by a retransmission is [1]:

R+ 1+ KL*t14 N%i I9(Igg + 1) (10)
‘ 2 2=1 vy

The 1 1in the  equation stands for one siot taken originally to

transmit the packet. -
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3.5.1 Average Number of Retransmissions

we say a packet is successful if:

1 - It survives on the uplink,
2 - There is a transponder available, and
3 - The packet 1is picked up by the transponder.

Let P1 equal the ‘probability of survival on the uplink, and

P2 the probability - of a transponder available and P3‘ the
probability that the processor will pick up the transmitted packet.

~ The probability of fallure 1s:

1 - Py + P1{1-P3) + P1P2(1-P3)

which is equal te:

- P -
1 Pl 293

Since S34 = P1P2P3, therefore the probability of failure-is:

(1 - Sij)



il

Y "

i

Page 41

Sup§ose. we are transm}tting a packet- from zone 1 to zone j: the
probability that the operation will be completed in one transmission

is:

- (sijcirij)

where Girij represents the fraction of the load directed from

zone 1 to zone J.

P{2 transmission} = (1-Si4) Girijsij

P{k transmission} (l-Sij)k_lerijS

13

The average number of retransmission is:

@ G
T kPp-1-= 1ryy _ 1 - (11)
k=1 . 513 . -

3.5.2 The Total Delay Egquation

The delay introduced by all retransmission is:
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-

The total delay in zone i is the delay introduced Q!‘retransmissions

added to the delay by a successful transmission. Therefore, Di is:

7

Dy = R + 1~ Dy - (12)

The average packet delay 1is:

N g
D= i1 Di (13)
1=1 S :

In figure 15, the throughp&t-delaj characteristic is displayed

for different slot assignments.

-
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ANTENNA NETWORK
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Figure 9 : System configuration.
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Figure 10 : A simplified conceptual model of the system.
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Figure 12 : The TDMA frome structure of eoch zone .
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Channel throughput vs total channel load.
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Channel throughput vs total channel load.
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Total delay vs channel throughput.

Figqure 15
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Chapter IV

SYSTEM OPTIMIZATION -

4.1 MAXTMIZATION OF THE THROUGHPUT

In the previous chapter, the throughput equation was found.

-1 ) 1
s = g g Pyryy UC ) oot w M, o ? ajg{ I gy (K) +kE 2 qij(k)

i=1 3=1 k=0 3!

T 9=1
G

The variables involved in this equation are: N, the number of zones,
M, the number of transponders, the traffic rates from all zones, the
routing matrix and the transponder availability in each zone.

We shall assume that the number of transponders and the number of
zones 1s given along with the traffic rates. The questlon now is:

what 1s the sdjot asslgnment that would yleld a maximum throughput,

wlth the ‘condition that N and M and the traffic rates remain

constant. For this purpose we define new variables as follows
le:
Zgj is the number of slots in the TDMA frame for zone j, where in

fact 2 transponders are avallable.

_50_

N

.
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We will try to express the throughput equation as a function of
these variab;es and in this way, the optimization would become

simﬁle.

The average number of busy slots in the TDMA frame of zone j 1is:

.

which was defined in the previous chapter. This mathematical

expression could be evaluated in terms of z

13"
. - . M.
v N ' 2
A e N M A T =S 14)
vy vy V3 (

The probablility that there 1s % transponder available for zone j

with the condition that there is at least one is aji;
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The above substitutions would yleld a linear throughput equation in

terms of zij' L . .
: : ’
Pir M - -1 N-1
Sgy = {3 {2+ T 2 qkh (16)
vy =l k=0 k=g k+l :
T

The number of unknowns in the equation is N x M. Using linear
programming, we can maximize the throughput subject to some
constraints. Obviously, by‘chposing a fixed TDMA frame length for
all zcnes would make the problem simpler. The frame length will e

unique for j=1,. . .,N.

The total number of constraints is § + Nv M inequality

constraints and N equality cons;raintsj Those are defined next.

el

(a)

j ZMjSV

1

This constraint means that the total number of slots in the
TDMA frameg‘ of all N zones, where we assign M transponders
should be less than or equal to the frame length. If in any
slot, all M transponders are assigned to zone i, then in the

same time slot no service will be offered to the other zones.

-

M
(b ¥ z,,=V J=12,....N i

l/_.
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This means that -the total number of slots where zZero and one

¢+e-., and M transponders are avallable is equal to the frame length.

@ § ¥z vl oz
C <V -
EEEEEERS g1 M

This means that transponders can be assigned in slots where not
all transponders are assigned to one zone. This constraint 1is

necessary to make sure that the total number of transponders in

a given slot will not exceed M.

(d) z

A <V -
Z < M3

13

TR A
T e 1

1

] 3

This constraint is.necessary for the same purpose as above

4:‘!

N ‘M
) Z94

{e) -
J=1 2=M—1

ne1Z

ZZj <V

j=1

Since the maximum number of transponders that could be
assigned in a time slot is M, slots with 2 transponders
assigned should not be coincident with slots where (M-1) or M

rransponders are asslgned.

(£ 294 <V - z
‘ 121 21 2 321 K=M-1(2-1) ¥
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This is the geperal form from which, M constraints c&iid be
derived, the constraint in part (e) is a speclal form of this one.
Therefore, glven the number of zones N, the number of transponders
M, the traffic rates and the routing matrix, we can maximize the
throughputIbyzéolving;fhe linear programuing problem wvia the revised
simplex algorithm. In the last section of this chgpﬁer, various

examples are given to demeonstrate this optimization method.

-

. 4.2 MINIMIZATION OF THE AVERAGE PACKET DELAY

An important observation 1s that the order in which the slots

.are arranged does not affect the throughput, but has a considerable

influence on the average packet delay. The idea i1s to minimize the
packet delay, given the conditions which maximizes the total system

throughput.

The delay in zone 1 is:

N G NI4 I49 (T4g+1)
Dy =R+ 1+ 3 ryq( 0 - 1(r+1+ 81,51 e,
3=l 513 2 g=l 2vy

where R 1s the round-trip propagation delay and, K the average

randomized retransmission delay.

(17)
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Given zaj for %=1,...,M and -3=l..

create an algoerithm which optimally arranges‘ slot contents. 1In

. -«.N, the problem is to

other words, find Iii and NIi for all 1i's, to minimize the

average delay.

ot s

Let R+ 1 = Kl »and, R+ 1+ (K- 1)/2 =

Let Kij = Girij .

Therefore, D, is:

1
. NI
1 Zi9(F1g +
T rip k + T e+ 1,
i=1 Sij =1 2Vy
N
D=2 3 5,0,
s 1i=1 -

1 )
Z¥ s,p
51=1 * 1
NI N
101 + 1 X
S,D.= k. S + (k' S5, ,+s, ¥ 1 12(111 ) Y(id-r
171 171 171 v, =1 s 13
=1 ! £3
\
N k N X NI,
-k KTl sesy 3 - f13)L Pl U
371 5,y Y4218

13 2Vy

(18)
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Ith ’ ' ¢ -
zlj is g?ven . us .sij Si and S are all constant

>
N Ok
Xy =81 3 (- riy)
j=1 =i}
N k
Yy = [ky + k'3 ( 1 r{i4)l sy
. 351573
then,
©
= - i
N .
CLTE R T T

we know that. ' *

1
I =2
2., e 01

which is the number of idle slots in the frame.
Therefore,

p=1(¥va+l ZN’x NEi L2+ 1% %52 B
7 4571 = 4=1"% 9%y ie T 4oy L 01} - (19)
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¢

I
The delay equation is a non-linear equation in Iil with

~

l1<i<N , 1<1<\I

i

-

The problem 1s now easler to deal with,'for the reason that instead

of minimizing the delay equation as a whole, we need to minimize the

expression:

N NIy 2 (20)
ov 211 X4 P

4.2.1 The Lagrange Multiplier Solution

Let us find the optimal solution using the Lagrange

multiplier analysis. We define a vector of Lagrange multipliers

A= [ll.KZ.---'lN]

where
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Therefore, . g
I S - e
- . M . ) “ . . - .,
hﬁ?lYinq the vaipe of Iiilin the constréint equation,’ -
NIy NIy "M -NI A "
200 =2 I4g =% - = i 3 -
8=1 | R=1  2ky 2ky
- The optimal ‘value of I is: | .
’ ; * -
) Tig = Zgs/ N 1y ’ ‘ (221
l -
which is- independent of ¢. . 7 . - >
! ) ’ e » .I '
. - ‘ ’ ) ~
To prove: that. the optimal value °f-lig yields a minimum,'leg
- " e . . .
us £ind the second derivative of the function H. "
. ’ fr -
J -
!
= 2 1 o~
aH~ =2ky>0 .
alulz -

-

Since the second derivative is positive, the critical point we have
found giﬁes indeed an-absolute minimum of the function H.

P ] s

From the above result, we can conclude that all idle subframes in

the TDMA frame of zone 1 should have ‘the same length._tOJgﬂaranty a

in the TDMA: frame

.

minimum delay. The nhmbef of idle subframes NIi



structure of zone i is:

ﬁI = MIN (z
i 01

The Optimized Delay Egquation

4.2.2
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" The avérage packet delay equatlon, after applying the

previous analysis, becomes:

~

N N
"P=i {2 Yi+-l—2x1201+_l.
s 1=1 7 .2v 1=1 2v
. with
’jl‘\
) M
N Iy = MIN (204 '121 Zg4)

(23)

{24)
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wWwe should try as much as possible to have ﬁany idle subframes 4in

‘ .
order to minimize the average packet delay.

For this reason,: we;iwill create as many as possible 1dle
subframes in order to reduce the delay, since it is proportional to

»

the sum of the squares of 1dle*subframes lengths.

-

4.3  OPTIMIZATION ALGORITHM

-

In the prévious sections of this chapter, we applled an.
optimization procedure té obtain a maximum throughput Qith minimun
delay. ~Usually., in a multibeam system. tﬁe pumber of zones is
larger than the number of transponders. A reallstic system includes
5 transpondefs and serves 10 beam zones. From this ﬁqint-of—view
arises the idea of organlzing TDMA zone frames. As the number of
éransponders increases, the idea of defining a suitable slot
asslgnment becomes more complex. Before coming to a ceonclusion that
will yleld the opfimization algorithm, we state few definitlons.

Definition:

Two slot assignments are called dependent 1if they yleld the

LY

same average packet delray. It ccould be , that thqse two

-

frames do not look alike, but the delay &epends upon the

¢
-

number of idle subframes and their lengths.

27
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case 1: System with one transponder (M=1).

Proposition I:

Given a. TDMA- frame of length V bits, the number of

configqurations of slot asqignments'whicp.could be generated

v -
is 2 . That frame could have in 1its slots elther one's or
zero's. Let K be the number .of cne's 1in the frame;

therefore, the number of combinations with K one's 1s:

ck = Vi . (25)
k! (v-K)!

LY

and the number of independent slot assignments is:

ck e i
V= (v- 1 (26)
v k! (v-k)! - A

-

Since the_fraﬁe’ié'beriodic with period VvV (i.e. all bits

are répeated every V time slots), by rotating those frames left

and right, one can get 1ldentlcal frames.



, ~
F
4.3.1 Procedure to find all Independent Assignments !
//
- given the frame length V; o A
- given zlj i =o0,1-:; 3 =1,2,..,N \L‘

Step 1: Find\\Ye number of independent slot assignments.

.

Step 2: Group all one's in the most significant bit positions.
.[i .+

-

Step 3: Shift the LSB of the one's to the right one bit at a time.

-
e

Step 4: Repeat step 3, (V-K-1) times.

Step 5:-Repeat step 2.

Step 6:" Shift two cne’'s to the right and repeat step 3. Each ;ime
you accomplish a shift, you obtaln a frame configuration,
all these configqurations are independent frames. Repeat
this procedure and stop when the number of configurations is
equal to the number 'obtained in stepll.

v

Example:

Frame length = 9 slots, K=4

*
Number of independent frames =/14;

i

b
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-t T

Those frames are: s

b e e
N N T Nl el el R
HHoocﬁocpowb—cHWH
CODOOHKIMHOOOOK
HHHHIHNOOOHOODOKHO
OCHOOHOOHOOOHOO
HOOHOOMHOOOKROOO
oor—'oor-coo_:—-oooo'
0O00O0OLOO0OODLOOOOO

Case 2: System with Muliple Transponders

Proposition 2:

Given a frame of length V, where the number of zero's in
frame is K; the total number of independent assignments is:

-
“

(V-K(V-K+ 1)(V-K+ 2) (27)
6

Procedure for finding all independent assignments:
F i

X}

- Glven the frame length V:
- Gilven Zii ; ¢=0,1,....,.M ; 1=1,2,..,N
@

Step 1l: Find the number of independent slot assignments.
Step 2: Place all zero's In the LSB positions.

Step 3: shift to the left the most significant zero, one at a

time, until it 1is in the (v-1) bit position.

the



Step 4:

Step 5:

The
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Repeat step 2 and shift to the left two zero's which are in

the MSB positions. ) \

Repeat step 4 until the number of independent slot

assignments, given by step 1, is obtained.

Py

average packet delay is proporticnal to the square value of

“idle sué%rames lengths. Therefore, by choosing frames wlth short

idle subframes, wé would guaranty an optimal delay.

Example:

_ Frame length = 7 and K = 3;

The number of independent frames = 20;

Those frames are:

2 211 0 0 0

2 21 071 0 O

2 2 01 1 0 0-

2 0 2 1100

2 2 1 0 0 1 0

2 2 0 1 0 10

2 0 2 1 0 1 0

2 2 00 1 10 :
2 0 2 6 1 10

2 0 0 2 1 10

2 21 0 0 0 1

2 2 0 1 0 0 1

2 0 2 1 0 0 1 .
2 2 00 1 0 1 -
2 0 2 0 1 0 1

2 0 0 2 1 0 1

2 2 0 0 0 1 1

2 0 2 0 0 1 1

2 0 0 2.0 1 1

2 0 0 0 2 1 1
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A Method For Finding An Optimal TDMA Assignment:

We will present the summary of our optimal TDMA assignment
procedure. The following algorithm contains all steps needed to
optimize a multibeam system. This algorithm will yigld 2 maximum

throughput and a minimum average packet delay.

= Given the number of zones N:
- Given the number of transponders M;
- Glven the generation rate of each zone in packet/slot:

ey

- Given the routing matrix from zone 1 to zone j;

1 - Find sz for 1 < 2 < M and 1 < J < Kjusing the linear
programming approach in order to maximize the total throughput.
2 - Find the number of idle subframes for all j, using:

o
i

M
NI, = MIN(z,, . gzl z,,

4 )

3 - Generate all independent-assigqnments.

F-3
)

Find the lengths of all 1dle subframes using the Lagrange

multiplier methed.
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5 - choose the slot assignment that would satisfy conditlons 2 and 4.

6 — Having all necessary information, find the average packet delay

from the delay equation.
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Chapter V

CONCLUSION

-

A Satellite Switched‘ Time Division Multiple Access System
(55/TDMA) with a pool of resources shared by several usérs was
coﬁsidered here. The protocol used for such a system 1is easy to
implement and requires no de:aiied measuremeﬁts of arriving traffic
and routing probabilities between users. The protocol was defined
and presented according to Chang [1]. The throughputh and delay

equations were glven. The optimization of these system performance

_ measures was studled in detall and an optimization algorithm was

finally generated.

To allow use of this analysis and the theoretical results in
system of realistic size, an efficlent algerithm was presented.
From that, commonly considered system performance measures can be
determined with some amount_of computation. All necessary computer
programs are included in thls thesls in appendices following this

-
sectlon.

- In an actual system design problem, the designer is requi¥ed to
verify that the system under study is similar to the one we have
presented, and then find the optimal system parameters numerically.

For such optimization 1t is needed to know the size of the system.

vhat we mean by that 1s the number of transponders on beard the |

- 68 -
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satellite and the number of users or ground statilons to be served by
those transponders. We should note that one groundqsthtion cod;&
carry the traffic of many users which have known traffic rates and
routing matrix. After this, based on the signal processing
capabllity of the satellite processor: we should choose a unlversal
frame length for all zones, and by means of linear praéramming. the
transponders are asslgned to the zones in a way maximlzing the total
throughput. Arranging slots 1s taken care of by theﬁalgorithm which
minimizes the a;erage packet, delay. In the case of changes in

system parameters like traffic rates or the routing matrix, the

whole procedure has to Dbe repeated and new slot assignments should

be generated.

Increasing the number of transponders will enhance the system's
performance, but on the other hand, the cost of the system will also
increase. The total system éost should be kept in mind to allow us

to determine the total number of resources required.

We have not considered the case where a buffer of size I is
introduced in the system. The system. performance can be greatly
enhanced via the use of sufficiently large buffer and appropriate
TDMA frames. For an N-zone-M-beam system, the system 1s essentlally
equivalent to an N-uplink-M-downlink system with L=0 as far as
throughput 1s concerned. Based on the above observations, a
multibeam satellite 1s more cost-effectlve than a conventiconal

multiuplink-multidownlink system.

L
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- ~

The advgntage of using a multibeam system is that fewer channels
are needed and thgre is less consumption of downlink transmltted
power. ‘F;;:\addition. a multibeam gfstem'.oéfers a wide ~range of
oé;rations. However, degradation exists whenrﬁtr, the transition
period, cannot be ignored and' the multibeam 'system suffers a
sligptly longe}.delay than a multiuplink-multidoewnlink system.

. . N

In this thesis..ye have assumed the transition overhead tr, to
be an--integer number of slois. In practice, if tr is~less than I
slot, cne could let one transponder (ndergo éxactly .one slot of
transition in order to maintain a completély synchronized systen.
However, it 1s also possisle to ‘slice the time axis baéed on the
length of tr and operaﬁe' the syﬁtem on this basis. Available
- improvements need to beh defined\. The use of very fast digital
switchesr‘coﬁid reduce tr to a point it would become negligible

compared to the time slot.

Finally, we have not'ﬁgg;g;gafdzﬁg‘pgoblém.of Lsing’multiple
uplink channels for each zone. 1In this ca; ~.each user in a group
could transmit to the satellite as soon as a packet 1s generated and
would not have to route the traffic through a central office which

takes care of the uplink transmission. This; indeed, will 1increase

the throughput.



Page 71

The work should be extended to include the multiuplink concept

and the lssue of packet prioritization could be studled.

It is hoped that' these results will be useful to the designers

of SS/TDMA satellite systems.
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SYSI'EHPROTOCOLALGORITHW’

TRANSMIT A PACKET RESCHEDULE RETRANSMISSION
AT THE BEGINNING ATTER A RANDOMIZED
OF A SLOT - DELAY

RECEIVE
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ROGRAMS



., -
& | ’
. .
-
-

THIS PROGRAM CALCULATES THE THROUGHPUT OF THE SYSTEM.
THE MAXIMUM NUMBER OF THE ZONES IS 6.

REAL P(15), R(15,15), S, AL, AKX, SUM, SUM1l, SUM2, T(15,15),TH(10), TER

REAL 2(15,15), N , _ :

. INTEGER I,J,K,L,L1l, O : ) y
READ N : :

READ, (P(I),I=1,N)

DO 1 I= 1,N i .

READ, (R(I,J),J=1,8) .

READ, M - ) -

READ, N

L=1 LD

DO 2 J=1,N

READ, (Z(L,J), L=1,M

WHILE (K.LE.C1) DO

0=K+1. ’

CALL QIJ<4I,J,N,0,P,R,&)

PRINT,I,J,S .

IF (0,EQ,3)S=0.5*S , \ | .

IF (0.EQ.4)S=5/6 . - A
IF (0.EQ.5)S5=5/24 : S

IF (0.EQ.6)$=S/120 ‘ R
S1=S1+S

K=K+1

END WHILE

SU 1L=SUIL+Z(L,J)+S1
L=L+1

END WHILE . o
SUM2=0 : .

L=1

WHILE(L.LE.M)DO

$2=0

K=L

L1=N-1

WHILE (K.LE.L1)DGC

0=K+1

CALL QIJ(I.J,N,Q,P,R,S)
PRINT, I1,J,S -
IF{0.EQ.3)8=5/2
IF(0.EQ.4)S=5/6
IF(0.EQ.5)5=5/24
IF(0.EQ.6)S=5/120,



50

40

30

AL=L-
AK=K

$2=82+8* (AL/(AK+1.))

K=K+1 =~
end while

SUM2=SUM2+Z (L,J) *S2

L=L+1
END WHILE

J=J+1

END WHILE

I=I+1

END WHILE

TEI=0

I1=1

WHILE (I.LE.N)DO
J=1

WHILE (J.LE.N)DO
THI=THI+T(I,J)
J=J+1

END WHILE

I=1+1 )

END WHILE
PRINT,THI

STOPa

END

SUBROUTINE QIG(I,J,N,0,P,R,S) )
REAL P(15), R(15,15),s8,81,82,53,54,85
INTEGER I,J,K,N,0,K1,K2,K3,K3,K5,K6

PRINT,J
IF(0.EQ.1)GOTO 10
IF (0.EQ.2)GOTO 20
IF (0.EQ.3)GOTO 30
IF (0.EQ.4)GOTO 40
IF(0.EQ.5)GOTO 50
$1=0

K1=0

WHILE (RK1.LE.N)DO

IF(K1.EQ.I)GOTC 11

52=0
K2%0
IF(0.EQ.5)K1=N+1
WHILE (k2.LE.N)DO

IF{K2.EQ.I.OR.K2.E

53=0
K3=1
IF(D.EQ.4)K1l=N+1
IF(0.EQ.4) K2=N+1
WHILE K3.LE.N}DO

Q.K1)GOT0 12

,S6,PC,TH(10)T(15,13)

IF(K3.E).I.OR.K3.EQ.K2.0R.K3.EQ.K1)GOTO 13

S4=0

K4=1 ,
IF(0.EQ.3)K1sN+1
IF(0.EQ.3)K2=N+1



2Q

10

16

15

14

13

12

11

200

IF(0.EQ.3)K3=N+1

WHILE (K4.LE.N)DO )

IF(K4.EQ.I. OR.K4.EQ.K1.0R.K4.EQ.K2.0R.K4.EQ.K3)}GOTO 14
$5=0 ' :
K5=1

IF(0.EQ.2)K1=N+1

IF(0.EQ.2)K2=N+1

IF(0.EQ.2)K3=N+1

IF(0.EQ.2)K4=N+1

WHILE K5.LE.N)DO
IF(K5.EQ.1.0R.K5.EQ.K1.0R.K5.EQ.K2.0R.K5.EQ.K3.0R.K5.EQ.K4)GOTO 15
PO=1 B

K6=1

IF(0.EQ.1)K1=N+l

IF(0.EQ.1)K2=N+1

IF (0 EQ.1)K3=N+1

IF(0.EQ.1)K4=N+1

IF(0.EQ.1)K5=N+1

WHILE (K6.LE.N)DO
IF(K6.EQ.I.0R.K6.EQ.K1.0R.K6.EQ.K2.0R.K6.EQ.K3)GOTC 16
IF (K6.EQ.K4.0R.K6.EQ.K5)GOTO 16 ‘

PO=P0* (1.~-P (K6)*R(K5,J))

KE=KS5+1 ) \ ‘

END WHILE

IF(0.EQ.1)8=20

IF(0.EQ.1)GOTO 200

"§$5=85+P (K5) *R (K3,J) *P0
- K5=K5+1
. END..WHILE

IF(0.EQ.2)5=55
IF(0.EQ.2)GOTO 200
54=54+P (K4)*R(K4,J)*S5
Kd=K4+1

END WHILE _
IF{0.EQ.3)5=54 -~
IF(0.EQ.3)GOTO 200
S3=83*P(K3)*R(K3,J)*S4
K3=K3+1

END WHILE
IF(0.EQ.4)8=583
IF{0.EQ.4)GOTO 200
S2=82*P(K2)*R(K2,J)*S3
K2=K2+1

END WHILE
IF(0.EQ.5)5=82
IF(0.EQ.5)GOTO 200
S1=S1*P(K1}*R(K1l,J)*S82
K1=K1l+1

END WHILE

5=81

RETURN

END

el



ig.

o

PROG;%M TO FIND THE TOTAL THROQUGHPUTAND THE AVERAGE PACKET DELAY.
N

REAL A(9,9),B(9,9).Q0(9,9),Q01(%,9).,Q2(9,9)
REAL G(5),R{5,5),P(3),V{3),W(3)
REAL S§1,582,83,81(10, lO),a(lO),D(lO)
REAL ID(20,20),S1I(20Q)
REAL MAX,MIN,MAX1
INTEGER NE(lO),K,W2,Wl,K5,K6
N=3
V1i=3
Rl1=.54
Do 17 I=1,N
1=.1 . :
WHILE (Gl.LE.1lQ0.)DO
DO 18 Izl:N
G(I)=Gl/N
2(I)=
CONTINUE
VI(l)—T
NI(2)=
NI (3)

———
<
i_l
\l
—
—

) /NI(I)

P{I)=GY9IC*EXP(~G(I))
CONTINUE :

I=1

WHILE (I,LZ.N}DO
J=x -

WHILE (J.LE.N)DO
CALL QIJA(I,JJN,P:R,Q
CALL QI3B(I,J,N,QL (I,
CALL QIJC(I,J,N,P,R,Q
J=J+1

END WEILE

I=I+1

END WHILE

J=1 )

WEILE (J.LE.N)DO

I=1

WHILE (I.LE.N)DO
IF(N.EQ.2) THEN DO
A(I,J)=(P(I)*R(I,J)/V1)*{Q0(I,J)+.5*QLl(1,J))
ELSE DO

N(-JO



A(l, J)-[P(I)*R(I J)/V1Y*(Q0(I,J)+.5&Q01(I,J)+. 333*02(1 JY)
END IF

I=I+1

END WHILE

J=J+1

END WHILE

J=1

WHILE(J.LE.N)DO

I=1

W({J)=0

WHILE (I.LE.N)DO

W(J)=W(J)+A(I,J)

I=I+1

END WHILE

J=J+1

END WHILE

I=1

WHILE (I.LE.N)DO

J=1

V(I)=0

WHILE (J.LE.N)DO

V{I)=V(IY+A (I, J)

J=J+1

END WHILE :
I=I+1 .

END WHILE

I=]1 "

WHILE (I.LE.N)DO i
SI(TY=Z(I)*V(I) ) ' _
T=1+1 | <
END WHILE

I=1

WHILE (I.LE.N}DO

J=1 :

s1=0

WHILE (J.LE.N)DO

s2=0

L=1 - : .

WHILE (L.LE.NI(I))DO
S2=82+I0(I.LY*I}(Z,L)+1)/(2.*V1)

L=L+1

END WHILE

S3=R1+1.+(K1l-1. )/2 +52

B1(I,J)=A(I,J)*Z(J)
S1=S1+S3*R(I,JI)*({{(S(I)Y*R(I, J))/Bl(I J)y-1.)
J=J+].

END WHILE

D{I)=S1+R1+1

I=I+1 , : «
END WHILE

J=1

S=0

WHILE (J.LE.N)DOQ

Ss=S+W(JI)*Z (J)

J=J+1

S



102
103

END WHILE

I=1

TD=0

WHILE (I.LE.N)DO
TD=TD+D(I)*SI(I) /S
I=I+1

END WHILE
PRINT,G1,S,TD
WRITE(9,1020G1,S
WRITE(10,103) S,TD
FORMAT (F8.4,F8.6)
FORMAT (F8.6,F10.5)
G1l=Gl+0.2

END WHILE

STOP

END

SUBROUTINE QIJA(I,J,N,P.R,P1)
REAL P1,P(5) ,R(5,5)

.INTEGER K

rpl=1

K=1

WHILE (K.LE.N)DO
IF(R.EQ.I)GO TO 3
Pl=Pl*1.-P(K)*R(K,J})
K=K+1 -

END WHILE

RETURN

END

-

SUBROUTINE QIJB(I,J,N,S1,P,R)
REAL S1,P(5),R(5,5)
INTEGER K,L .-

$1=0

L=1 .

WHILE (L.LE.N)DO
IF(L.EQ.I)GO TO 7
P2=1

K=1

WHILE (K.LE.N)DO
IF(K.EQ.L)GO TO §
IF(K.EQ.I)GO TO 8
P2=P2% (1.-P (K) *R(K,J)
K=K+1

END WHILE
$1=S1+P(L)*R(L,J) *P2
L=L+1

END WHILE

RETURN

END
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UBROUTINE QIJC(I,J,N,P,R,S2)
INTEGER K,L,M .

REAL P(5),R(5,5)522,52,R3
$2=0

L=1

WHEILE(L.LE.N)DO
IF(L.EQ.I}GO TO ¢

$22=0

M=1

WHILE (M.LE.N)DO
IF(M.EQ.I)GO TO 10
IF(M,EQ.L)GO TO 10

P3=)

K=Y

WHILE (K.LE.N)DO
IF(K.EQ.I)GO TO 11
IF(K.EQ.M)GC TO 11
IF(K.EQ.L)GO TO 11
P3=P3*% (1.-P (K)*R(K,J))
K=k+1

"END WHILE

S22=822+P (M)*R(M,J}*P3
M=M+1"

END WHILE

S2=82+P (L}Y*R(L,J)*522
L=L+1

END WHILE

$2=82*.5

RETURN

END

o
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PROGRAM- TO FIND THE COEFFICIENTS IN THE THROUGHPUT EQUATION WITH
N=3 AND M=2.

REAL A(9,9),B(9,2),Q0(9,9),Q1(9,9).,Q2(9,9)
REAL G(5),R(5,3).,P(5) V(:),W(S)

v1=7 )

READ, N

READ, (G(I),I=1,N)

DO 1 I=1,N

READ, (R(I,J)},J=1,N)

CONTINUE

DO 2 I=1,N ¢

P(I)=G(I)*EXP g{I))

CONTINUE

I=1

WHILE (I,LE.N)DO
J=1

WHULE (J.LE.N)DC
CALL QIJA(I,J,N,P
CALL QIJB(I1,J,W,Q
CALL QIJjCc(I1.,J,w,P
J=J+1 d

END WHILE

I=I+1

END WHILE

J=1

WHILE (J.LE.N)DO

I=1

WHILE (I.LE.N)DO
A(I,J)=(P(I}*R(I,J)/V1)*Q0¢I,J)~.5*QL(I,J}+.33*Q2(L,J})
B(I,J)=(P(I}*R(I,J)/V1)*Q0(I,J)+Q1(I,J}+.667*Q2(I,J))
PRINT,'A(I,J)=",A(I,J}

I=I+1

END WHILE

J=J+1

END WHILE

J=1

WHILE (J.LE.N)DO

I=1

W(J)=0

V{J)=

WHILE (I.LE.N}DO

W(J)=W(3)+A(I,J)

V(J)=V(J}+B(I1,d)

I=I+1

END WHILE

PRINT,J,V(J) ,W(J)

J=J+1

END WHILE

STOP

END

(R,Q0(I, J))
1(I,J).2,R)
FR,Q2(1, ))



SUBROUTINE QIJA(I J,N,?,R,Pl)
REAL P(1l),P{(5),R(5,5)
INTEGER K
Pl=1
K=1
WHILE (K.LE.N)DO
IF(K.EQ.I)GO T0 3
P1=P1*(1.-P(K)*R(K,J))
K=K+1
END WHILE
RETURN
END

SUBROUTINE QIJB(I,J,N,S51,P,R)

REAL S1,P(5),R(5,5)

INTEGER K,L

S51=0

L=1 ’

WHILE (L.LE.N)DO
IF(L.EQ.I)GO TO 7

PZ=1

K=1

WHILE (K.LE.N)DO
IF(K.EQ.L)GO TO 8
IF(K.EQ.I)GO TO 8

P2=P2*(1.-P(K)*R(X,J))
AREK+]L

/ END WHILE
1=S1+P(L)*R(L,J)*S2

{L=L+1

END WHILE
RETURN
END

SUBRGUTINE QIJC(I,J,N,P,R,52)
INTEGER K,L,M

REAL P(5)., R(S 5).,822 82,P3
S2=0

L=1

WHILE (L.LE.N)DO
IF(L.EQ.I)GC TO S

S(22)=

M=1

WHILE (M.LE.N}DO
IF(M.EQ.I)FO TO 10
IF(M.EQ.L)YGO TO 10°

P3=1

K=1

WHILE (K.LE,.N}DO
IF{K.EQ.I)YGO TO 11
IF(K.EQ.M)GO TO 11
IF(K.EQ.L)GO TO 11
P3=P3*(l.—P(K)K§(K3J))

p

4

*
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10

K=K+1

END WHILE
S22=822+P (M) *R(M,J)*P3
M=M+1 -~

END WHILE
S2=8S2+P(L)}*R(L,J)*822
L=L+1

END WHILE

© §2=82*.5

\l
.
.

RETURN
END
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