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/ ABSTRACT
~

s The demand for significant improvements in navigation systems,
(which must 1include mcre accurate and reliable position location, has

een continuously growing in the last decade and is expected tc increase
rapidly in the near future. The need for this advanced position
ldecation and navigation system extends, not only to the airspace, but
alsc to the surface cf the earth where ships, land vehicles and aircraf‘-t
in\éisfress exist.

Investigations have shown that satell}te-based systems cffer a
number of unique advantages which meet the required characteristics of
the future position location and navigation system. Whether the
satellite system is designed to serve the entire earth or a certain
portion of the earth, it 1s required that cne or more satellites be
visible simultaneously to the user, This necessitates the use of a
satellite constellation which provides a multi-fold continucus coverage
pattern.

In this thesis, a detaile& study of coverage patterns and design
of satellite constellations for positioﬁﬂ location and navigation is
presented. The metod employed relfes on mathematical modelling and
canputer search for the configurations of the optimal constellations.
The selected optimization criterion is based on minimizing the cost
through the minimization of the total numpé?zéf satellites and satellite

.

altitude. o

(A1)



Several new mathematical mcdels have been develcped which
eliminate the need for computer modelling. Canputer search has been
conducted based on the different models tc determine the optimal
satellite constellation for multi-fold continuous ccverage. Results are
presented throughout the thesis. . ”

Specifically, the analysis has led tc the development cf the

fellowing:

k4

1. A mathematical model for a constellaticn cf satellites in an
equaterial orbits.

2. Two different mathematical mod;ls for a constellation of
satellites in a network of pclar orbits. A major devleopment is
the concept of the interaction between orbits tc maximize the
coverage.

3. Twc mathematical models for a satellite ccnstellation in a hybrad
network which combines a network c¢f pclar orbits with an
equatorial orbit. This type of constellaticn has not received
attention in the open literature t¢ date.

4, A model for a satellite constellation in a network of inclined
orbits providing single-fold continuouys coverage.

5. Five different satellite constellations in synchronous corbits for

three-fold continuwous coverage of the Atlantic Ocean.

Finally, conclusions and a number c¢f recommendations fcr future

research are provided.
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CHAPTER 1

INTRODUCTION

In the last decade, there has been a grcwing reccgniticn c¢f the
demand fcr significant improvements in navigation systems. This demand
1s expected tc 1increase rapidly in the near future especially 1in the
most crowded regions of the airspace such as continental United States,
Eurcpe and the North Atlantic. The need fcr a reliable and accurate
navigation (and pcsiticn location) system extends not conly tc the
airspace, but alsc tc the surface ¢f the earth where ships, land
vechicles, and aircraft in distress exist. For example, over 1000
vessel collisicns occur annually[1]. worldwi&e, and thousands ¢f lives
have been lost. These figures include not cnly ship/ship encounters but
also ccllisions with fixed navigational aids, harbour vessels, and
under water objects. Sane of these accidents are caused by ccontrel
equipment failures and improper ship handling, while cthers involve the
failure to detect the presence of hazards.

The improvements in navigation systems must include mcre accurate
and reliable position determination. Investigations have ghown that
satellite systems providing position 1location, navigation, and
comunications for air traffic contrel (ATC), in general, have a number
of unique advantages over ground-to—air and air-tc-air systems. This 1s
due tc the wide coverage capability, the possibility c¢f achieving
uniform accuracy for all altitudes, guidance cver oceans and remcte

v
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regicns, all weatner <cperaticn, reliable ccmmunicaticns and reduced
cecst. In additicn, a8 satellite system can prcvide a variety c¢f cther
features such as: search and rescue, ccllisicn avcidance, spacecraft

(2]

navigaticn . data transfer, precise time and time transfer, maritime
services, system synchrcnizaticn and even cil explCrat1cn{3]. Imprcved
pcsiticn determinaticn and reliable ccmmunicaticns alicw separaticr
standards t¢ be reduced. Satellites alsc allcw the intrcducticn cf
digital communicaticns 1n additicn tc mcre effective use cf the ground
facility ccmmunicaticn.

The applicaticn c¢f satellite technclcgy 1n this area has been
reccgnized and pursued through the develcpment cf a substantial variety
cf system ccnceptsiu's'ﬁl. Some cf them are ccncerned with a regicnal
coverage cf certain pcrtion ¢f the earth and cthers are directed tcwards
glcbal cr near glcbal ccverage. Special interest has been directed
towards the Atlantic Ocean. But, no cperaticnal satellite system fcr
cilvilian pcsiticn locaticr and navigaticn exists at present,

In a2 satellite system fcr navigaticn and pesition lccaticn, 1t
is required that cne cr mcre satellites be ccntinucusly visible t¢
either the entire earth (glcbal ccverage) or at least a certaln regicn
of the earth (partial ccverage). This necessitates the use cf a
satellite constellation tc provide a continucus, multi~fcld, partial or
glcbal coverage pattern. Tc¢ date, nc analytical apprcoach has appeared
for the optimization cf satellite systems designed fcr multi-fcld,

continuous ccverage., In such g system, any user in the ccverage ares

must cbserve ccntinucusly a specified minimum number c¢f satellites (cne,



LW, three, ..., etc.'. This number, S3ay L, 15 ietermined by tne number
cf varlables which are tc be evaluated and tne number cf independert
measurements available by cbserving cne satellite. F¢r example, 1f the
three~dimensicnal pesiticn (say, x, y and z) c¢f the user having kncwn
aititude {s t¢ be determinea, and 1f each satellite can prcvide cne

range measurement, then a minimum cf LwC satellites must be visidbie ¢

o

the user at all times fcr ccntinucus service. If time 15 alsc tc be
determined, then a third satellite is required. ‘When the altitude cf
the user 1s nct avallable for pcsiticn determinaticn, a minimum cf three
satellites 1s required feor three dimensicnal pesiticn lccaticn, assuming
that time reference, c¢r synchrcnizaticn s prcvided f¢r range
measurement. If the time reference 1s nct available, then a minimum cf
four satellites 1s required fcr the determinaticrn c¢f the three
dimensicnal pcsiticn and the time. Time reference 1S usually available
fcr the active user, while for the passive user, 1t 1S an expensive and
dlffleui—&ﬁtask tC achileve synchrcnizaticn.

e

The design c¢f a satellite system may be cptimized accecrding tc¢
cne C¢r mere selected criterion, An 1impcrtant cptzmxzatxcn-cm@%mcn is
the minimizaticn c¢f the ccst. In satellite ccnstellaticns, ¢cst can be
expressed in terms of the tctal number cf satellites and satellite
altitude. Minimizing the ccst requires employing a minimum tcotal number
of satellites at the lowest possible altitudes, since the cost per
satellite increases at higher altitudes. Hcwever, mcre ccverage per
satellite is achieved at higher altitudes which leads tc a lower tctal

nunber cf satellites. Tne tcta: number cf satellites depends c¢cr many



cther fastIirs suct as the requirel area ! c.iverage, tne =inimum number
cf sateilites t wﬁsgh is reguired tc¢ de ccntinucusly visible tc any Jser
inside the ccverage area, and the particular orbital configuration,

Therefcre, an cptimizaticn algcrithm (S needed tc determine the cptimal
desigr parameters such as® the minimum tctal number of satellites, the

hi

cptima: satellite altitude, and the cptimal crbital cenfiguraticr. The

cr

s

ital cenfiguraticn invoives the type and number c¢f crbits, and the
number and distributicr ¢f satellites in each crbit.

A commen type cf crbit 1s the equatcrial crbit which has always
received interest fer communi¥aticns, navigaticn and cther applicaticns.
One particular equatcrial ¢rbit is the gecstaticnary crbit, which cffers
the best ccverage stability and effilciency, mcre accurate and simplified
measurements, and the eliminaticn cf satellite tracking prcblems.
Unfcrtunately, it 15 nct pcssible tc achieve glcbal ccoverage using only

the equatcria. crbits, since they cannct ccver pclar regicns.

An crbit which is capable cf providing glcbal ccverage is the

pclar crbit. This type ¢f crbit has 3alsc received 1interest and 1s

emplcyed fcr the first and the c¢cnly existing glcbhRi-mavigaticn system
ru hi :

TRANSIT' 'BJ. One characteristic c¢f a network cf pclar crbits is that

1t provides the best ccverage cver the pclar regicns and the least,

ccverage arowmd the equatecr. Since equatcrial crbits prcvide the best
coverage cf areas arc;nd the equatcr, a hybrid network, which combines
bcth pclar and equatcrial crbits, precmises a mcre uniferm worldwide
ccverage pattern. The mprcoved uniformity cf the ccverage pattern is

due tc combining the best features c¢f the twe types cf crbits.
—

st



The 1last, and the mcst general, type c¢f crbit which c¢an be
ccnsidered feor a satellite ccnstellation 1is the inclined crbit. An
inclined crbit becomes a pclar orbit when the inclinaticn angle is 90C.

and it becames an equatcrial orbit when the inclination angle is OC.

The inclined crbit has the advantage cf prcviding gecd ccverage cf areas

clcse tc the pcles and tc the equatcr at the same time. An impcrtant

inclined orbit is the synchrcncus 2§ hcur crbit which has the capability
cf providing continuwous regicnal ccverage with a very high efficiend;.
The gecstaticnary crbit is a special case ¢f synchrcncus inclined orbit
with zerc inclination angle.

This thesis is invclved with the study and analysis c¢f satellite
ccnstellations employing these different types cf orb;ts. and the
determinaticn of the cptimal satellite censtellaticn in each case. This
requires analysis cf ccverage patterns which leads tc the mathematical
formulaticn relating the ccverage c¢f each system tc the number, c¢f
satellites, satellite altitude and crbital configuraticns. %he
resulting mat;ematlcal models have been used sucessfully tc determine
the cptimal design in different satellite coconstellaticns as will be
shown in detail.

1.1 SUMMARY OF ASSUMPTIONS

The assumptions which apply for all the analyses given in this

thesis can be summarized as fcllcws:

(1) The earth 1s a perfect sphere.

{(2) All crbits are‘circular (censtant - altitude).



Satellites 1n c¢ne ¢rbit mcve 1n exactly tne same speed and in the

’

same direction, such that the relative mcticn between them 1S
exactly zerc.

() The inclinaticn angle c¢f an c¢rbit 1s ccnstant.

The first assumpticn neglects the earth's cblateness which can be

(73
measured 1in terms cf the difference between the equatcrial radius’

(6,378,160 meters) and the pclar radius (6,356,775 meters), being the

-

-

amewnt cf 21,395 meters. This assumpticn simplifies the analys:is

censiderably, and 1s very reascnable at the same time, since the

cblateness 1s rather sllght[sl.

The seccnd and third assumpticns neglect varicus perturbaticns cf

(9]

circular mcticn which result in an almost circular mcticn. The

-

actual crbit always deviates slightly from the ideal circular. These
effects are nct considered in cur analysis, which implies, as a result,
a ccnstant satellite ccverage angle and a constant satellit? speed.

The fourth assumption neglects the drift in the crbital plane
inclinaticon angleE1o] due tc sclar and cther effects which causes
perturbations. Again these effects are nct considered here and the
inclination is assumed fixed.

The main advantage ¢f these assumptions is to permit a detailed
thecretical analysis which might otherwise be difficult. T¢ date, these
prcblems have been studied using computer modelling which has provided
little insight tc basic factors affecting performance. The effects

which are neglected can be easily compensated by overdesigning the

satellite ccnstellaticn, Thus, there is nc need tc complicate the

-



1

"analysis.

1.2

the fcllcwing characteristics:

w

-

SURVEY OF SATELLITE SYSTEMS FOR POSITION LOCATION AND NAVIGATION
(4,5,6,11,12]
has

An ideal pesition lccation and navigati%n system

-

Ccmplete Global Ceverage: System operaticn must be achieved
anywhere ¢n, under, cr abcve the face cf the earth.

H1§;h Accuracy: The accuracy (relative and absclute) requirements
vary frem 2 tc 4,000 meters, depending upcn the applicatien.

All Weather Operaticn: This alsc requires that system accuracies
be unaffected by such factcrs as user's position, velocity, ¢r
acceleraticn, Errcrs due tc multipath or sign.;xl prcpagaticn
either dc nct exi1st or they are appropriately removed from the
data, ’
Efficient Real-Time Respcnse: Position 1locaticn update rates
vary fran continucus tc cnce every 60 seccnds or lenge-.
Non-ambigucus Scluticn: If ambiguities dc exist, they must be
quickly and easily resclvable.

Unlimited Capacity: The system can accommodate an unlimited
number of wusers without experiencing a degradation 1in
performance.

Use can be denied tc unauthorized users,

The system cannct be detected and nct be affected by

interference.

Nc¢ Frequency Allccation Problems: The equipment must cperate



within the presently allccated spectral bandwidths with nc
interference tc other systems.

10, Lew Cest: Boeth system and user subsystem ccsts must be
eccnanical. \

1. Wide User Applicability: The system can be used fer civilian and
military applicaticns tc serve aircraft, ships, vehicles and
cthers.

12, Communicaticns Capability: A commypnication capabilaty ;s
required fcr the transmission of pesition data and cther
infcrmaticn tc and from a command contrcl centre.

13. Independent From the User's Navigational Equipment: This alsc
implies they absence of human wparticipaticn 1in the peositicn
support.

14. Common reference grid tc all users.

15. Passive user.

As can be seen, there are a number ¢f conflicting requirements,
For example, a wuser cannct be completely passive and have a
communicaticns 1link, radiéﬁgosition location systems are affected by the
enviromment, and there are always frequency allocation problems. In the
past, it was not necesssary tc meet all ¢f these reéuirements within a
single system., Each system was tailored tc a specific requirement, and
this led tc the develcpment of several systems. As technclcgy advances,
there is added incentive té develop a single system whi;h can meet all
cf the above requirements.

A survey c¢f navigation satellite systems, experiments and system



ccncepts has been conducted, ccnsidering their ccenfiguraticns and
characteristics. The most 1impcrtant capabilities, c¢r characteristics,
¢f navigaticn systems 1n general, which have been c¢cnsidered in the
review are: (1) coverage, (2) accuracy of pcsiticn determination, (3)
ability tc prcvide ccntinucus service, (U4) capability tc meet a3 variety
¢f wuser requirements (surveillance, navigation, data transfer), (5)
number cf users that can be acccmmcdated, and (6) ccst c¢f the user
subsystem.

A discussicn c¢f the important satellite system 1is given here.
Some conclusicns are drawn which reccmmend the investigation cf
different satellite ccnstellations, considering the ccverage patterns in

Ve

crder tc determine the configuration c¢f the optimal satellite

censtellation with minimum tctal number cf satellites. A system with

global continucus multifcld coverage is given special attention.

1.2.1 Satellite Systems:

1.2. 1.1 TRANSIT (NNSS) System (3ince 1964)

‘ l" '6 3
The NNSS 1s the Navy Navigaticn 3Satellite System[ 5 ]. which

has been in continuwus operation since 1964, and is still the only
navigation satellite system wnicn 1s operational togay ana pernaps will
be for scme time tc come. However, this system does not satisfy a brcad
base of users, particularly those users whc are concerned with dynamics
in their positicning or navigation problem. Ccnsequently, the NAVSTAR
Glcbal Positicning System (GPS), which will be discussed later, has

emerged tc replace TRANSIT and cther military systems in the U.S5.A.



TRANSIT consists c¢f five satellites 1n circular pclar cerbit c¢f
apprcximately 1100-km altitude. Satellites brcadcast their orbital
parameters from an cn-bcard memory system which 1s updated every 12
hours. The user canputes his positicn based on data ccllected during a
single satellite pass every 90 minutes. These data 1nclude the measured
[cppler frequency shift, satellite crbital parameters and accurate time
marks., The majcr prcblem with this system, althcugh its ccverage 1s
global, 1s that position data are availlable cnly c¢nce every 90 minutes
cn the average. This waiting pericd 1is lcnger at the equatcr and
shorter at the pclar regions. The limited data rate of positicn
determination makes the versatility cf NNSS quite limited.

The accuracy depends on the metion c¢f the user since the Deppler
measurement 1s sensitive tc the wuser's own velocity (and velccity
erreor) ., In fact, independent knowledge ¢f the wuser's velccity is
required, and the pcsiticn errcr 1s dependent cn the velccity error.
For a fixed user, a position err;:r of about 40 tc 50 m 1s reported[B].
and a positicn error of abcut 800 m for a cne meter—per-seccnd speed
error.

The TRANSIT system is insaturable with regard tc the number of
users slnce it operates in the passive mode. B?éai-xon\cost estimates
{2], it appears that the cost of a user subéystem for TRANSIT 1is
expensive compared to cther systems such as the NAVSTAR GPS.

We thus conclude that the capabilities cf the TRANSIT system are

far from the ideal navigation system discussed previcusly. Therefcre,

the United States Navy has been ccnsidering several apprcaches fcr



upgrading 1ts navigaticnal capabilities, but nc kncwn schedule nas been

develcped for this upgrading. These apprcaches include:

{a.) Satellite constellaticn expansicn tc reduce time between
positicnal fixes.
(b)) Inclusicn ¢f a ranging signal which
- allcws ranging
-~ shortens pcsiticnal fix 1interval
- 1mprcves accuracy
- wmproves cperation in a dynamic envircnment.

(¢.) Improved receiver system.

1.2.1.2 NAVSTAR Glcbal Pcsiticning System (GPS) (Started 1674)

ul '6
GPS is a new satellite based system( > ]. which is currently

under development in crder tc provide the applicaticn versatility which
1s not available from the NNSS, The system configuration ccnsists of 24
satellites 1in three crbatal planes with inclinaticn angle cf 63°. The
orbits are circular, 18,500-km in altitude (cor 12-hour pericd), with
eight satellites in each corbit. At least six satellites are
continuwously visible tc any peint on the earth. The master central
station 1s located in tne U,3.A. and four menitcr stations 1ocatved 1in
U.S.A. territory. The data from three satellites give three-dimensicnal
position and velccity information ¢f the user, and time coordinate if
the user has on accurate synchrcnization clock“u]. Without the clock,

fcur satellites are required. Tne user applies what is called the

satellite selection algerithm tc select the best fcur satellites visible



at any time tc use for pcsiticn lccaticen.

The activities of the GPS program have been planned in three
phases: Pﬁase I - ccncept validation (1974-1976), Phase II - system
validation (1976-1981), and Phase JIII -~ full system prcduction
(1681-1986). It has been reported that these dates have been advanced
due tc sane delays.

It 1s anticipated that the system will have the fcllcwing

characteristics and capabilities:

(1) Accurate three-dimensicnal pesiticn and velceity (<10 m and
better than 2-3 cm/sec).

(2) World-wide commen reference grid.

(3) Passive and all-weather operation.

(4) Real-time continucus.

(5) Unsaturable.

(6> Low life-cycle ccst (system as well as user).

GPS 1s expected to satisfy a variety of user requirements.
Different types c¢f receivers will be required for different classes of
users (aircraft, surface vehicles, satellites, submarines, ..., ete.).
Satellites, contrcl and user equipment acquisition, and operaticn ccsts
are relatively large, and relatively complex user equipment is required.

The GPS has now entered intc full-scale engineering

development[15].

The test phase involving the first four orbiting
satellites is nearly complete. The test phase has demonstrated that

with proper equipment a user can achieve position accuracy of 10 m,



velccity accuracy cf 0.1 m/s, and time t¢ within cne micrcseccnd. If
test results prcve the cther predicted performance capabilities, and if
the system is completed as expected, GPS will be the first truly glcbal,
high accuracy navigaticn system for a large number of users, prcvided

that user equipment ccst 1s acceptable.

1.2.1.3 Other Satellite Systems/Experiments

The navigaticn systems described thus f‘;r are ccncerned with
position or pesition and velccity determinaticn cnly. However, 1t is
very useful tc¢ have su{rvelllance and traffic ccntrcl functicns included
in the world'-mde sateilite navigation system. ‘Conceptually, a civilian
system woculd empley a two-way link between a grcund staticn and the
navigator. The ground station would frequently advise the navigator cf
his current positicn, weather and 1lccal traffic ccnditions. Several
such systems have been studied and planned. A number cf satellite
experiments related tc navigaticn, surveillance and traffic contrcl
have been conducted. These include:

a. PLACE (Started 1970)

l4,5,6,16,17] tc obtain

PLACE is a NASA-funded experiment
englneering data and practical experience for determining the
cperational feasibility of an Air Traffiec Contrcl (ATC) satellite system
operating in the aeronautical L-band. The experiment has twe main
objectives: (1) to demcnstrate the feasibility cf two-way communication

between ground terminals and aircraft, and (2) tc 1i1nvestigate the

feasibility and evaluate the absclute and relative accuracies cf several



pcsiticn lccaticn techniques using a single satellite. These cbiectives
have been achieved by c¢¢nducting three types c¢f experiments:
ground-based engineering, grcund-based simulation, and in-flight
per fcrmance evolution. Since the in-flight perfcrmance experiment
cblectives are very similar tc thcse ¢f cther systems (MARSAT and
AEROSAT tc be Jdiscussed later), which cails fcr the same satellite
system ccnfiguraticn, these experiments have been ccndueted c¢on  an
1ntegrated basis. Twc geosynchroncus satellites have been used for
positicn lccaticn and cne or beth tc previde centinucus communicaticns
between all aircraft and the ground contrcl centre,

PLACE is one of the first satellite based ATC systems tc undergc
experimental testing and verification. The experiment was able tc
demcnstrate the feasibility of L-band vcice test with aircraft and wath
ship communications and ground stations. It alsc demcnstrated less than

4 nautical miles pcsitien error,

b. AEROSAT (Established 1974)

This 1s a Jeint U,S./Canadian/Eurcpean Satellite
DrOgram[u'S’e'TS]. The space segment of this system consists of a
minimun of two geostaticnary satelilites wnicen perform tne relay of tne
comunications between ground and aircraft and between pairs of ground
stations. They also enable independent surveillance by range
measurements. The ground segment consists of grcund facilities

including an earth terminal, a central station, interface with user

staticns, and test systems.



15

The prcgram apprcved by all participants 15 a tw-satelilte
system to provide aircraft communication and pecsiticn fixing over the

North Atlantic. The basic cbjectives are:

1. Tc bridge the gap in time and knowledge between the experimental
efforts coenducted and an cperaticnal satellite capability.

'2; ‘;E \grcvlde experience in technical, cperaticnal and managerial

\ areas required in advance c¢f establishing a fully cperaticnal

3 capabilaity.

3. Tc¢ evaluate the technical and cperaticnal perfcrmance c¢f vcice
and data communications between ground and aircraft cver various
areas.

4. Tc permit experimental evaluation of dependent and 1independent
surveillance capabilities and of navigaticnal data derived by an
aircraft, utilizing ground and satellite transmissicns.

5. Tc sentribute data which enables the development c¢f standards and

recommended practlces fcr an coperaticnal capability.

It is important tc note, however, that the AEROSAT program does
not constitute an operational system. It 1s for experimental,
evaluation and demonstration purposes only. The program 1s intended tc
gather information on which relevant standards and any future

operational system would be based.
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.20 L Cemments

During the past decade, there nave been a large number cf
investigations intc the feasibility, p}actxcalxty. and perfcrmance
imprcvements which can be achieved by the use c¢f satellites fcr pcsiticn
lccaticn and navigaticn. TRANSIT 1s tne first cperaticna. system and
8till s the ¢nly cne. Due t¢ the limited capabilities c¢f this system,
effcrts were Jirected tcwards the develcpment cof a glcbal system with
features as clcse as pessible tc the 1deal system. These efforts
resulted 1n the NAV3TAR Glecbal Pcsiticning System (GPS' which 1s under
develcpment at the present time. if test results prcve the predicted
per focrmance capabilities, GPS will be the first truly glcbal, high
accuracy nav1gat1c$ system f¢r a large number cf users, prcvided user
equipment cost 1s acceptable. However, the number c¢f satellites
emplcyed, 24 satellites, 1s large wnich makes the system ccst relatively
high. This may be due tc the system ccnfiguration which has nct been
prcved tc be cptimal. It 1s pecssible that c¢cther satellite
ccnstellaticons weculd yield the same coverage requirements and system
perfcrmance, with a lower number cof satellites.

An important research prcoblem is the investigation cf different
satellite constellations coverage patterns, ana tne required minlimum
toctal number of satellites tc provide certain coverage requirements.
There 1is special interest 1in systems providing global, continucus,
multi-fcld ccverage, for navigation and position leccation applicaticns.
This investigation will hcpefully lead t¢ the determinaticn cf the

cptimal satellite censtellation.



1. SCOFPE JF THESIS

The basic cbjective cf this thesis 1§ the matnematiza. mcdelling
and Jdesign <f optimal satellite ccnstellaticns preoviding multi=fold
cecntinucus cocverage, whicenh s useful fcr pesiticn lccaticn and
navigation. The research plan {ncliuded the study and anaivs:is of

different sateli.:ite cgnste.

[

atilrs re 2231 Wnhilon nmas beer wpept in
mind s the dJeterminaticn cf the c¢cptima. corstellaticns accermding tc
minimun tctal number c¢f satelilites and the lcwest pesSsibie altitude
cptimizaticn criteria. These criteria play a majcer role  in minimizing
the ccst.

he

In Chapter 2, we start w a study c¢f pcsiticn lccaticn

-
r

techniques using satellites. Twc basic ranging techniques, namely, the
spherical and nyperbclic multilateraticn, are discussed. The compliete
anal ytical sclution cf the prcblem cf pesiticn determinaticn using three
range measurements and the spher:i:cal mult:ilateraticn 15 prcvided. Then,
cther techniques which emplcy dcppler and angle measurements are
discribed briefly.

The basic ccncepts c¢f satellite ccverage are analysed and
discussed 1in Chapter 3. These 1nclude the satellite 1nstantanecus
-
ccverage area, the relaticr betweer csatellite zltitude and ccverage
angle, dynamics of the ccverage pattern, ccntinucus coverage and the

.t
cdﬁ%ept of continucus ccverage strip.
The simplest type cf satellite ccnstellation which emplcy

equatcrial orbits are ccnsidered in Chapter 4, A new mathematical mcdel

is develcped for ccnstellaticns prevading multi-fcld ccverage ¢f the



Ricbe excladirg pclar regicons An cptimizaticn aigCritnm  nas  beern
implemented, based c¢n the mathematical mcdel, 1n @ camputer prcgram te
determine the cptimal design fcr the L-fcld centinucus ccverage c¢f tne
area bcunded by the paralliels ¢f Latitude A. Results are presented and
Yiscussed 3t the end cf the chapter,

In Inaptem 95, tWwl mathem3tilal mcdels o satel.ite
TCnmsteliat.cns 1n pelar Ccrdhits are develcped. The twWC mcdels differ
t3asica.ly in the cocnstraints impcsed corn the relat:ve mcticn cof
sateliites 1n different crbits. In the first mcdel, this relative
mcticn 1S uncenstiralned, while ir the ‘seccnd medel ocnstraints are
mpcsed in such a way that an 1nteracticn effect 15 created between
¢rbits., which increases the effective tctal centinucus ccverage area.
The ccncept cf i1nteraction between crbits 1s introduced and applied 1n
tne dJdevelcpment c¢f the seccnd mathematical mcdel. Either c¢f the tw
mcdels can be used tc calculate the cpiumal design parameters acccrding
¢ these ccnstraints., In general, the tctal ccverage area cf the
satelllte constellation, and the minumum number ¢f satellites L visible
¢ a2 user are ccnsidered as varlables. An cptimlzaticrn algcrithm based
cen each c¢f the twc mathematical models has been 1mplemented 1n a
ccmputer program. The results are summarized and discussed for a wiade
variety.of cases using bcth models.

Chapter 6 is devcted tc satellite censtellaticns 1in hybrid
netwerks of pclar and equatorial crbits, Twc mathematical models are
develcped for the requirements cf multi-fcld continuous ccverage cf the

entire eartn. A design algoritim has been implemented 1n a computer



program to ca.culate the oOoptimal design parameters, Results are
presented and Jiscussed for a variety of cases. A comparison between
satellite constellations of the hybrid and polar types of network is
provided based on the results obtained.

One type of satellite constellations which employ inclined orbits
15 considered 1in cChapter 7, focusing on the case of single continuous
coverage only. The analysis of the coverage pattern provided by this
type of constellation, and the study of geametry of inclined orbits have
led to the derivation of the conditions necessary for continuous
coverage of the area bounded by two parallels of different latitudes (x1
and A2). A mathematical model has been developed for the coverage
pattern, which is useful for problems concerning the investigation and
analysis of the coverage pattern, such as testing the coverage
continuity.

Chapter 8 deals with satellite constellations in synchronous
(geostationary and inclined) orbits. The coverage pattern of a
synchronous satellite is determined as a function of the locus of the
satellite subpoint and instantaneous coverage area. Then five satellite
constellations are described and examined for three-fold continuous
coverage of the Atlantic Ocean. The overall coverage patterns are
determined and a comparison of the different constellations is
presented.

Finally, conclusions and recommendations for further research are

presented in Chapter 9.
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CHAPTER 2

POSITION LOCATION USING SATELLITES

.

A series of ccmprehensive studies and a number ¢f experiments
have been cenducted since 1667 of different satellite system designs
{Chapter’ 1) which can prcvide positicn determinaticn and ccmmunicaticn

services for civilian use“g-zzl.

These have invariably led tc the
conclusicn that ranging systems offer the greatest potential for
pcsiticn detemuinaticn. They alsc led tc the recognition that L-band
(1540-1660 MHz) is the strongest candidate operating frequency for this
service[23'2u].

Two basic ranging techniques for three-dimensicnal positicn
lccation are the spherical and the hyperbeclic multilateraticn. These
are discussed 1in the next two sections. Other position lcecaticn
techniques which emplcy angle and Doppler measurements are de;cribed
here briefly. However, these techniques c¢an nct meet the accuracy

requirements of high speed targets such as aircraft[ZSJ.

2.1 SPHERICAL MILTILATERATION

Spherical multilateration utilizes measurements of range from a
number of satellites tc a platform, the positien of which is tc be
determined. Each range measurement serves tc lccalize the platform tc a
sphere centered about one of the satellites. Thus, the position of the
platform is determined by calculating the ccmmen i‘ntersectior'l pcint cf

20
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the spheresE26}. The minimum number of satellites generally required
\

for three dimensicnal positicn lccaticn 1s three satell,’i%ég,. If the
altitude cf: the platform is known, two satellites are sufficient for
position determinaticn. When more than three range measurements are
avallable (1.e. more than the minimum number of three satellites), the
Jata redundancy can be used tc lmprcve the accuracy c¢f pcsiticn lecaticn
and tc identify and quantify errcr sources[ 7].

Figure 2.1 shcws twc implementaticns of this technique employing
active and passive users respectively with nc time reference available.
The time reference, or transmissicn time, is always availlable for the
active user, but ;“equires synchrenization in the c¢ase ¢f the passive
user. If this synchronization is not possible, then a minimum of four
satellites are required to determine the three-dimensicnal positicn and
the tim;. With time reference, three satellites are sufficient fer the
case of a passive user, The ccmplete analytical sclution c¢f the
positicn determinaticn problem with three range measurements has been
developed and is given 1in Secticn 2.1.1 together with a detailed
discussion.

System gecmetry plays an important part in the pcsiticn lcecaticn
accuracies achievable. The highest accuracies are achieved when the
rays from the kncwn satellite positions intersect at right angles at the
platform posit:ion[”. As this aslaspect" angle at the platform decreases

{(or increases) from 900. the position location accuracy decreases,

The accuracy of the spherical technique is alsc limited by the

accuracy with which the 1lccaticns of the satellites are knocwn, the‘



Fig.

2.

1

Implementation of the spherical multilateration
technique with active and oassive users, assuming
that synchronisation 1s not available for the pass

-ive user.
a. Active user.
b. Passive user.
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propagaticn disturbances in the atmosphere, the ncise 1n the receivers,

n 6 -31
and the accuracy of the clccks[z ]. Considerzble work[26 31)

[

1
dcne ¢n calculating the accuracy cf such a system. Therefore, accuracy

has been

and errcr analysis are not discussed 1n this thesis and the reader is

referred to the given references, especlally Reference [26]. *

2.1.1 Scluticn of the Pcsiticn Determinaticn Prcblem Using Three
4
s

Range Measurements

Y, S, (x

( -
Let the three satellite positicns be S1 \Xye ¥qe 2 > 20 Yoo

1

22) and S3 (x3. y3. 23). as shown in Fig. 2.2, where x, y and z are the

Cartesian ccordinates, and S1. 52 and 53 dc net lie on a straight line.

Let R1' R2 and R3 be the tHree distances between the platfcrm T and the
three satellites, respectively. It 1s required tc¢ calculate the
To YT. ZT) cf T.

The platform T 15 cne <f the points cf i1ntersecticn between three

three-dimensional pcsition (x

spheres with centres 51, 32 and 53, and with radii R1, R2 and R3

respectively. The equations cf the three spheres are

(x—x1)2 + (y—yl)2 + (z-z‘)2 = R? (2.1)
2 2 2

(x-x)% + (yy )% + (z2)° = RS (2.2)
2 2 2 .2

(x-—x3) + (y-y3) + (2—23) = R3 (2.3)

Solving equations (2.1), (2.2) and (2.3) simultanecusly, as given
in detail in Appendix A, the problem is reduced to a quadratic equaticn

with a solution ¢f the following form:

2 =€ = A2 -y (2.4)
x =A +B (-E =+ JE2 _ /2 (2.5)



Spherical

solution with three range measurements.



. /EZ - 4pls2 (2.6)

y = F +«+H4 [-E +,
where E, D, A, B, F and H are ccnstants (see Appendix A).

Relaticns (2.4), (2.5) and (2.6) give tw points of 1intersection
between the three spheres. The position of T 1s one ¢f these two points
and it is necessary tc determine which pcint 13 the correct positicn.
In crder tc examine the possibility cf selecting the correct scluticn,
we will study the geometrical prcperties cf this prcblem as fcllcows:
{1) Twc sSpheres 1ntersect 1in a c¢ircle which lies in a plane
perpendicular to the line ccnnecting the centres cf the two spheres.
The centre of the circle is the peint c¢f intersecticn between that line
and the plane ccntaining the circle. (2) If there is a third sphere,
then the circle of intersection between the first two spheres intersects
the third sphere at two points at mcst, (3 = In the case cf the
pcsition lccatien problem, we kncw that there 18,7 at least, cne pcint of
intersecticn which 1s the platform pcsiticn. Thus, the three spheres
have a minimum of cne and a maximum of twc solutioms. (4) Since each
twc spheres Intersect in a circle as in (1), then the intersecticn cf
three spheres may be cbtained as the 1ntersecticn of twc circles. Each
cf these two circles is the intersection between twe c¢f the three
spheres. As before, these must intersect in one or two points. In
Appendix A, it 1s proven that the pcints of intersecticn lie
symmetrically on the twe sides of the plane connecting the centres 'of
the three spheres. In case c¢f one point of intersecticn, this point
lies in that same plane and the twc circles are tangent tc each other.

This situaticn arises when the platform is cc-planer with the three
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J
satellites, and the gquadratic equaticn zZives two coclncident scluticns.
In the case when the three centres lie ¢n a straight line, 1t 13 nct
possible to obtain a soluticn.

Now, we can discuss the ambiguity prcblem and its resolution. As
stated previously in (4), the two sclutions, which can be generally
cbtained. lie symmetrically :n both sides c¢f the plane ccntaining the
three satellites {(centres of the spheres). The key pcint 1n kncwing
which scluticn 13 the actual platfcrm positicn 15 in the ability tc xkeep
this plane such that all the points of interest lie in cne known side cf
this plane. If this 1s the case, then we can always chccse the scluticn
which lies in that particular side tc be the correct cne. If this is
not possible, then the c¢nly way of resclving this ambigulty i1s by using
¢ther available infermation such as the aircraft course, destinaticn and
expected altitude to decide which positicn 1s ccrrect. In many cases,
there is a large difference between altitudes of the two sclutions and
the cne with the smallest altitude (smaller than satellite altitudes) is
usually the ccrrect position. Thus, it 1is possible tc resolve the
ambiguity problem in this case. The situaticn where the three
satellites lie on a straight line must be avoided.

In satellite ccnstellations with ccnstang altitude, such as the
circular orbits, satellites move on the surface of a sphere. At any
instant of time, the plane containing the three satellites intersects
the surface of the sphere in a circle passing through the three pcints.
Alsc, the three satellites never lie c¢n a straight line. One undesired

situaticn is when these points lie, at any instant, on cne great circle.



Then, this plane will intersect the sphere (and the earth) 1in a great
circle and divide {t into twc hemispheres. If this 1s the case, then it
is not possible to discriminate between two symmetric points in the two
sides of the plane. For example, 1f the three satellites are lccated ¢n
the staticnary crbit (equatcrial plane), then 1t 18 impossible to
discriminate between two symmetrical pcints in the southern and ncrthern
hemispheres. Therefcre, 1t 13 impcrtant t¢ aveld this situation of

possible.

2.2 HYPERBOLIC MIULTILATERATION

The three dimensicnal Cartesian cccrdinates of a platform can be
determined by making a minumum of three independent range difference
measurements tc known satellite locaticns. Each range difference
measurement defines a hyperboloid of revoluticn. Thus, the platfcrm
position is determined by calculating the ccmmen 1ntersecticn pcint cf
the hyperbcloidsEZT]. The minimun number of satellites generally
required fcr three dimensicnal pcsiticn location is four satellites. As
in spherical multilateration, if more than the minimum number of
satellites are available, the data redundancy is used to improve the
accuracy and analyse the errcr.

The distinguishing feature of the hyperbolic multilateraticn
system 1is that range difference is determined by measuring the

[27]. Thus, nc

difference in the arrival times of the transmitted signal
absclute time reference is required and 3 minimum of four satellites are

sufficient for bcth the active and the passive users (Fig. 2.3).
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Fig. 2.

Implementation of the hvperbolic multilateratian
technique with passive and active users

( no absolute time reference 1s required)

a. Passive user.

b. Active user.



Gecmetrical cecnsideraticns for this technique are essentially
identical to those fcr the spherical technique. Ideally, the
hyperbolcids should intersect at right angles in order to obtain max imum
accuracy[11].

The accuracy c¢f the hyperbolic system 1s also limited by the
accuracy c¢f satellite pesitions, the propagaticn disturbances in the
atmcsphere and the ncise in the receiver. As in the case cf spherical
technigque, considerable work has been dene on calculating the accuracy

7-34
of the hyperbclic systemtz 3 ].

2.2.1 Compariscn Between the Hyperboli¢ and the Spherical Systems

Camparing the hyperbclic and the spherical techniques, we find
that fcor passive users with time reference, a minimum ¢f four satellites
are required for each of the hyperbclic and the spherical techniques.
In the case of 3ctive users, the spherical technique requires a minimum
of only three satellites.

Results of the study ccnducted on beth techniques are

(26]

summarized as fcllows:

1. The performance ¢f an actual spherical multilateraticn system is
bounded fram below by the performance of a camparable hyperbolic
system, 1i.e., the accuracy of a spherical system generally
exceeds that of the hyperbolic system.

2. For both systems, errcr measures typically are nct highly
sensitive tc the number of measurements. For 1instance, tc

double the system accuracy by the expedient of adding mcre
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satellites, 1t 1s necessary tc ,jncrease the numper by 3 factcr cf
four. Specifically, typical error measure 13 1nversely
prcporticnal tc the square root ¢f the number cf satellites t(cr

measurements) .

N

o

.3 OTHER POSITION LOCATION TECHNIQUES

Sane position location techniques whicnhn Jtilize angle, range rate
{391

cr Doppler measurements with ¢r withcut range measur ments3 3re shcwn
in Fig. 2.4, Technique A is the familiar Dcppler apprcacn, w~hich Jdces
not prcvide ah instantanecus cor M"real-time" Jeterminaticn of pesiticn,
but requires several measurements c¢ver a pericd %f time as well as
accurate satellite crbital characteristics. Technique B 1involves a
measurement of range, range rate and radial acceleraticn frcm a single
satellite. This system may alsc be 1implemented by wutilizing user
altitude 1infcrmation instead c¢f the radial acceleraticn measurement.
Technique C requires the measurements c¢f the twc angles, the elevaticn
angles of two satellites. Such angle measurement requires high
precisicn, and accurate satellite data for good positicn lccaticn.,

Technique D measures the range between a single satellite and the user,

elevatic¢n angle at the users positicn and elevaticn angle rate.

&
2.4 SATELLITE CONSTELLATIONS FOR POSITION LOCATION AND NAVIGATION

Satellite systems for navigaticn which are designed tc serve
certain perticn cof the earth (partial ccverage), or the entire earth

(global ccverage), must employ satellite ccnstellaticns with multi-fold
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acverage capabiitty.  This multl-fcld scverage requirement 1s related o

the minimum number of satellites needed for pestiticn lccaticn at any

time, \\Fcr instance, the spherical multlllateraticn system requires
!

three-fcld <or triple) 2cverage with an active user 3and four-fci

3
»quadrupig§’) ccverage fcr 2 passive msynchronized user. n generai,

v

=213 =ccverage pattern 135 regquiread, where U . V.. 3 18er  an
thserve 3 minimun of L osatel.ites 3imultanecusiy.

Whetner the 3atell:ite system 13 Serving 3 regitna. o7 gucbal
purpo se Wwhih 13 3pace-2cnt:inucus’ 1t 13 Jesirab.s o nave a
tlme-ccntinucus ccverage characteri1stic 1n  ¢rder tZ allew positicn
determinaticn, 1ind cther services, at all times. Time-centinucus
ceverage means that ne hcles are created 1n the ccverage pattern with
time (the term ":cntinucus" refers tc coverage which 13 ccntinuous with
tume). In this “hesi1s, we are focusing conly cn satellite ccnstellaticns
With centinucus L-fcl1 cgverage patterns.,

The design cf a particular satellite ccnstellaticn 15 related te
many factcrs such as the ccverage area (regicnal cr glcbal), tne number
L and the orbital cenfiguraticn. The crbital ccnfiguraticn invclves the
type and number c¢f crbilts, and the number and dJistributicn cf satellites
in each corbit. Different types of crbits have different ccverage
capabilities, and 1t 1is important to study and compare satellite
.ccnstellaticns employing these orbits.

A ccmmecn type cf crbit which has always received 1interest fcr
ccmmunicaticns, navigaticn and ctner applicaticns 1s the equatcr:ial

crbit, This crbit 1s capable c¢f zcvering thcse parts c¢cf tne glcbe
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excluding pelar regicns. Pelar crbits are alsc commen and/ [r;ey have the
ability of previding glcbal ccverage. Jrbits whose c¢rbital planes are
inclined to the equatorial plane have also received interest since they
have the capability of regicnal and global coverage. In the general
sense, inclined orbits include polar and equatcrial orbits as special
cases when the inclinaticn angles are 90O and OO. respectively. A
2Araular orbit (with any inclinaticn angle) at an altitude of 35,850 km
nas a pericd =qual tc that of the rctaticn of the earth (24 hour crbit),

and {3 called ' a synchrcnous crbit. One special case of synshrcnous

o
crbit, 1s the synchroncus equatcrial orbit, 1.e. with O tnclinaticn
{36]

-angle, which 13 called the gecstaticnary crbit , Slnce satellites in

the geostaticnary c¢rbit remain stationary relative tc the earth.
Gecstaticnary satellites in particular, and synchrcncus satellites in
general have a very desirable time ccntinucus ccverage capability, which
makes them suitable for regicnal zcverage.

Satellite ccnstellaticns are not necessarily required to employ
one type cf c¢rbit only. A ccmbinaticn ¢f two ¢r mcre types in a hybrid
network may lead to a ¢overage pattern with supericr coverage
characteristics, ccmpared tc a network c¢f cne type of crbit. Therefore,
it is important tc consider hybrid constellaticns in this study.

Chapter 4 of this thesis deals with satellite cconstellaticns 1in
quatorial oribts. Chapter 5 is devoted to satellite constellatiogs in
a network ef polar corbits. Satellite cconstellations employing a hybrid
network of pclar and equatcrial c¢rbits are studied and campared with

constellaticns in pelar crbits in Chapter §. In Chapter 7, satellite
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constellations using 4inclined orbits are considered. Chapter 8
discusses a special type of satellite constellation in a combination of

geostationary and synchronous inclined orbits.

b
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CHAPTER 3

CONCEPTS OF SATELLITE COVERAGE

3.1 SATELLITE COVERAGE PATTERN

3.1.1 Satellite Instantanecus Coverage Area (ICA):

At any instant of time, a satellite in its orbit will be visible
to a gecgraphic area called the instantaneous ccverage area (ICA). This
area 1is a function of khe position of the 3atellite relative to the
earth at that 1nstant[37]. For iéstance. a staticnary satellite has a
fixed ICA while a ncn—stationary satellite covers an area which changes
as the satellite moves relative to the earth.

Satellite subpoint is defiﬁZd as the projecticn of the satellite
position cn the surface of the earth, through the line connecting the
satellite pcsiticn and the centre of thé earth. Fcr a circular ICA, the
centre of the ICA is the satellite subpoint. Here, circular ICA will be
assumed in order to simplify the analysis.

The ICA is circular when the satellite ccverage is symmetrical
around the satellite subpoint, as shown in Fig. 3.1, and when the earth
is assumed spherical. It is then called the satellite coverage circle. -
The half earth-centred cone angle ¥ corresponding to the radius of the
coverage cirecle as shown in Fig. 3.2, is called the satellite coverage

angle.

35
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Great Circle Contained in
the Orbital Plane

Satellite

Orbit

Satellite
Subpoint

Instantaneous
Coverage Area

Fig. 3.1 Satellite instataneous coverage area and subpoint.
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Fig. 3.2

Satellite
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Illustration of the relation between the satellite
coverage angle ¢ ,the elevation angle § and the
satellite altitude h .
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3.1.2 Relation Between the Ccverage Angle and Altitude cf a Satellite

(For Circular ICA)

(37] the satellite

The satellite coverage angle ¥ is a functicn of
altitude h and the elevation angle 6§, as shown in Fig. 3.2. This

relation can be derived as follows:

h =R cecs v + R 8in $/tan 8
where R is the radius of the earth.

But 8 /2 - (8§ + ) = 1/2=

1]

where a = § + ¢.

Thus h =R (cos ¥ + sin ¥ sin a/ccs a)
or h cos a = R(cos ¥ cos a + sin ¢ sin a)
=R cos (a - ¢) =R cos §
i.e. h cos (y + &) = R cos &
or . h = R ccs §/cos (¢ + §) (3.1

The relation between h and ¥ is plotted in Fig. 3.3 for fixed
values of &, Table 3.1 gives the values of h corresponding to selected
values of ¢ for § equal to 10. 20, ... up to 50. M®serve that h is
increasing faster with increased ¥ for larger values of ¥. In cther
words; the slopes of the curves are increasing with increased ¢ at a
rate which becomes higher as ¢ increases. This means that at higher
.altitpdes. increasigg the altitude produces less increasé in the
satellite coverage angle[38].

Thys, the satellite coverage angle is a function cnly cof the

satellite altitude for fixed elevation angle. This implies that the
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satellite coverage angle (cr the radius of the ccverage circle) 1is
constant for circular orbits, or generally when the satellite is moving

)

on the surface of a sphere with its centre at the centre c¢f the earth.

3.1.3 Dynamics of the ICA

In general, when a satellite mcves 1in certain orbital plane, the
satellite subpoint mcves ¢on the c1rcle'of 1ntersecticn between the earth
and the orbital plane. For example, the satellite subpoint of 3
satellite in an equatorial orbit mcoves on the equator. This circle cof
intersection is actually the prcjecticn of the orbit cn the surface cf
the earth. Due to the rotation of the earth, this projection circle
remains fixed (stationary) cnly if the axis of rotaticn of the earth is
perpendicular tc the orbital plane, as in the case of equatorial orbits.
On the other hand, orbital planes which are polar or inclined with an
angle less than 90O to the axis of rotaticn of the earth will cause the

}project circle tc migrate con the surface of the earth.

o The locus of the satellite subpeint is thus identical to the
motion of a particle cn a circle, having a centre and radius identical
to the centre and radius of the earth. This circle rotates about the
axis of the earth once every 24 hours in a direction opposite to the
direction of rotation of the earth. The particle rotates arocund the
circle during a period of time which equals the orbital pericd. For
example, the particle campletes a full revolution around the circle in

24 hours for a case cf synchrcnous crbit. Hence, the lccus c¢f the

satellite subpcint on the surface of the earth is dependent on both the
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inclinaticn angle of the orbital plane and the crbital pericd, which 13

dependent on the satellite altitude.

3.1.4 Continucus Ccverage

Continuous coverage c¢f a certain area requires the ccmplete
coverage of this area at all times, which means that no hcles are
created 1n the coverage pattern with time. In other words, ccverage
must be continuous in space and with time.

Due tc the dynamics of the ICA, 1in general, the achievement cf a
ccntinucus ccverage of a portion or the whole of the earth requires the
employment of a constellation of satellites. In the special case cf
stationary satellites, the ICA 1is stationary relative tc the earth,
which provides the best ccverage efficiency possible. Synchroncus
ineclined orbits have also the unique characteristics that the locus cf
the satellite subpoint is a figure 8 pattern, as discussed in detail 1in
Chapter 8. This offers the capability of providing continuous coverage

— e e R

to a bbrticn of the earth. In the general case cf equatcrial, inclined

2

and polar orbits, the satellite constellation must be designed such that
the continuous coverage requirements are achieved. \

Unless certain constraints are imposed on satellites position and
relative mcticn in the satellite constellaticn, the analysis and design
of such a. constellation could be very coamplicated. One way of
simplifying the analysis is by assuming c¢ircular crbits such that

satellites in each orbit are unifermly spaced and mcving in the same

directicn with the same speed. This causes the ccverage circles cf the

—
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satellites in a commen orbit to be staticnary relative to each other.
Censequently a strip of ccntinucus coverage is formed arcund the earth,
when the number of satellites is sufficient for the coverage circles to
overlap. This concept of continucus coverage strip has proved to be
extremely useful in the analysis and design of satellite constellations

for centinuous coverage.

3.2 CONCEPT OF CONTINUOUS COVERAGE STRIP

Consider a circular orbit which contains m satellites uniformly
spaced in the orbit and mcving in the same direction with the same
speed, to procduce zero relative motion between satellites. The coverage

(331

pattern of such an orbit ccnsists of m coverage circles stationary
relative to each other. The centres of these circles are uniformly
spaced and lie on the great circle of intersection between the earth and
the érbital plane, where the earth is assumed tc be a perfect sphere.
The resultant area cf single continucus ccverage, due tc the
intersection of the coverage circles, is in the shape of a strip of
uniform width around the earth[39'uo], measured in terms of the earth-
centred cone angle 2A. This strip is symmetrical arcund the orbital
plane as illustrated by Fig. 3.8%a, Alsc, from the gecmetry illustrated
by Fig. 3.4a and b, the relation between A, ¥ and m is given by the
expression[Bg-u1]

b = cos”! [ces y/eos (n/m)) (3.2)

where

0 <Y ¢ m/e (3.3
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Satellite Coverage Circle

Great Cirvle 1n a
Plane Perpendicular
to the Orbital Plane

Great Circle Contained 1n the
Orbital Plane

Continuous
Coverage
Strip

cont 1nuous .
Loverage

Strip Coverage Cirole drbital Plane

Satellite Subpoint 2-/m

Fig. 3.4 Continuous coverage strip and geometrical relations.
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The number cf satellites m ani tne ocveriage angle v must be selected
such that adjacent ccverage <circles cverlap cr are tamgent. s
cenditien s satisfied when
v > (w/m) (3.9
Censtraint (3.4) requires that the satellite coverage angle be greater
than, c<r equal tc, cne half c¢f the angle between the centres Sf the
coverage clircles. Relations .3.3) and 3.4 imply that any <rdit can
never ccntain less than three satellites. Nete that m 13 3 finite
integer, and that 4 > 0 when relaticn (3.4 15 satisfisd. Scmbining
relatiens (3.2), (3.3) and (3.4) yields,
0 <8 ¢ (3.5
Relation (3.2) is plotted in Fig. 3.5 for various fixed values of
m, where we cbserve that the set of curves apprcaches the value cf A =
/2 when ¥ apprcaches the value of /2, Alsc, the minimum value of ¢
forSall valuves ¢f m is =/m which ccrrespends tc the value c¢cf 4 = 3, The
slope of each curve decreases gradually as v increases. This can be
examined in mcre detail by calculating 34/3y for ccnstant m as follows:

34 sin y

(3.6)

avl B
m Acse(n/m) - 0032 ¥

This yields a slope of = at ¢ = »/m and a slope of (1/cos (n/m)) at y =

x/2.

Similarly, the change in 4 due tc the change in m can be

calculated fer constant vy using
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3 T_cos y sin(x/m)
am|

(3.7)

mzcos(!/m) /éosz(R/m) - c032 Y

Frem equation (3.6) and Fig. 3.5, we see that for any selected
value of m, 34/3¢ decreases with increas;ng v. This means that for an
orbit with a élven number of satellites, the increase in the width of
the continuous coverage strip (4) due to increased satellite altitude
becanes smaller as satellite altitude increases.

From equation (3.7) and Fig. 3.5, we see that 'for any selected
value of ¢, 3A/3m decreases with increasing m, as illustrated by'the
line at ¢ = 65°. This means that for an orbit at fixed altitude, the
increase in the width of the continuous 'coverage strip (4) due to

increased numbers of satellites beccmes smaller as satellite numbers

increase.



CHAPTER 4

\ O
SATELLITE CONSTELLATIONSIN EQUATORIAL ORBITS

A satellite system which is. almest glecbal that includes all the
crowded regions can be very useful, particularly if it 1is much”’ less
expensive than a.glcbal system. These are the characteristics of the
s;'stem descr‘ibed here which employs the equatorial orbital plane, as
shown in Fig. 4.1, for the satelli::e constellaticen. This type of orbitu
is capable of covering ari.area bounded by the two parallels of latitude
A symmetrical around the equatorial plane as 'illustrated by Fig.\l&.a.a.
Thus, the ccoverage provided by tr!%s type of orbit inciudesd almo;t the
whole earth except for polar r‘egions.' However, one drawbackff the
equatorial orbit, when used for position locaticn, is the inability to
discriminate between the two symmetrical points in the northern and the
southern hemispheres of the earth, Other information such as the
'aircr?t‘t course and destination, may be used to resolve this ambiguity.

A superior equatoral orbit is known as the geostationary orbit
(altitude = 36000 km). A - satellite in a geostationar‘y orbit is
s:tationary relative to the earth thus offering the best coverage
stability and efficiency in addition to simplified and accurate
measurements. Non-stationary equatorjial/orbits may be used if lower

" altitudes are desirable or if the geostationary orbit is toc crowded.

In this'chapter,~aﬁ optimal satellite constellation feor
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multi-fold coverage of the globe excluding the polar regions is
described. The system design is optimized applying a new mathematical
model and ap optimization algorithm which have been developed for the
L-fold continuous coverage of the area bounded by the parallels of
latitude 2. The formulation and optimization results are presented and
an optimal satellite constellation using stationary satellites is

described for two-dimensional position locatioen.

4.1 SYSTEM DESCRIPTION

The satellite constellation consists of R identical satellites
uniformly spaced in a common circular equatorial orbit of altitude h.
Satellites, in their orbit, are rotating in the same direction with the
same speed such that the relative motion between satellites is zero.
Therefore, the coverage areas by different satellites are stationary
relative to each other with time. Each satellite is assumed to cover an
area bounded by a circle of radius r (called the satellite coverage
circle) corresponding to a half central angle Voo 0 < Ve < x/2).

Figure 4.2.b illustrates the relation'>'’30)

between the coverage angle
we' the satellite altitude h and a specified elevation angle §, whére R
is the radius of the earth. There are no constraints on the speed or
the direction of motion of satellites provided that they move with zero
relative motion, The total number of satellites LR and the coverage
angle we must be selected such that the ne coverage circles, with their
centres uniformly spaced, ‘intersect together with enough overlap_ to

continuously cover a strip of the earth of width 2\ (measured as the

central angle). This concept 1is illustrated by Fig. 4.3, Hence,
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Fig. 4.2.b The relation between the satellite coverage angle
we , the satellite altitude h and the elevation
angle 6.




Satellite Coverage Circle

53

ro

Satellite Subpoint

Fig. 4.3 The relation between A, weand n,

4



PR

54

the area of centinuous coverage is symmetrical arcund the equatcrial
plane and bounded by two circles of latitude .

The system can be designed such that the required coverage area
receives L-fold continuous coverage (single, double, triple, ..., etc.).
This means that each point inside the coverage area is covered by at
least L of the satellite ccverage circles. In cother words, any user
inside the coverage region can continuously observe at least L of the n,
satellites. This describes the general design precblem which will be

optimized according to selected criteria.

4.2 OPTIMIZATION CRITERIA

The minimization of the total number of satellites is the most
important design factor. Also, lower satellite altitude or smaller
coverage angle means a less costly system, Therefore, the system

optimization criteria have been selected based on the following:

~-

1. Minimum number of satellites.
2. Minimum coverage angle ve which corresponds to the minimum number

of satellites, or the lowest possible satellite altitude.

4.3 MATHEMATICAL MODEL

Let 2a be the spacing angle between satellites, i.e. the spacing

angle between the centres of the coverage circles (Fig. 4.3). Then,
2a = 2n/n, . (4,1)
In general, satellite coverage circles will intersect, as shown in

Fig. 4.3, if the spacing angle between their centers 2c is less than
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2¢e, i.e.

a < v, (4.2)
The width of the single continuous coverage strip formed by this
intersecticon, say 2\, 1is related to a and Yo through the
expression[uo'u‘]

co08 X = ¢OS be / ¢os a (4.3)
This is true only if cos a ¢ 0. But, since 0 < we < n/2 (we = /2 only
if h = =), then accerding to relation (4.2) and the fact 2 > 0 we have

0 <a<d /2 (4.4)

cos a ¥ 0

Thus, equation (4.3) is always true. Also (4.1) and (4.2) yield

ne > 2
From expressicn (4,3) and Fig. 4.3, we have

0'<x <y (4.5)

The value of x‘decreases as the overlap between coverage circles,

each of a fixed angle we' decreases and A approaches =zero when a
approaches the value of we. Conversely, ) apprcaches the value of its
upper bownd we when « apprcaches zero. In general, the mncun£ of
overlap varies with vor 0, or both. Now, when the overlap increases
sufficiently that every second coverage circle can inter;ect. i.e. we >
2a, then double coverage 1s achieved. The width of the double coverage
strip 1is determined as the width of the strip resulting from

intersecting coverage circles of-gpacing 4a between their centres. This

is illustrated by Fig. 4.4 where the width 2A2 is such that
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Fig. 4.4 The width of a strip of multi-fold continuous
coverage related to the number of satellites.



x2 = cos-‘ (ces vy / cas (2a)) (4.6)

Similarly, if the overlap increases such that every third circle can
intersect, {.e. we > 3a, then a triple coverage strip will exist with a

width 2x3 determined by

Ay = cos ' [cos b, / cos (3a)] 4.7
This results since the triple coverage area 1is determined by
intersecting circles of spacing angle 6a, as shown in Fig. 4.4,

The problem can be generalized when every Lth circle intersects,

¥ DL a (4.8)
e
Then a region, such that each point is covered by at least L circles, is
formed with a width 2)\L given by

~1
A = cos [cos v, / cos (a L)) 4.9

Equation (4.9) has a solution with X, > 0 if, and only if, [cos we/ eos

L
(a L)] < 1. This condition {is satisfied when constraint (4.8) is

satisfied.

<

Substituting for o using equaticn (4.1) and rearranging the

temms, equation (4.9) can be written as

cos (wL/ne) = cos We / cos A (4.10)

L .
A solution will exist for n, if, and only if, the values of 'y and AL
satisfy constraint (4.5).

Thus, equation (4.10) relates gt Ve and A, for constant L when

L
the constraints (4.5) and (4.8) are satisfied,. Any of the three
parameters can be minimized or maximized using this relaticn by allowing

the other two to change until it reaches the optimal value.
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In the design problem bélng solved, we are {nterested 1in
minimizing ne for given values of \L and L. Also, the smallest possible
value of we which corresponds to the minimum value of Ny is required.
Therefore, equation (4.10) will be rewritten in the form

n_ = er/c:os_1 (cos v / cos x, ] (4.11)
e e L

Since ne must be an integer while the right hand side 1is nct

necessarily, we have two pcssibilities:

1. The value of we may be ccnstrained such that the right hand side

of equation (4.11) 1is. an 1integer. n, can be minimized by

calculating its value using different possible values of We' and
then selecting the minimum number of Ny (ne) and the

corresponding optimal value of we (Ge). The discrete values of
We may be érbitrarily limited as,

<y <

wmin - e — wmax

(4.12)

e} o]
.. >0 nd < Q0. . nd
where %nln a %nax 9 %nln a %nax can be determined

using the practical values for the satellite coverage angle.
143

2. ne may be expressed as the smallest integer satisfying the
relaticn
«
-1
n, 2 sl/cos = [cos y  / cos ] (4.13)
The integer ne calculated using equation (4.,13) and the given
value XL for any valuve of ve Wwill result in a system covering an

area of latitude w . where o 2 A In this case, n, can be

L
minimized by calculating its value for different values of we and

selecting the minimum of n, (ﬁe) and the corresponding optimal

value of vve($e). Then, this value ﬁe can be adjusted by
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calculatipg the value wnich makes o, = A\, when the minimum number

L

of satellites is used. This can be achieved using the expression

L

-1 ’ -~
/ ®e = ¢ccs {cos (AL) cos \wL/ne)] (4, 14)

The upper and lower limits of ¥ (v . ¢ Yhay) can be selected as

explained before.

2
An algerithm has been developed t¢o implement these two methods.

Results, as presented next, are identical in bcth cases.

4o a RESULTS AND DISCUSSION

o}
Results are cbtained assuming that 10 < v_ < 80 These values

e —

cerrespend to 75 km < h < 66500 lm with 8 = 50 elevation angle, which
includes the very low and very high satellite altitudes. Tables 4,1
through 4.6 show the values of ne calculated using the second method fer

different values cf L, XL and we. Table 4.7 summarizes the minimum

-~

number of satellites ne and the optimal value $e fcr different cases
(the minimum is marked by underline in Tables 1, 2 and 3).

Figures 4.5 Ehrough 4,10 i{llustrate the lower bound of n_
v [ ] =
{1rL/c<:s—1 {oos we/ccs XL]}.

«

as a function of we fcr constant values of XL with single, double and
triple ccverage, respectively. The sets of curves assume the same
general shape for different values of L and Ay

Observe that for any selected value of L, the maximum of ng de-

creases as XL increases. This is due to the increase in we. Al so, the

minimum valuve cf ¥ for a given value cf \ 1S the same for all values

L
of L.
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Table 4,1%: NUMBER OF SATELLITES FOR DIFFERENT VALUES OF XL AND Vo
WHEN L=t

" /xz 20 25 30 35 40 45 50 S5 60 65 70 75

25 1
30
35
40
45
50
55
60
65
70
5
80

wWiw Wwlw &= &= EU v~ 0N
W Wi & o oo
wwwWw & &£V oy~ O
W Wl & & & OO

W Www & &3O

w W & O O
wWiw & = N

wiw &

o & & O

jw & O

[E=AV]

| &

Table 4,2%: NUMBER (F SATELLITES FOR DIFFERENT VALUES OF % AND Yo
WHEN L=2

v /xf 20 25 30 35 W40 45 50 55 50 65 70 75

25 24

30 16 21

35 13 15 20

40 1m12 13 18
45 10 112 16
50 10
55
60
65
70

15

VT O~ 1 0w
U’I|U\0~0\-l@
Vo OV Ov N 0 WO
o3 <N
—

(VMo O~ ©p ~
Vtovoh 3 o

—
Moo o
V1 O 30w
jooN w
(LAl IR
|30
joo

80

s

'.The areas with no entries in the table indicate that there is nc
solution with finite number of satellites since we £ )‘L‘



Table 4.3*: NUMBER CF SATELLITES FOR DIFFERENT VALUES OF A AND ¥
e
WHEN L=3
v:/xz 20 25 30 35 40 4 50 55 60 65 70
25 36
30 248 3R
35 19 22 29
40 16 17 20 27
45 w1 16 18
50 12 13 13 15 17 22
55 11 11 12 12 1 16 21
60 10 10 10 11 11 12 14 19
65 9 9 9 10 10 11 12 13 17
70 8 8 9 9 9 9 o 1 12 16
75 8 8 8 8 8 8 9 9 10 LR 14
80 71 7 1 8 8 8 8 8 3 10
\ .
Table 4.4%: NUMBER F SATELLITE FOR DIFFERENT VALUES OF i, AND v
e
WHEN L=4
w:/xﬁ 20 25 30 35 40 45 S0 S5 60 65 70
25 48
30 32 w2
35 25 29 39 )
40 21 23 26 35
45 18 19 21 248 32
50 16 17 18 19 22 30
55 14 15 15 16 18 21 27
60 13 13 14 14 15 16 19 25
65 12 12 12 13 13 15 17 23
70 1 11 1M 12 12 12 13 14 16 21
7 1010 10 1t 1 1 1M1 12 13 18
80 1 1 1 10 10 10 10 10 11 1113

-

* The areas with nc entries in the table indicate that there is nc

soluticn with finite number of satellites since $% <A

61

75

15
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Table 4.58: NUMBER OF SATELLITES FOR DIFFERENT VALUES OF A, AND y_
WHEN L =5

v:/xﬁ 20 25 30 35 40 4 50 S5 60 65 70 75

25 59

30 40 53

35 31 36 48

40 26 28 33 44

45 ., 22 24 26. 30 4 40

50 20 21 22 24 28 37

55 18 18 19 20 22 26 34

60 16 16 17 18 19 20 24 31

65 15 15 15 16 16 17 19 22 28

70 14 14 14 14 15 15 16 17 20 26

75 13 13 13 13 13 14 14 15 16 18 23

80 2 1 12 1 12 1’2 13 13 13 o 16 19

3

Table 4.6%: NUMBER (F SATELLITES ¥OR DIFFERENT VALUES OF X  AND Vo

L
WEEN L6

*Z/*ﬁ 20 25 30 35 40 4 S50 & 60 65 70 75

25 &

30 48 63

35 37 43 58

40 31 34 39 53

45 27 28 31 36 48

50 24 25 . 26 29 33 44

55 21 22 23 a8 21 3N W

60 19 20 20 21 22 24 28 37

65 18 18 18 19 20 21 23 26 34 -

70 16 16 17 17 18 18 19 21 24 31

75 15 15 15 16 16 "16 17 18 . 19 21 2T ..

80 . L L L L R - T - T - N - R (O AR I 23

* Theﬂaréas with no entries in the table indicate that there is no



Table 4.7:

EEpWwWwWwWwwivwww ww [¢]

10
10
10
10
10
10
10
10
&
1
13
16

L=1

0

ae
61.976
63. 054
64.3u1
65. 82
67.479
69.295
71.253
73.334
75.522
77.801
76,005
79. 455

73.119
73.736
TH. 478
75,337
76.307
77.379
78.543
79.7M91
78.012
79.889
78.797
79.455

CO ooy VT T N

>

12
12
12
12
12
12
13
13
13
14
16
19

L=5

75. 924
76.434
T7.047
77.760
78.564
79. 855
76. 824
78.265
79.787
79. 434
79.046
79.904

o AND Vo FOR DIFFERENT VALUES OF L AND i

o

-— s
NS OO ERO~II~I3 D

o > ]

14
14

1.

14

15

15
15
15
16
17
19
23

L

L=3

L=6

77.930
78. 365
78.889
79. 497
72.953
T4. 300
75.760
77.320
78.970
77.801
78.403
79. 455

77.930
78. 365
78.889
79. 497
76.307
77.379
78.543
79. 791
78.969
79. 142
79.218
79. 85
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Note, that for L=1, the curves shown in Fig. 4.5.a approach the same
val ue ne=2 as we approaches 900. Similarly, the curves in Fig. 4.5.b
and 4.5,¢c corresponding to L=2 and L=3 approach ne=lt and ne=6,
respectively, when §_  approaches 90°.  This agrees with the fact that
when the satellites are at infinite altitude, q;e=90G and thus, only two
satellites are required for single coverage in this case. Similarly, at
infinite altitude, four satellites are sufficient for double ccverage,

while six satelliites are required for triple coverage.

4.5  ILLUSTRATIVE EXAMPLE

An optimal satellite constellation in geostationary orbit for
two-dimensional position location is now described. In this system,

satellites are lccated in a geostationary orbit (h = 36000 km). A

"

satellite of this altitude can provide a maximum coverage angle Q’max

76.38O when the elevation angle & is selected to be *So (Fig. 4.2.a).

_For two dimensional position location L = 2. The optimal value @e is

considered as the closest value to @e in Table 4.7 such that 9 < ¥

e max "
The corresponding minimum number of satellites is dependent on

the value of xi‘ required. For example, n_ = 6 for A F 50°, ng: 5 for A

= 60° and ﬁe= 8§ for A ® 67.0°, A system with A, = 67.0° is capable of

L
covering all the United States, most of Canacfa_ and Europe and the North

Atlantic region (Fig..4.11).

A
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Fig. 4.11 A map of the wor;g illustrating the coveraqe achieved
by a constellation of seven geostationary satellites



CHAPTER 5

SATELLITE CONSTELLATIONS IN POLAR ORBITS

, -

In this Chapter, a mathematical formulation for the general
continuous multiple coverage pattern by satellites in polar orbits is
developed. Two different mathematical models are given which differ
basically in the constraints imposed on the relative motion of
satellites. In the first model, ‘the relative motion between satellites
in different orbits is unconstrained, while in the second model
constraints are imposed in such a way that an interaction effect 1is
created between orbits, which increases the effective total continuous
coverage area. The concept of interaction between orbits is introduced
and applied in the development of the second mathematical model. Either
of the two models can be used to calculate the optimal design parameters
according to these constraints. 1In general, the total coverage area of
the satellite constellation, and the minimum number of satellites L
vigible to a wuser are considered as variables. An optimization
algorithm based on each of the two mathematical models has been
implemerted in a computer program. Results are summarized for a wide -

variety of cases using both models.

72
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5.1 SYSTEM DESCRIPTION

[N

A class of satellite constellations is considered here, in which
a number n of circular polar orbits is employed, as shown in Fig. 5.1.
Each orbit contains m uniéormly spaced satellites moving,Jn the same
direction with the same speed, sSuch that the relative éotion between
satellites in a common orbit 18 zero. Hence, tﬂg /coverage aréas
provided by different satellites in one orbit are stationary relative to
each other with time.

Each satellite is assumed to cover a circle of minimum radius r
corresponding to a coverage angle ¢ as shown in Fig. 6.2, where

~

0 <K w/é J, A (5.1)
The number of satellites per orbit m and ¢ must be selected such that
ad jacent coverage circles due to satellites in a'common orbit overlap or
are tangent. This condition is satisfied when (see Fig. 5.2 and Fig,
3.4.b)

¥ > (n/m) ' (5.2)
Constraint (5.2) requires that the satellite coverage angle be greater
than one half of the {ntersatellite spacing angle, (or the angle between
the centres of the coverage circles). Combining thehrelations (5.1)
and (5.2) implies that any orbit can never contain less than three
satellites,

Two cases are considered based on the relative motion between

satellites in different orbits. In the first case, called Model I, the

relative motion 1is unconstrained in the sense that satellites 1in

different orbits are not required to move in the same direction of

02
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rotation (or at the same 3speed). In the analysis given here, equal
satellite coverage angles or altitudes are assumed (or the same speed).

The orbital planes in Model I are uniformly spaced around the axis of

the edrth, h a spacing angle 2n/n between orbits.

——.
~

\\

In the 3econd ca§é7>called Model II, the relative métion between
s;tellites fn different bit3 13 constrained in direction and speed in
addition to the relszzzgéz;sition in space. This results in an increase
in the effective continuous coverage provided by the same number of
satellites as in Model I, due to what i3 called the interaction effect
between orbits, Because of the impé?tande and relative complexity'of

the interaction effect, Section 5.2 is devoted to the discussion and

analysis of this conéept.

5.2 INTERACTION EFFECT BETWEEN. POLAR ORBITS

4
The interaction effect[ 0l between polar orbits results in an

increase in the effective continuous coverage provided by the orbits
over that calculated by equation (3.2) (Chapter 3). Unfortunately, the
interaction effect may not always be realizable between all orbits.
o
This causes the orbital planes to be, in general, non-uniformly spaced
with .spacing angles of one value between interacting orbits while the
N ’ )
spacing angle between non-interacting orbits has a different wvalue.
Since this interaction is desirable, a detailed analysis is provided in

this section. In order to simplify the analysis, the following

definitions are required,
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5.2.1 Definitions:
(1) Semiorbit:
A semiorbit is half a circular orbit running from one pole to the
other (Fig. 5.313) i.e. each polar orbit consists of two semiorbits and
a system of .n orbits has a total of 2n semiorbits.

(2) Positive and Negative Direction of Motion:

For a given polar orbit, an observer above the north pole sees a
satellite moving towards the north pole in one semfiorbit and away from
the north pole in the other semiorbit, as shown in Fig. 5.3.a. In this
analysis, motion 1n a semiorbit towards the north pole 13 called
positive while motion in a semiorbit away.from the north pole is called
negative, Note that a positive direction in one semiorbit impligs a
negative direction i1n the other semiorbit of the same orbit.

(3) Boundary and Semiboundary:

A boundary between two polar orbits i3 the polar plane equally
dividing the spacing angle between the two orbital planes, as shown in
Fig. 5.3.b. Therefore, two orbits have a total of two boundaries. Each
boundary is divided into two semiboundaries by the axis of the earth.
Thus, each semiboundary 1s associated with two semiorbits. Two orbits
have a total of four semiboundaries between their four semiorbits, and a
system of n orbits has a total of 2n semiboundaries and n boundaries.

(4) Interacting Semiorbits:

Two semiorbits (of twyo different orbits) are said to be

interacting at a semibounQ;ry/if‘ the two different orbits contain an
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Fig. 5.3.a Definigions of semiorbit and
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equal number of satellites and the motion of satellites is such thét the

following conditions are satisfied:

(a) The direction of motion is the same in the two semiorbits
when obseérved from that semiboundary.

{(b) Satellites in one semiorbit are shifted relative to those
in the other semiorbit with a "phasing angle” equal to half
the 1intersatellite spacing angle 1.e., assuming m
satellites in each orbit, the phasing angle equals v/m.

Thus, all satellites must move at the same speed.

Note that condition (a) i3 necessary for cpndition (b), but the
converse {s not true., On the other hand, condition (b) is always
realizable éssuning that condition (a) is satisfied. Therefore, we will
concentrate on condition (a) and consider two semiorbits to be
interacting if it is satisfied. Two semiorbits which are not
interacting are called non-interacting. The interaction between orbits
will be referred to as the interaction effect.

(5) Interaction and Non-interaction Semiboundaries:

The semiboundary between two interacting semiorbits is called an
interaction gemiboundary, while the sSemiboundary between two
non-inter?cting semiorbits 1is called a non-interaction semiboundary.
Clearly, if the interaction effect occurs at a semiboundary, then it
also occurs at the other semiboundary belonging to the same boundary.
Therefore, we 'can also call a boundary an interaction (or

non-interacpionf boundary.
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Since a boundary 13 either an 1n§eractlon or non-interaction
boundary, then in a system of n orbits with G interaction boundaries and
B non-interaction boundaries, we have

G+B = n (5.3)

(6) Displacement and Step:

Generally, a semiboundary may be dJdefined between two semiorbits
which are not necessarily adjacent. In a system >f n orbits, we may
define 2n semiboundaries between adjacent semiorbits, 2n semiboundaries
between every second semiorbit, 2n semiboundaries between every third
semiorbit, and so on. In general, when the semiorbits are numbered as
1. 2, ..., 2n 1in order, we can identify 2n semiorbits between every
semiorbit number P and semiorbit number (P+D)mOdulo 2" where D is a
constant non-zero positive integer called the "displacement". When D=1,
the displacement i{s equivalent to a "step" which 1s the displacement be-
tween adjacent semiorbits. ie, a displacement D is equivalent to D steps.

(7) Turn:

A "turn" is equivalent to 2n steps i.e,, starting at one semi-
orbit and performing S displacements such that the total number of steps
SD=2n 1is equivalent to performing one turn, Note that when Sz=2n/D is
not an integer, a turn is equivalent to an integer number of displace-
ments plus a fraction of (or uncompleted) displacement.

(8) Loop:

A "loop" is the process of starting at one semiorbit and then

performing an integer number K of displacements in one direction until

returning back to the same semiorbit. The loop is equivalent to a
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nunber of steps KD which equals a multiple of 2n. i.e.

KD = 2qn , q = integer (5.4)
- 24gn
or K = i)

The loop 18 equivalent to exaﬁply qQ turnd each with a nunber of

displacements S = K/q.

5.2.2 Problem Formulation

Let xi be a variable defined by

+1 ; when the ith semiorbit has positive direction

i
-1 + when the ibh semiorbit has negative direction

Then {xi}' i= 1,2, ..., 2n is a sequence of numbers representing the

directions of motion in the 2n semiorbits for a system of n orbits.
According to definitions (1) through (8), we can state the following
facts:

(1 Xy and Xi,q 2T two semiorbits of the same orbit, and X, is the

sSame as Xx
i+2n

(2) - X : r = odd

x : (5.5)%
(erm) o 2n

even

.

® In the rest of the analysis given fere, the "modulo 2n" will be

dropped for simplicity.
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(3) A non-interaction semiboundary occurs between Xy and :(‘j if X; = -

xj. This implies a second non-~interaction semiboundary between

Xy and x . 1l.e. a non-interaction boundary occurs,

+11 j+n

It is required that the maximum number of interaction boundaries
G (or the minimum number of non-interation boundaries B) be calculated
for a system of n orbits when the boundaries are defined with

displacement D.

5.2.3 Analysis
The number of non-interaction boundaries are minimized by
assigning similar values (say + 1 denoting positionn direction) to a

maximum number of the elements xi. t = 1, 2, ..., 2on. Therefore,

~

»

starting at cerﬁéin element xp, we perform an 1integer number of
;

displacements D assigning +1 to the elements x J =0, 1, 2,

(p+3iD) '
...y exluding the elements x which have value -1 assigned to

(p+jD+n)

them according to relation (5.5). This process is continued until a
loop is completed, or until all the elements in the sequence {xi} are
defined. If all the elements are not defined during one loop, then
another loop is started from a different element until it is completed
and so on.

Let us first assume that some non-interaction boundaries exist.
It is clear that a non-interaction semiboundary occurs when, after K

displacements, we reach an element x with a value

(p+kD) = *(p+qn) ,q=o0dd

-1. Thus the first non-interaction semiboundary occurs between

= +1 and x( = ~1. _Then. after the next displacement we

x(p+qn-D) p+an)
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reach the elements x h = 1, 2, ..., (@gn-D)/D with -1

(p+hD+qn) ,q=0dd "’

values. Then, the loop 1is completed with a 3second non-interaction
semiboundary (belonging to the same boundary as the first

non-interaction semiboundary) between where

x(p+2qn-D) and x(p+2qn)

x(p+2qn) =z xp = 1. We conclude from this that exactly one

non-interaction boundary will exist in-a loop, if an integer X ex1sts

such that

p+ kD =p+ agn + q = odd
or

HD:E 7 3 = odd

which can be written in the form

L}
= Q-g-—rzil 5 @' = integer (5.6)

Sio

Note that (2q' + 1)/k is an 1irreducable fraction, otherwise we
will circle the same loop more than once without adding more
information. This loop consists of 2k displacements such that values
are assigned to 2k elements during the first k displacements. We must
mention here §hat the total number of steps equals 2kD = 2gqn which
satisfy condition (5.4), i.e. a loop must exist, which consists of q
turns. If the number of elements 2n> 2k, then n/k similar loops are
required to define all the elemgnts. These loops are indeed similar
since the irreducible ratio D/n is fixed. It is also clear that the
number of loops, or the ratio n/k, is an integer according to relation
(5.6). Since each loop results 1in one non-interaction poundary, tnen

the minimum number of non-interaction boundaries B i1s {(n/k).
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Now, consider the case when the irreduciole fraction D/n does not

equal a ratio of odd/integer, then it must equal a ratio of even/odd,

i.e.

...... K, q are integers (5.7)

So
s

Then, 3tarting at xp and performing k displacements, we reach the

element x A loop wiil be completed after g turns

(pekD) = X(pe2qm) = p-

/ahd k displacements during which we assign +! o the elements x(p+jD)' J

T2 0, 1, 2, ..., k. Dyring the loop. the element x(p+n) and,
consequently, all of the elements with -1 value are never reached since
there exists no integer ) such that 3D = n, according to relation (5.7).
Thus, we conclude that no non-interaction boundaries ex1st in this loop.
Since 2k elements are defined during the loop, then n.k loops are
required to define all the elements, All the loops are similar with no

non-interaction boundaries and the total minimum number of non-

interaction gpundaries 18 B = 0J.

5.2.4 Solution
From the above analysis, we can now state the following: If B is
the minimum number: of non-interaction boundaries {(pairs of non-

interaction semiboundaries) then,

) D_29
{ 0 ! n  k
B =4J (5.8)
o/ ; D, (2wl)
L n Kk

where q and k are integers. The number G of the interaction boundaries
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i3 given by

5.3 COVERAGE PATTERN

The overall coverage pattern of the 3atellite constellation
consists of n single continuous coverage 3trips* uniformly spaced around
the axi1s of rotation of the earth. Since the earth rotates about 1t3
polar axis while the orbittal planes remain stationary, tne continuous
coverage strips migrate {(rotate) relative to the surface of the earth.
This results in a dynamic ocondition which i3 a basic concern 1n the
design problem, especially when continuous coverage 1s required. Note
that by continuous coverage we mean continuity with time, unless
otherwise {s indicated.

Generally, continuous coverage {38 achieved when no holes are
created 1n the coverage pattern with time. In the single coverage case
{(L=1), 1t 18 required that every point inside, or on the boundaries, of
the area of interest be covered by at least one of the n continuous
coverage strips at any time. In the case of multi-fold coverage with L
= 1, 2, 3, ... each point must be covered by, at least, L continovous
coverage strips at any time,

Since all the orbital planes, and the continuous coverage strips

* The analysis and the mathematical models given here consider that each
orbit provides a strip of 3single continuous coverage. Consequently,
the word "single" 1s dropped.



are rotating relative to the earth with the same speed, they are
stationary relative to each other, This implies that the overall
coverage pattern 1s invariant with time, but rotating relative to the
earth. Therefore, if the coverage i3 initially continuous with respect
to the 3pace, 1L Willi De contlinuous witn time. For instance, ¢continuous
coverage for any point (a) (Fig. 5.4) with time, 18 realized only i{f the
parallel of latitude passing through that point 13 covered continuously
with respect to the space, This 13 due to the fact that the whole
pattern is rotating relative to that point. Furthermore, any fixed area
A (Fig. 5.4) will be continuously covered, with time, if the area
between the two parallels of latitudes A1. and A passing through the
northern most and the southern most points a and b, respectively, are
continuously covered with respect to the 3space.

Due to the nature of the cééerage by polar orbits, circles of
smaller latitude receive less coverage, and consequently points lying on
the equator receive the least coverage. Therefore, the circle of lati-
tude i will be automatically covered continuously when the circle of
latitude AI is covered, assuming that the area 1is in the northern
hemisphere, Also, the coverage pattern 13 symmetrical around the
equatorial plane as shown in Fig. 5.4, which implies that the parallel
of south latitude A} will be automatically covered, when the parallel of
north latitude A1 1s covered.

We conclude that this type of satellite constellation is capable
of providing a continuous multi-fold coverage for the regions extending

from the poles to any boundary defined by parallels of north and south
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o

Fig. 5.4 Coverage pattern and geometrical relations for

Polar Model I.
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latitude A, where A can assume any value such that
"0 <A</ (5.10)

For example, global coverage is achieved when i = 0.

5.4 MATHEMATICAL MODEL I

In this model, the relative motion between satellites 1in
different orbits is unconstrained. Each of the n polar orbits provides
a continuous coverage strip around the earth of an earth-centred cone
angle 24 as discussed previously. This assumes that the earth 1is
spherical and that satellites in a common orbit move with 2ero relative
motion. The orbits are uniformly spaced with a;spacing angle 8 = 2n/n,

Consider the proFTmn of partial coverage for the regions
extending from the poles to the parallels®f north and south latitude 2,

as shown in Fig. 5.4. It is clear that points lying on the boundary

circles receive the least coverage compared to all other points inside

the coverage area (from Section 5.3). -Also, the overall coverage
pattern is symmetrical about the axis of the earth since it is
perpendicular to the planes containing the circles of latitude A.
Therefore, the necessary and sufficient condition for the area of
interest‘to receive continuously at least L-fold coverage can be stated
as: the circles of latitude A must receive at least L-fold continuous
scoverage,
Total coverage can be minimized, thus minimizing the total number

of satellites, by eliminating unnecessary overlapping between the

continuous coverage strips. This 1is achieved when the circles of
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latitude X are covered exactly L times, i.e. when esach point on the
circles of latitude 2 is covered by exactly L of the n continuous
coverage sﬁ?ips. Due to the symmetry of the coverage pattern around the
equatorial plane, this condition i3 satisfied for the circle of latitude
A in< the northern hemisphere {f {t° i3 satisfied for the circle of
latitude A in the southerq\hegisphere. Hence, we will consider only one
of the two circles, say the northern circle, in the following analysis.

Let r be the radius of the cirgle of latitude X and ¢ be its
centre as shown in Fig. 65.4. Let ARC be the arc length of the
intersection between the circle of latitude A and a continuous coverage
strip, corresponding to an angle 2Ab at ¢ (0 < by, < w/2). Then

ARC = 2ra, (5.11)

Since each continuous coverage strip intersects twice with the
circle of latitude ), it provides a single coverage to two arcs of total
length urAb. Thué. the n continuous coverage strips cover 2n arcs of
total length unrAb. Now, when there 13 no overlapping between the
continuous coverage strips, we can state the following: each point on
the circle of latitude A is covered by exactly one of the continuous
coverage strips when the value of urnAb ;quals the circumference of the
circle 2xr, i.,e. single coverage is achfeved when

unrAb

or 2nAb

Similarly, each point on the circle of latitude X is covered exactly L

2wr

"
E ]

(5.12)

times when lmAb equals L times the circumference of the circle 2»r 1i.e.

L-fold coverage is achieved when
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. unrAb = 2nrl
or 2na, = 1l (5.13)
Equation (5.6) 1is the generalized mathematical formulation of the
necessary and sufficient condition stated earlier. Recall the
constraints (5.1), (5.2), (3.4) (Chapter 3) and (5.10) which must be
satisfied for the validation of equation (5.13). Note that if the
equality sign 1n equation (5.13) is replaced by é;eater than (>) sign,
then the coverage requirements will be met but not minimized.
As derived in Appendix B the angle Ab is, related to ¢, 4 and A
through the relation[uol,
sin™! [sin a/cos a] ; & £ (9/2 =)
Ab = (5.14)
n/2 7oA (r/2 - 2)
where A is constrained ;y relations (2.1) and (3.2). Substituting in
(5.13) for Ab using (5.14) we get

2 n sin—1 [sin A/cos A] = L ; 4 < (n/2 - )

(5.15)

n =1L ; A > (/2 - 1)

Substituting for & using equation (3.1) ylelds,

2 n sin™' [sin(cos™'(cos ¥/cos(x/m)))/cos Al = 7L ; 4 < (1/2 = A)
(5.16)

n =1L A D> (n/2 - )

EX3

Relations (5.14) through (5.16) relate the parameters L, X, V¥, n
and m for minimum coverage. With given values of any four parameters,
the fifth parameter can be exactly evaluated. As an example, if L, X

and m are defined, then the value of n can be calculated
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rL/2 gin'1 [sin(cos‘1(cos p/cos(w/m)))/cos A] = nL ;4 £ (n/2 - X)
n = . (5.17)

L A > (n/2 =))

This yields the exact value of n in order to minimize the coverage
pattern. However, since n is an integer while the right hand side of
the first relation in (5.17) 1is not necessarily, n may be evaluated

-~

using one of the two following methods:

(i) One of the other parameters, say ¢, is restricted to a set of

discrete values such that the right hand side of relation (5.17)
13 integer. Note that L and m are also integers and the values of
L and X are usually prespecified. Thus, ¢ is the most suitable
parameter to be restricted.

(i1) Relation (5.17) is modified such that n is the least integer such
that,

n > wL/2 sin-1[sin(cos“1(cos v/eos(n/m)))/cos A1 ;A L (n/2 - 1))

n =1L ¢ &> (n/2 - 1) (5.18)

This is possible since the repiacement of the equality sign by a greater
than sign (>) means that the coverage is more than L times. The
minimization of the coverage requires that n is the leésf integer which
satisfies this condition. It is important to observe that relations
(5.17) imply that for X > 0,

n>L (5.19)

In the special case of global coverage (A = 0), the values of Ab and n
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corresponding to 4 > (n/2 - 1) in relations (5.13), (5.17) and (5.18)
can not exist because of constraints (5.1) and (3.3). Hence, for global

coverage we have,

b = & (5.20)
and
n = wL/2 cos” [cos w/cos(®/m) ] (5.21)
Condition (5.19) becomes,
n>L (5.22)

This means that the number of orbits employed for global coverage must
always be greater than L, while for partial coverage, this number can be
equal to or greater than L.

A second case which may be cited is the calculation of ¢ for
given values of L, A, m and n. From equation (5.13) we have

Ab = wL/2n

But, relation (6.4) implies that

1

4 = sin” ' [sin A, co8 Al 1 8 < w/2

1)

and

A

(8%

(g/72 = 1) A, = n/2

-e

b

Since n > L when 4_ < #/2 and n = L when 4, = x/2, and since A > (#/2 -

b b

A) does not add coverage to the required area and thus is not required,

then we can write

1

4 = sin” ' [sin(sL/2n) cos 1) (5.23)

Relation (5.23) can be used to calculate A and then ¢ may be calculated
using the following version of equation (3.2)

<

v o= cos"1 {cos A cos (n/m)] (S-Zu)'
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A satellite system with a specified value for L and 1 can be
optimized with respect to the parameters m, n and ¥, according to
“selected optimization criterion, using this mathematical model. An
optimization algorithm based on the mathematical model is required which
-allows tne optimization param?ters m, nh anad ¥ to change untll the
optimal condition 1s reached. It i3 necessary to emphasis here the fact
that in this model, coverage has already been minimized for any
combination of the five parameters. By optimization we mean finding the
one or, more, combinations which yield the optimal condition defined by
the optimization criterion.
As in Ehe case of equatorial orbits, the following optimization
criteria‘have been selected:
(1) Minimum total number of satellites
(2) Smallest possible value of the satellite coverage angle y (or the
lowest possible attitude h) which yields the minimum of mn.
A design algorithm based on these criteria and the mathematical model

has been developed and implemented in a computer program.

S5.4.1 Results

Results obtained are given in Tables 5.1 through 5.6 for selected
values of L and A, In these Tables, the parameters n, m, ¥, A and 8 are
given corresponding to different total number of satellites mn. Entries
are arranged according to increasing mn such that the first line of each
Table represents the optimal design with absolute minimum total number

of satellites, for particular values of L and A, For example, a
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DESIGN PARAMETERS CORRESPONDING TO DIFFERENT NUMBERS

TABLE 5.1.a
‘ mn WITH MINIMUM VALUE OF & FOR LSL AND A = 0.0°
USING MODEL I FOR POLAR ORBITS

mn n m iﬁ Ao §

6 2 3 69,2952 4540000 90.0000

8 2 4 60.0000 45,0000 90,0000

9 3 3 6443411 30,0000 60.0000
10 2 .5 5541059 45,0000 90.0000
12 2 6 52.2388 4540000 900000
14 2 7 5044255 4540000 80.0000
15 3 5 4545225 30.0000 60.0000
16 4 4 49.2105 22.5000 45.0000
18 3 6 41.4096 30400C0 60.0000
20 4 5 4146314 2245000 4540000
21 3 7 3847154 30,0000 6040000
24 4 6 3648600 2245000 4540000
25 5 5 39.6981 - 1840000 3640000
28 4 7 33.6553 22.5000 45.0000
30 5 3 34.5492 18.0000 3640000
32 4 8 31.3987 2245000 45.0000
35 5 7 31.0328 18.0000 3640000
36 3 6 33.2259 15.0000 30,0000
40 5 8 28.5187 18.0000 36.0000
42 3 7 29.5101 15.0000 80,0000
48 6 8 2648237 15.0000 30.0000 -
49 7 7 28,5525 12.8571 2547143
56 .7 8 2547477 1248571 25.7143

F_J
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TABLE 5.1.b DESIGN PARAMETERS CORRESPONDING TO DIFFERENT NUMBERS
i o]
mn WITH MINIMUM VALUE ?F ¥ FOR L=1 AND A =3D.0

USING MODEL I FOR POLAR|ORBITS

mn n m lbo { A ° ﬂo
3 1 3 75.5225 60.0000  180.0000
’ 4 1 4 £9.2952 §0.0000 °  180.0000
5 1 5 £6.1897 _ 60.0000  1R0.0000
6 1 6 6443411 °  B6D.0000  180.0000
7 1 7 §3.2252 §0.0000 18040000
8 2 4 5640122 3747612 90.0000
3 3 3 63.2118 2546589 6040000
10 2 5 50.2392 37,7617 90.0000
12 2 6 46.7917 37.7812 90.L0000
14 2 7 445794 37.7612 90,0000
15 3 5 4341774 25.6589 §0.0000
" 16 2 8 43.0808 37.7612 9040000
18 3 6 . 38.6822 25.6589 £0.0000
20 4 5 40,2444 19.3546 _ 45.0000
21 3 7 35.6962 2546589 60.0000
24 3 8 33,6153 25.6589 60,0000
25 5 5 38.7844 1545225 360000
28 4 7 31.7828 19.3546 45.0000
30 5 6 33,4427 15.5225 36.0000
32 4 8 29.3471 18.3546 45.0000
35 5 7 2947607 ' 15.5225 36.0000
36 6 6 ®32.4351 12.9525 30,0000
40 5 8 27.1039 15,5225 3640000
42 6 7 28.5926 12.9525 30.0000
48 6 8 25.7929 .12.9525 30.0000



JMBLE 5.2.a DESIGN PARAMETERS CORRESPONDING TO DIFFERENT NUMBERS
o}
mn WITH MINIMUM VALUE OF W

FOR L=2

USING MODEL I FOR POLAR ORBITS

£

]

AN A = (.0

< mn n m UP Ao é)
3 3 3 75.5225 60.0000 600000
12 4 3 £9.2952 45.0000 45.0000
15 5 3 6641397 3640000 . 5640000
16 4 4 60.00C0 45,0000 £5.0000
18 6 3 B4.3411 3040000 5040000
20 4 5 5541059 45,0000 15,000
21 7 3 6342252 25.7143 C5a714%
24 4 6 52.2388 45,0000 £5.0000
25 5 5 49.1176 36.0000 3540000
28 7’ 4 50,4255 25.7143 25.7143
30 6 5 45.5225 30.0000 30.0000
32 8 4 49,2105 22.5000 2245000
35 7 5 43.2058 25.7143 2547143
g 36 6 6 41.4096 30.0000 3040000
s0 g 5 41.6314 22.5000 2245000
Y42 7 8 38.7154 25.7143 2547143
48 8 3 3648600 2245000 2245000
43 7 7 35.7332 25.7143 2547143
56 8 7 3346553 225000 225000
64 8 8 3143997 2245000 22.5000

fa
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TABLE 5.2.b DESIGN PARAMETERS CORRESPONDING ~0 DIFFERLNT NUMBERS

mn WITH MIN¥MUM VALUE OF W FOR L-¢
USING MODEL I FOR POLAR ORBITS

)
AND A =30.0

mn n m \ lDO A ° 150
6 2 3 75.52¢25 60.0C00 a0a0000
8 2 4 53.2952 60.0300 9040000
9 3 3 706876 4845804 600060
10 2 5 6641397 60.0000 40a0000
12 3 4 B2.1144 4825002 go.oleo
14 ? 7 63.2252 60.0000 4040000
15 3 5 57 w6483 487304 COalD0n
16 4 4 5640122 3747612 45a00(0
18 3 6 55.0528 48.5804 £0.0000
20 4 5 50.2392 37.761¢ 4540000
21 3 7 5344207 48.5904 £Ca0000
24 4 6 4647917 37.7612 45,0000
25 5 5 A5.8645 30.5997 3640000
28 4 7 44,5794 377612 4540000
30 5 6 4148042 3045997 3640000
32 4 8 43.0808 37.7612, 4540000
35 5 7 39.149? 30.5897 36.0000
36 6 6 38.6822 25.6589 30.0000
Y40 5 8 3743235 3045997 36.0000
42 6 7 35.6962 $25.6589 ¥ 30.0000
48 b 8 3346153 2546589 30.0000
49 7 7 33.2899 72.0709 25.7143
56 7 8 31.1100 22.0709 25.7143
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"TRBLE 5.3.a DESIGN PARAYETERS COPRESFONDING T0 OIF=ERENT N','P‘SECOS
mn WITH MINIYOM VLLUE OF W FOR L=3 £ AT (a0
USING MODEL I FCR POLAR GRBITS

mn n m llJO ‘ AO 50

12 ' 3 78.9669 6§7.500¢ AR
15 5 3 72.9089 54.000C 3640003
16+ 4 ‘ 74.3001 £7.5000 50000
18 6 3 6942952 45,0000 30,0000
20 § ' 65,4410 54,0000 36,0008
21 7 3 6649685 38.571¢ £5.71¢3
24 6 ‘ 600000 45,0000 300000
25 5 5 61.6062 54,0000 5640000
27 3 3 66a3411. 3040000 2040000
28 7 4 5644380 3845714 2547145
30 6 5 55.1059 £6.0000 30,0000
32 8 4 53,9892 3347500 2245000
35 7 5 50,7641 38.5714 25.7143
36 9 4 52.2388 30.0000 200000
40 8 5 477263 33.7500 2245000
42 7 6 47.3837 38.5714 25.7143
45 9 5 45.5225 30.0000 20,0000
48 8 6 43.9394 33.7500 22.5000
439 7 7 45.2184 38.5714 25.7143
54 9 8 41,4098 30.0000 2040000
56 8 7 ‘41.4851 33.7500 22.5000
63 9 7 38.7154 3040000 20.0000
64 8 8 39.8095 33.7500 2245000
72 3 8 36.8600 30.0000 20.0000



TABLE 5.3.b OESIGN PRRAMETERS CORRESPONDING 7O DIFFERENT NUMBERG

mn WITH MINIMUM VALUE OF o
USING MOOEL I FOR POLAR ORBITS

-

FOR L=3

ND A 33040

mn n m w° A 0 ISO
) 3 3 7545225 B0.0C00 800000
12 3 4 £9.2952 60.0000 6040000
15 3 5 66.1397 6040000 £0ac000
16 4 4 6449021 53.1400 45,0000
18 3 6 B4.3411 80.0000 £0.0200
20 5 4 59.6993 44,6775 3640300
21 3 7 63.2252 60.0000 £0.0000
24 6 4 56.0122 37.7612 3040000
25 5 5 5447423 4444775 3640000
28 7 4 5344755 32.6808 2547143
30 3 5 50,2392 37.7612 30.0000
32 8 4 5146925 2847597 2245000
35 7 5 4740826 32.6808 2547143
36 3 8 46.7917 37.7612 30.0000
. 0 8 5 44.8285 2847597 2245000
42 7 6 43.2035 32.6808 2547143
48 8 6 40.6066 28.7597 22.5000
49 7 7 40,6821 32.6808 25.7143
56 8 7 37.8304 28.7597 2245000
64 8 8 35,9124 28.7597 22.5000

0
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S.4.a DESIGN PARAMETERS CORRESPONDING T0 DIFFERENT NUMBERS
mn WITH MINIMUM VRALUE OF & FQOR L=4 AND A = 0.0
USING MODEL I FOR POLAR ORBITS '

t

mn n m o AO ‘30' '
15 5 3 B1.1117 7240060 36,0000
18 6 3 75.5225 60,8000 30.0000
. 20 5 4 7743786 7244000 3640000
21 7 3 7148356 514286 2547143
24 8 3 £9.2952 £5.0000 22.5000
25 5 5 7545225 7240000 3640000
27 9 3 6744790 400000 2040000
28 7.4 638403 51.4265 2547143
30 10 3 . 6641397 36.0000 18.0000
32 8 4 600000 45.0000 22.5000
35 7 5 5347076 51.4286 3547143
36 9 4 57.2022 400000 20.0000
40 8 5 55,1059 £5.0000 2245000
42 7 6 57.3192 51.4286 2547143
45 9 5 51.7026 40.0000 20.0000
48 8 B . 52.2388 45.0000 2245000
49 7 7 55.8234 §1.42886 25.7143
50 10 s 48.1176  36.0000 18.0000
54 9 5 4844392 40.0000 20.0000
56 8 7 5044255 45,0000 22.5000
80 10 6 $5.5225 36.0000 18.0000 '
63 s 7 46.3555 40.0000 20.0000
64 8 8 49.2105 45.0000 22.5000
70 10 7 43,2058 36.0000 18.0000
72 9 8 44.9493 40.0000 20.0000
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TABLE 5.4.b
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DESIGN PARAMETERS CORRESPONDING TO DIFFERENT NUMBERS

mn WITH MINIMUY VALUE OF-¢ .FOR L=4

USING MODEL I FOR POLRR ORBITS

v

0
AND A =30.0

LI
P

mn n m lbo . Ao 50
12 4 3 72;5225 60.0000  45.0000
15 . 5 3 73.5274 55.4508 36.0000
16 4 4 £9.2952 608000 45.0000
18 6§ 3 706876 _ 485904 30.0500
20 4 % 6641397 60,0000 45,0000
21 7 3 68.4106 7 42.6162 2547143
24 6 4 §2.1144 48,5904 3040000
25 5 5 62.6800 . 55,4508 36.0000
27 9 3 6544576 33.8258 20.0000
28 7 4 58.6434 42.61863 25.7143
30 6 5 57 .6483 48.5904 30.0000
32 8 ¢ 56.0122 37.7612 2245000
35 7 5 53.4618 4246163  ° 25.7143
36 8 4 540261 33.8258 20.0000
40 8 5 50.2392 3747612 2245000
42 7 6 - 5044084 . 42,6163 25.7143
45 ) 5 47.7724 33.8258 20.0000
48 8 6 46.7917 37.7612 22.5Q0
49 7 7 4B.4689 . 42.6163 25.71 %
54 9 6 43,9920 ° 33.8258 204000
. 58 8 7 44.5794 " 3707602 2245000
63 9 7 41.5424 33. 5258 20.0000
64 8 - 43.0808 37.7612 2245000
72 9 8 39.8703 33.8258 20.0000

-
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TABLE 5.5.a DESIGN PARAMETERS CORRESPONDING TO DIFFERENT

55

52.3082

COMBINATIONS OF n AND ™ FOR L:b GND A= 0a0°
, USING MODEL I FOR POLAR ORBITS
‘ \ o
. n n ™ lllo Ao o ’ ﬁo

.18 6 3 82.5645 75.0000 30.0000

21 7 3 7744705 64.2857 25.7143

, 24 8 3 7348719 5642500 2245000

. . 24 6 4 7944547  75.0000 30.0000
- “27 9 3 71.2528 5040000 20.0000

28 7 4 7241334 6442657 25.7143

30 10 3 69.2952 45,0000 1840000

30 3 5 7749135 7546000 30.0000°

32 8 4 £6.8682 5642500 225000

33 11 3 6747979 4049091 °  16.3636

- 35 7 5 6944503 6452857 2547143
C 36 9 ¢ 62.9660 50.0000 20,0000

36 5 6 7740475 7540000 30.0000

\ 40 10 4 600000 + 45.0000 18,0000

" 40 8 5 63.2906 56.2500 22.5000
’ 42 7 '8 67.9281 64,2857 2547143

42 3 7 76.5152  75.0000 30,0000

, 44 11 4 57.6971 40.9091 16.3636

) 45 9 5 58.6660 50.0000" 20.0000
’ 48. -8 6 61.2403 5642500 2245000 |
48 . "8 8 7641655 75.0000 30.0000

49 77 669885 64.2857 25.7143

-+ 50 10 5 55.1059 45.0009 1840000

54 9 3 5641742 50,0000 20.0000

11 5 £0.9081 1643636

103 ~
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TRBLE 5.6.a

DESIGN PARAMETERS CORRESPONDING TO DIFFERENT

COMBINATIONS OF n ANDm FOR L=6 AND A= 0.0°
USING MODEL I FOR POLAR ORBITS

mn n m lllo s AO 130
21 7 3 83.6120 7741629 25.7143
24 8 3 78.9689 6745000 22.5000
27 9 3 7545225 8040000 2040000
28 7 4 80.9471 7741429 Z5.7143
30 i0 3 7248089 5440000 18.0000
32 8 4 7443001 6745000 2245000
33 11 3 7048871 - 49.09809 1643623
35 7 5 7946289 771429 25.7143
36 12 3 69.2952 45.0000 15.0000
36 9 4 6942952 60.0000 20.0000
40 10 IS 65,4412 540000 1820000
40 5 71,9650 6745000 2245000
42 8 7848891 7741428 2547143
e i1 ¢ 8244155 £9.0809 1643636
45 9 5 66.1397 6040000 20.0000
48 12 4 60.0000 45.0000 15.0000
48 8 & 70.6454 875000 22.5000
49 7 7 784347 77.1429 25.7143
50 10 5 61.6062 5440000 18.0000
54 9 6 64a3411 600000 20,0000
55 11 5 58,0085 49.0909  16.3636
-56 8 7 69.8313 675000 22,5000
56 7 8 78.1364 7721429 25.7143
60 12 5 55.1053 45.0000  15.0000
60 10 8 59.4003 54 0000 18.0000

~
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5.6.b DESIGN FARAMETERS CORRESPONDING TG DIFFERENT NUNMBERS

mn WITH MINIMUM VOLUE OF ¢ FOR (=6 AND A 1"0-00
USING MODEL I FOR POLAR ORBITS
mn n m lUO Ao .ﬁo
18 6 3. 75.5225 60,0030 30,0000
‘21 7 3 74.4591 "57.598% 2547143
24 6 4 B9.285¢ 60,0000 30.00C0
27 9 3 7046876 48,5904 2040000
28 7 4 67.734¢ 57.5003 25,7143
30 6 5 66.1297 60,0000 3240000
32 8 4 6449081 Fio1é | 2245000
33 11 3 67,7862 4048528 16..65%8
35 7 5 5443095 5745985 2547143
36 9 4 B2a1144 48.5504 20.0000
40 10 4 59.6993 4454775 18,0000
42 7 6 6243505 *57.5983 25.7143
44 1T 4 576820 40.8616 16.3636
45 9 5 57.6483 485504 26.6000
Y 8 6 58.7015 53.1400 22.5000
49 7 7 61.1325 575963 2527143
50 10 5 54,7423 44,4775 18.0000
54 9 6 55,0528 48,5904 20.0000
55 11 5 52.2898 40.8816 1643636
56 8 7 57.2852 53.1400 22.5000
60 10 6 51.6348 4444775 180000
63 9 7 53.4207 4845904 20,0000
54 8 8 56,2443 53.1400 22.5000
66 11 6 49.0978, 40.8816 1636386
70 10 7 49.9943 44,4775 18.0000
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const.ellation of twelve satellites in four orbibg. spaced by an anglé of
45° with altitude correspbnding to a coverage angle ¢ of 78.969°
represents the optimal design for triple global coverage., We observe
from the Tables that increasing the total number of satellites mn does
not necessarily cause the angle ¥ to decrease.r This is due to the
severe non-linearity of the model.

Figure 5.5 (a, b, ¢, d, e and f) 1illustrates the behaviour of
this model for single, double and triple global coverage (A = 0.0%) when
the number of satellites in each orbit remains fixed at different
values, and n is allowed to change. The general trend shows that mn .
decreases with increased satellite coverage angle. Alsc, note that for
a sélected value of ¢, a system comprising the wminimum m.npber of
s.:«at:ellites~ can be designed by choosing the curve that gives the lowest
value of mn. This bound is the infimum of the set of curves, as
illustrated, for. example, in Fig, b5.5c. Consequently, it 1is now
possible toyselect the optiu;al nunber of orbits and the corresponding
number of satellites per orbit f‘<’>r a given satellite altitude.
Similarly, for a given total number of satellites, optimal values for
number of orbits, number of satellites per orbit and-satellite altitude

can be obtained.

5.5 MATHEMATICAL MODEL TI

In this model, the orbital configuration consists of n circular
polar orbits with m sateliites uniformly sp.a'cec'i in each orbit and moving

in the same direction with the same speed. ‘i‘he ‘nmumber m and the
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satellite coverage angle ¥ are such that the constraints (5.1) and (5.2)
are satisfied. Thus each arbit covers a continuous covef;ge strip of
width corresponding to an earth-centred cone angle 24, as given by
equation (3.2). The relative motion between satellites in different
orbits is constrained such that a maximum number 2G of the 2n semiorbits
are interacting at their‘ semiboundaries defined with displaéement D,

i.e. between the semiorbits number p and number (p+D) p=1, 2,

modulo-2n'
ve., 2n (see Section 5.2). The number D will be given the same value as
the minimum number of satellites visible to the users in the case of
L-fold continuous coverage, 1i.e. L = D, The maximum number of
interaction boundaries and the minimum number of non-interaction

boundaries B (defined with displacement L) are given (according to

relations (5.8) and (5.9)) by

. L‘.—-Z—S
0 "R TX
B =
n/k . % - (29 ; 1)
where q and K are inteéers
G=n~B

The interaction between two semiorbits increases the total continuous
coverage at" their semiboundary due to .the relative sh;ft between
satellites in the two ;emiorbits, as illustrated by Fig. 5.6 and Fig.
5.7. This increase in the total continuous coverage, measured in terms
of the earth-centred cone angle §, is related to the values of v, 4 and
the spacing anéle ¢ between ihteracting semiorbits. Figure 5.6

illustrates this relation in the case of global coverage where the
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Interacting: . .
Orbits at
a Boundary Satellite Coverage Circle

Fig. 5.6 Relation. between the central angles ¢, A,£ and ¢
illustrated by assuming the orbital planes in
parallel position.
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v

angles Vv, 4 and ¢ are measureq’as earth-céntred angles in the équatorial
plane. It is clear that the maximum value of ¢ (;max) is achieved when’

the spacing angle ¢ 1is such that .

i 6= v & A . (5.25)

and then

-

.

Emax = “' - A ) » (5.26)

In general, the value of £ is zero ‘when ¢ = 2 A and it increases
linearly as ¢ increases until it regches its maximum value when ¢ = ¢ «+
A, then it drops -abruptly to® zero for values of $ > ¥ + 4. This is due

to the creation of holes in the coverage pattern which violates the

coverage continuity. The general relation between ¢ .and § méy be

expressed as follows:

$-28 3 28 < ¢ £ (y+ &)
£ = ’ . (5.27)
0 ;28> 6> (y + 4) '

ﬂquationA(5.26; can’be derived f;om equatibnu(5‘27Y by substitutigg ¢ =
v+ A | ‘ : ’ !

Conaider the -general case bf pa;tial cbvér;ge"for the regions
extending from the poles to the parallels of north and south latitude )
(boundary circles)‘ Relations similar to (5.25), (5.26) and (5 27), can
be derived as follows: . ‘

Letg 2vb and 2Ab be the angles corresponding to the are of
intersection between a b6undary eircle ‘and - two ‘strips of central cone
angles 2¢ and 2A\‘re§pective1y. “As im Model I, the angle Agi and

”similariy the angle w is measured in the plane containing the circle

of latitude A from the centre of the cirele. . In other words, the

i .
R . H
R N

-
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13

b
in Model I which is express

relation between A and 4 'is the same as the relation between Ab and A
. +

4

b¥ relation (5.14). Similarly is the

- relation between Y% and y {see Fig. 5.4). Hence,

sin“‘[sinh/cbsx] 7 A< (w/2 =)
! (5.28)

% [ w72 ;s A> (n/2 - )
where A i3 controlied by constraints (5.1) and (3.5), and
H 1 ™
| sinT'{siny/cosr] ; v £ (n/2 = 2) ,
'bb = : (5.29)
/2 ;o v > (w/2 - ) ,
Similarly, we can define £b where
sin~'sing/eosn] ;£ < (/2 - ) , .
Eb = i - ’ (5.30)

/2. 1 £ > (n/2 - ))

Now, the plane of the circle of latitude X.is parallel to the equatorial

plane which implies that the spacing angle 'betw"e:en. the orbital planes

. will be the same when measured in botix the equatoria_l,and the boundary
circle planés. Note that the angles ¥, Ab’and & are measured in the
same”blane.' Tﬁus a éimilar diagram as Fig.'s.é Ean bgézaawn in that
E plane where the anéles A, ¥ ar}d § are replaced b? At;', ,w;) and Eb respect-—
ively and the angle ¢ .remains the'same. Therefore, we can write .the

following welations: "

Eb =¢’b"‘Ab ° v ) o el o (5-31)
. max . . ‘
¢-2AP e _2Ab <‘¢ < (¢§§§b):

0+ 5 @3-y +a) or e<2a .

+ 4

Pay M P
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o
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and'Ebmax occurs when ¢ = ’.pb + by
. The angle between two ncm--j.n‘t‘.e‘r'act;i-ng~ orbits B8 equals ttze angle
between interacting orbits ¢ when § = 0, i.e. |
B = 2§b ' (5.33)
Figure 5.8 illustrates the above relations and the interaction for the
case of single global coverage.

As in Model I, the necessary and sufficient condition for the
regions extending f‘rom‘the poles to the circles of latitude X to be
covered at least L times is that: One of the circles of latitude A
receive a continuous averhage of at least L times. The coverage is
minimized wh;n the circle of latitude )‘" receive a coverage pf exactly L
times. Under the same constraints (5.1}, (-5.2). {3.5) and (5.10) as in
Model I.‘ the mathematical formulation of this model follows the same
argunent which led to eqﬁation (5.13), The only differences here are
the orbital configuration and the introduction of the extra coverage
angle Eb bet‘ween the interacting semiorbits, or at fvgry interaction

semiboundary. Thus, the condition for the single coverage of boundary
7 .

[

circle to be covered a single time (I;=1)can be - formulated for the

-maximum valuve of gb as

2n.2 Ab+2GEb .= 21
. max '

\

Substituting for G in terms of n and B we have

2 b+ (0oB) & = : (5438

Substitutingifor § using equation.(5.31) we get
‘ L * ,'max’ ) ’
(neB) A + (n-B; by = | ‘ - (5.35)
Voo :
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Equation (5.35) can be generalized for the case of L—f‘c;ld coverage in a
similar manner as in Model I. Therefore, the circle of latitude A 1is
continuously covered‘ L times, if the following condition is satisfied,

(n+B) 8 + (n-B) ¥y, = Wl (5.36)
The ntmbér B depends generally on the ratioc n/L, as in relation (4.6).
For this reason, the number n can not be caiculat;ed simply by solving
equation (5.36) for a given L, m, ¥ and X as in the case of Model I.
But, we can solve for the valueS of m or v; provided that L, n and A are
fixed, since they ar:e independent of B. This may be done by
substituting in equation (5.36) for 8y and by e using equatdions (5.28)
ax:aé (5.29) respectively, and considering the ;‘act that ¢ > 4, which
yields the followix'mg set of three equations

(n+B) sin~!

[sin A/cos AJ+(n-B) s:in"T1 [sin q;/cc;s Al = nL.' :
* 4 5_.(1r/2 - )
and ¢ < (v/2 = 1)
K -
(n+B) sin™' [sin A/cos A] + x(n=B)/2 = oL ; & < (%/2 = 1)

and v > (%/2 = )

t

n=1"L ‘ i A > (n/2 2)

and ¥ > (n/2

t

-~
<

Substituting for 4 using equation (3.2) and solving the resulting
non-linear equation, ¥ or ;11 can be determined for given values of L, A

and n. For 1qstance. if A< (/2 - X) and ¢ L (nr2 - A) we have

. -
- '.

A (5.37)

s
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TABLE 5.7.a DESIGN PRARAMETERS CORRESPONDING TO DIFFERENT

COMBINATIONS OF n

ANDm  FOR (=1

USING MODEL II FOR POLAR ORBITS

0
AND A= 0.0

h

123

mh n m 'l'o Ao ﬁo 00 B
2 3 6647163 3747612 7545225 10444775 1

2 4 57.6316 40.7895 81.5789 98.4211 1

3 3 6140450 1444775 2849550 7545225 1

10 2 5 5342194 422602 8445204 9544796 1
12 4 3 60.0000 00000 0.0000 6040000 1
12 3 4 4845904 2047048 4144096 69,2952 1
12 2 6 50.7614 4340795 8641590 93.8410 1
14 2 7 49.2573 43.5809 87.1618 §2.8382 1
15 5 3 6020000 0.0000 00000 £0.0000 1
15 3 5 42.2793 23.8603 '47.7207 6641397 1
16 4 4 45.6428 846143 17 .2287 5442571 1
16 2 8 48.2718 £3.8094 87.8188 92.1812 1
18 6 3 60.0000 0.0000 » 040000 60.0000 1
18 3 6 386822 2546589 5143178 643411 1
20 5 4 45.0000 0.0000 " 0.0000 45,0000 "1
20 4 5 3840291 1341825 2643651 51,2116 1
21 ? 3 60.0000 0.0000 0.0000 60.0000 1
’ 21”3 7 36.4505 26.7748 53.5495 = ©B3.2252 1
24 6 ¢ 45,0000 0.0000 0.0000  45.0000 1
24 . 4 [ 33.5819 15.8508 3147017 49.4328 1
24 - 3 8 34,9753 27.5123 5540247 62.4877 1
25 5 .5 3643933 547378 11.4757 4241311 1
28 7 4 " 45.0000 0.0000 0.0000 45.0000 1
28 & 7 3047818 17.5309 3540619 483127 1
30 6 36.0000 0.0000 040000 36.0000 1

Vo ame Wb
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TRBLE J3.7.b DESIGN PARAMETERS CORRESPONDING TO DIFFERENT .
AND m FOR L=1 AND A=20.0
USING MODEL II FOR POLAR DRBITS

COMBINRTIONS OF n

124

mh o m o’ A £ & B
3 1 3 7645225 - 600000 180.0000 18040000 1
4 1 4 69.2952 60.0000 180.0000 1800000 1
5 1 5 6641397 80.0000 180.0000, 18040000 1
6 2 3 63.2118 25.6589 €0.0000 120.0000 1
3 1 6 64.3411 £0.0000 180.0000 180.0000 1

- 7 1 7 63.2252 60.0000 180.0000 180.0000 1
8 2 4 53.0819 31.84439 75.0699 10449301 1
B. 1 8 62.4877  60.0008 180.0000 180.0000 i
9 3 3 £0.0000 0.0000 0.0000 90.0000 1

10 2 5 47.9336 34.0904 80.6632 99.3368 1

12 4 3 60.0000 0.0000 0.0000 30.0000 1

12 3 4 46.7140 14.1538 32.8015 73.5993 1

12 2 6 4429754 35.2296 83.5327" 96.4673 1

14 2 7 43.1320 35.9046 85.2440 94.7560 1

15 5 3 £0.0000 . 0.0000 0.0000 80.0000 1

15 3 5 39.7894 £8.2321 42.3562 68.8219 1

16 4 4 45.0630 2.6888 642102 5749299 1

16 2 8 41.9098 3643401 8643532 93.6468 1

18 6 3 60.0000 00000 0.0000 90,0000 1

18 3 6 3547576 204406 47.5646 662177 © 1

20 5 4 45.0000 050000 - 040000 54.7356 1.

20 4 5 36.8378 84010 1944248 53.5251 1

21 -3 7 33.2174 2147895 5047604 6446198 1

24 6§ 4 45.0000- 0.6000 0.0000 54.7356 - . 1

24 4 '8 1145725 2647876 51.0708 1

31.8587
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5.8.a DESIGN PARAMETERS CORRESPONDING TO DIFFERENT NUMBERS
mn WITH MINIMUM VALUE OF ¢ FOR L=2 AND A = 0.0
USING MODEL II FOR POLAR DRBITS
mn n m w° AO & o’ B
9 3 3 70.8934 . 49.1066 98.213? 120.0000 0
PR ¢ 3 4 65.6571 54.3429 108.6857 120.0000 0
15 5 3 60.6454 11.3546 22.7093 72.0000 0 -
15 4 4 $7.6316 40.7885 81.5788 ‘GR.4211 2
18 6 3 61.0450 1424775 28.9550 75.5225 2
20 5 4 49.2870 2247130 45,4261 7240000, 0
21 7 3 6040000 040000, 640000 800600 0
24 8 4 4845904 . 2047048 41.4098 69.2952 2
25 5 5 44,2670 ‘27.7323 55.4646. 72.0000 0
28 7 4 45.3240 6.1046 12.2092 . 51.4286, O
30 5 8 41,5436 30.3564 §0.7127 . 72.0000 0
32 8 4 45.6428 8.6143 1742287 5442571 2
35 7 5 38.0793 1343493 2646985 5144286 0
36 8 6 3846822 2546589 5143178 6443411 2
40 B 5 3840291 13.1825 2643651 51.2116 2
42 7 3 34.1939 172347 34,4693 51.4286 0
48 8 3 33.5819 15.8508 31.7017 49.4328 2
43 7 7 31.8883 19.5402 39.0805 51.4286 0
56 7 8 304112 21.0174 4220348 5144286 0
64 8 8 2849130 © 1846522 3743044 47.5652 2
A;,’-a
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TABLE 5.8.b ODESIGN PARAMETERS CORRESPONDING TO DIFFERENT

COMBINATIONS: OF n

AND M FOR L=2

-USING MODEL II FOR POLAR ORBITS

0
AND A=30.0

126

mn n m UP Ao é] &) B
2 3 7545225 60.6000 18040000 18040009 2

2 4 . 59.2952 6040000 180.0000 180.0000 2

3 3 £3.2118 25.6589 £0.0000 120.0000 0

10 2 5 66,1397 60.00060 180.0000 180.0000 2
12 4 3 £3.2118 2546589 6040000 120.00660 2
12 3 4 56.3868 38,4745 91.6478 120400CC 0
12 2 6 6443411 60.000D 16040000 160a0000 z
14 2 7 63.2252 80.0000 18046000 18040000 2
15 5 3 60.0600 " 0.0000 0.0000 $0.0000 0O
15 3 5 53.5875 42.8006 103.3599 120.0000 0
16 4 4 53.0819 31.8449 75.0699 104.3301 2
16 2 8 824877 6040000 180.0000 18040000 2
18 . 6 3 6040000 0.0000 0.0000 90,0000 2
18 3 3 52.0582 4457667 108.8127 120.0000 0
20 5 4 46.4696 13.0879 20.3153 72.0000 0
20 4 5 47.9336 -34.0904 80.6632 99.3368 2
21 7 3 60.0000 0.0000 D.0000 90.0000 "0
21 3 7 5141369 45.8587 111.9188 120.0000 0
24 6 4 4647140 14.1538 3248015 73.5993 2
24 4 6 44,9754 35.2296 83.5327 9644673 2
24 3 8 50.5395 4645351 1138751 120.0000 =0
25 5 5 4045485 20.0788 4647047 72.0000° "0,
28 7 4 45.0000 0.0000 00000 54,7356 0
‘28 4 7 4321320 35,9046 852440 8447560 2
30 (3 5 7 3%.7894 18.2321,  42.3562 6848219 2
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TRBLE 5.9.a DESICN PARAMETERS CORRESPONDING TO DIFFERENT .
COMBINATIONS OF n ANDm POR L=3 AND A=z 0.0

USING MODEL II FOR POLAR ORBITS

0 o

0

(¢]

127

.mn n m v A 8 ¢ 8
4 3 7644759 D B2.1144 12442289 13845304 1
5 3 ' 6849360 44,0427 8840854 112.4737 1
4 4 7243009 6445955 129.1910 136.9282 1
6 3 667163 37.7612 75.52¢5 10444775 3
5 4 62.1144 48.5904¢ 97,1808 110.7048 1
4 5 70.5566 65.6780 1314356; 13647246 1
7 3 82.1510 - 20.8668 4147735 63a0s77 1
8 3 608068 127058 25.4116 73.5125 1
8 i 57.6316 40.78395 8145783 98.4022 3
4 6 69.5856 6642486 132.4973 135.83¢2
5 5 59,1015 50.5990 101.1960 109.7005 1
9 3 61.0450 14.4775 2849550 755225 3
7 4 51.6830 28.7378 57 4755 8044207 1
4 7’ 69.0820 66.5868 133.1735 135.6088 1
6 5 53.2194 42.2602 84.5204 95.4796 3
5 6 57.5071 51.6620 103.3239 109.1690 1
8 4 48.9957 21.8922 43.7844 7048879 1
4 8 68.6602 66.8039 133.6077 135.4641 1
7 5 46.8800 32.3400 64.6800 7342200 1
5 7 * 56.5606 52.2929 104.5859 108.8535 1
9 4 48.5904 2047048 41.4096 69.2952 3
6 6 50.7614 43.0795 86.1590 93.8410 3
8 5 4344567 26.2004 *  52.4008 63.6570 1
5 8 55.8524 %  52.6984 105.3968 10846508 1
7 6 44.3031 3442727 68,5453 7845758 1
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TABLE 5.9.b DESIGN PARAMETERS CORRESPONDING TO DIFFERENT .
COMBINATIONS OF n AND'm FOR L=3 AND A=30.0
USING MODEL II FOR POLAR ORBITS

mn n m o’ A° & o B
9 3 3 7545225 60.0330 180.0060 18040000 3
12 4 3 69.0985 44,4775 108.0000 1440000 1
12 3 4 69.2952 60.0000 180.0000 180.0000 2
15 5 -3 63.2118 2546589 60,0000 12040000 1
15 3 5 66.1397 6020000 18040000 1800000 3
16 4 4 59.6993 44,4775 10840000 139.5282 1
18 6 3 63.2118 2546589 6040000 12040000 3
18 .. 3 6 6443411 6040000 180.0000 180.0000 3
20 5 4 55.0380 35.865¢ 85.1458 113.7135 :
20 4 5 58.0667 4941717 1217800 1394033 1
21 7 3 60.0000 040000 0.0000 9040000 1
21 3 7 6342252 60.0000 180.0000 180.0000 3
24 g8 3 60.0000 00000 0.0000 900000 1
24 6 4 53.0819 3148449 7540699 10449301 3
24 4 6 56.6581 50.6050 12643376 137.8875 1
24 '3 8 62.4877 60,0000  .180.0000  180.0000 3
. 25 5 5 51.3021 3943934 34,2468 111.4383 1
28 7 4 48,2555 19.6784.  45.7640 8243727 1
28 4 7 55.7599 51.3539 128.8027 13740658 1
30 6 5 47.9336 34.0904 8046632 99.3368 3
30 5 6 49,2360 4140458 98.6735 110.3316 1
32 8 4 46.5695 13.5328 31.3526 726639 1
32 4 8 55,1619 51.8060 13043254 136.5582 1
. 35 7 5 42.6931 2447004 57.7001 ° 8043833 1
35 5 7 47.9815 101.2304 109.6924 1

42.0171
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TABLE 5.10.a DESIGN PARAMETERS CCORRESPONDING TO DIFFERENT

COMBINATIONS OF n

USING MOOEL II FOR POLARR QRBITS

\ \Y}
ANDOM FOR L=4. AND A= 0.0

129

mn n m lf Ao é) & B
15 5 3 781814 65.8166 131.6372 1440000 0
18 6 3 70.8934 49,1066 98.2132 12040000 0
20 5 4 7541908 66.8092 137.6184 14440000 )
21 7 3 6643149 ' 36.5422 73,0644 10248571 . 0
24 8 3 66,7163 37,7612 75.52¢5 10444775 4
24 6 4 6546571 5443429 16846857 120.0000 0
25 5 5 7349646 7040354 140.0707 16446000 0
‘27 9 3 6146655 1843345 3646690 80.0000 0
28 7 4 5942197 4346375 87.2749 10246571 0
30 10 3 60.6454 11.3546 22.7093 7240000 0
| 80 & 5 6344880 56.5120 113.0240 12040000 0
30 5 6 73.3364 70.6636 14143273 1440000 0
32 8 4 5746316 40.7895 81.5789 9844211 4
35 7 5 5642410 4646161 93.2322 102.8571 0
35 5 7 729697 71.0303 142.0605 144.0000 0
36 9 4 5145561 2844439 56.8878 80.0000 0
36 8 6 6243737 57.6263 115.2527 12040000 0
40 10 ‘ 4942870 22.7130 45,4261 7240000 0
40 8 5 5342194 42.2602 84.5204 95.4796 4
40 5 8 7247365 71.2635 142.5269 144,0000 0
42 7 & 5447055 48.1516 9643032 102.8571 0
42 3 7 61.7228 58,2772 11645545 120.0000 0
45 9 5 47,1711 32.8289 65.6578 8040000 0
48 8 6 507614 43.0795 8641590 33,8410 4
48 6 8 - 117.3828  120.0000 0

£1.3086

58.6814
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TABLE 5.10.b DESIGN PARAMETERS CORRESPONOING TO DIFFERENT
COMBINATIONS OF n ANOmM FOR L=¢ AND A=30.0
USING MOOEL II FOR POLAR ORBITS
mn n m w° A 0 50 00 8
12 4 3 75.5225 §0.0000  180.0000  180.C000 s
15 5 3 §9.0985 4444775  108.0000  144.0000 0
6 -4 4 §9.2952 60.0600  180.0000 18040000 4
18 6 3 63.2118 2546583 §0.0000  120.0000 0
20 5 ¢ 5946993 £4.4775  108.0000  139.5282 0
20 4 5 6641397 6040000 18040000 . 18040000 ¢
21 7 3 6046181 11.1109 . 25.7143  102.8571 0
24 8 3 63.2118 25.6589 §0.0000  120.0000 4
24 6 4 56.3868 38.4745 91.8476  120.0000 0
24 4 6 - B4.3411 60.0000 18040000 18040000 4
25, 5 5 5848834 §0.2994  125.3502  144.0000 0
" 27 9 3 600000 0.0000 00000 9040000 0
28 7 4 52.6168 30.8368 7245830  102.8571 0
28 4 7 6342252 §0.0000 1800000  180.0000 4
30 6 5 53.5875 42.8006  103.3593  120.0000 0
30 5 & 57.9475 52.2081  131.7044  144.0000 0
32 8 4 53.0819 31.8449 75.0699  104.9301 4
32 4 8 6244877 §0.0000  180.0000  180.0000 4
35 7 5 .  48.9223 35.6887 84.6958 102.8571 0
35 5 .7 57.3281  53.1300  135.1815  144.0000 0
36 9 .- 4 47.8095 1842346 4243621 86.0000 0
36 6 B 52,0582 44,7667  108.8127  120.0000 0
40 8 5 47.9336 34.0904 8046632 99.3368 4
40 5 8 56.9083 5347745  137.3377  144.0000 0
‘2 7 & 46.9598 37.9921 90.5967  102.8571 0
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TABLE S5.11.2 DESIGN PARAMETERS CORRESPONDING TO DIFFERENT .
COMBINATIONS OF n ANDmM FOR L=5 AND A= 0.0
USING MODEL II FOR POLAR ORBITS

‘o

mn* n o om o AO ’"ﬁo . & . B
18 6 3 80.6234 709833  141.9665°  151.6067 & 1
&y .7 3 74,1490 56.8883  113.7765  131.0372 1
24 8 3  B9.6192 45.8518 °  91.7035  115.4709 1
24 8 4 77.9738 72.8715  145.7430 ° 150.8514 1
27 9 3 66.4199 3648841 78v7281  103.28¢0) 1
28 7 4 69.5274 603544  120.7088  129.8819] 1
30 10 3 667163 37.76812 76.5225 10444775 5
"30 6 5.  76.8555 73.5746  147.3433  150.5301 1
32 8 4 £3.3907 - * 50.6961  101.3923  114.086f 1
3% 11 . 3 pe.5662 22.8615 45.7230 85,4277 1
85 7 7. 5 . B7.5517.  61.8363  123.6725  129.3875. I
3" 9 4 58.8252 4249398, 85.8797 1017650 1
36 & 6 76.2695 74.0932°  148.1864  150.3627 1.
40 10 4 57.6316 40,7895 81,5789 98.4211 . 5
40 8 5 6047053 52.7848  1§5.5696 kl3.iﬁ01 1
2. 7 s 6645207 62.6095 = 125.2189 . 129.1302 1
42 ~ 7 . 75.9244 74.3397 ° 148.5784  .150.2641 1
44 11 4 5247214  31.0655 . 6241311 83,7868 1
45 8 5 55.5163 4525869 91.0739 7 1041033 1
48, 8 6  '53.3005 53.8774  107.7548 118.1779° 1
48 6 8 1 75.7037  74.4974 14819947 0.2011 1
o 7 7 65.9132 63.0651  r26.1301 /2ﬁ8.9783 1
50 10 5 . 53.219% 1a\§;oa 83,5204 / .95.4786 . .5
54 % 6 53.7797 . * 46,9762 §3.9524 ///100.7559 1
55 11 U5 48,3085 34.7Be7  6ou4s7e [ g3.0543 0 1
: " . 4 / " > .
//
g .1
¢ —~ i
n ) " : * . ’ ;‘
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5.11.b DESIGN PARAMETERS CORRESPONDING TO DIFFERENT
COMBINATIONS OF'n  ANDmM FOR L=5 AND A=30.0
~SING MODEL II FOR POLAR ORBITS '

§

) :mn n m ” ‘i“.O t Ao : A ﬁo ®o B
15 75 3 78.5225 60.0000 _.180.0000 180.0060 5
18 6 3 7147764 ° 51.284B 12845714 154.2857 1
20 5 ¢ 69.2952 60.0000 180.0000°  180.0000 5
21 73 6657163 3707612 . 90.0000 ° 135.0000 1
24 8 3 63.2118 25.6585 - 600000 120.0000 1
24 6 4 £3.7517 51.2846 12845714  154.2857 1
25 5 5 £6.1397 60,0000. 18040000 -, 180.0000 + 5

Y 3 61.19%+ 15.5225 36.0000 108.0000 1

. 28 7 4 58.76887 42.8751 10345638 132.7394 1

-~ 30 10 3 . 63.2118 25.6583 - 60.0000 120.0000 5 .
30 £ 5 5346021 51.2846 - £28.5714  149.1379 1

— 30 5 <~ 6 B4.3411 60.0000  150.0000  .180.00600 5
B ¥ 4 5545457 3648614 $7.B857  116.0449 1
35 7 5 562780 46.6683  114.2637 13049561 1

35 5 7 63.2252 60.0000  180.0000 1800000 5
3 9 . 4 52.7278 31.0787 °  73.1808 103.3524 1
36 . 6 6.  57.2034 51.2846  128.5714 140.3675 1
40 107 4 5340819 31.8443 75.0699 - 104.9301 5
40 8 5. ° 52.1642 40.6938°  97.6815 114.6169 1
40 5 8 62.4877 .°_60.0000  180.0000 - 180.0000 5
207 B 54.7977 48.2683 © 119.0200 13041633 1
2 8 7 55,7009 .51.2846  128.5714 13648218 1
45 9 5 48.6905 185.3175 83.7550 102.0306 1
48 '8 6. 50.3057 °  42.4814  102.4895 11359301 1
48 & 8 58.3449 55.3861  143.7266 _  151.2547 . 1
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TABLE 5.12.a DESIGN PARAMETERS CORRESPONDING TO DIFFERENT

133

COMBINATIONS OF n ANDm FOR L=6 AND A= 0a0°
USING MODEL II FOR POLAR ORBITS
mn n m ¢ Ao &£ o B
21 7 3 8144936 7227921  145.5842  154.2857 0
24 B 3 76.4759 B2al144 124 .2289 138.5904 2
27 3 3 7048934 49.1066 9842132 1200000 0
28 7 4 79.3854 74.9003  149.8006  15¢.2857 0
30 10 3 68.9360 44,0427 88.0854 112.8787 2
32 8 4 7243409 6445955  129.1810  136.9363 2
33 11 3 65.2015 32.9803 65.9607 98.1818 o
35 7 5 78.5232 7547625 151.5250  154.2857 0.
36 12 3 6647163 37.7612 75.5225  104.4775 6
36 g 4 6546571 5443429  108.5857 120.0000 0
- 40 10 4 B2.1144 48,5904 87 .1808 110.7048 2
40 8 5 70.5386 65.6780  131.3561  136.2146 2
42 7 6 7840817 7642040 15244081 15442857 0
44 11 4 5745471 4046348 61.2695 98.1818" ¢
45 9 5 63.4880 56.5120  113.0240  120.0000 0
48 L2 4 . 57.6316 40,7835 81.5789 984211 6
48 8 6 69.5856 66.2486  132.4973  135.8342 2
49 7 7 77w8241 76.4616 °  152.9232  154.2857 0
50 10 5 59,1015 50.5990  101.1980  108.7005 -2
54 ] & 6243737 57.6263 11542527 .| 12040000 0-
55 11 5 5443177 43.8641 87.7282 98.1818 0
56 8 7 590220 6645868  133.1735  135.6088 2
56 7 8 7746803 = 76.6254  153.2509  154.2857 0
80 12 5 53,2194 42.2602 8445204 85.4796 &
60 10 3 57.5071 51.6620  103.3239 1091630 2

.
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fQBLE 5.12.b DESIGN PARAMETERS CORRESPONDING IOMDIFFERENT

- 0
COMBINATIONS OF n ANDmM FOR L=6 AND A=30.0
USING“MODEL II FOR POLAR ORBITS “ '

o

3

¢

¢}

o

134

0

- 47.6088

mn ew‘mw m 1] A 8 i) B
18 6 3 75.5225 §0.0000° 18040030 18040000 6
21 7 3 71.7764 5142846 128.5714 15442857 0
24 8 3 £3.0985 4444775 ° 108.0000 14440000 2
24 6 4 6942952 §0.0000 180.000Q 180.0000 &
27 3 63.2118 25.6589 60.0000 120.0000 0
28 4 . 63.7517 51.2848 128.5714 154.2857 0
30 , 10 3 £3.2118 25,6589 60.0000 12040000 2
30 5 6641397 §0.0000 180.0000 18040000 6
32 4 59.6993 4444775 108.0000 139.5282 2"
33 11 3 6042519 740796 16.3836 9841818 0
35 5 59.6021 51.2846 128,57 14 14941379 0
36 4 5643868 3844745 91.8476 120.0000 0
36 6 5443411 60,0000 180.0000 1800000 6
40 10 4 55.0380 35.8659 85.1458 113.7135 2
40 8 5 58.0667 49,1717 . 121.7900 139.4033 2
42 7 6 57.2034 51.2846 12845714 140.3675 0
42 6 7 6342252 60.0000 18040000 180.0000 6
44 11 4 5145730 28,4830 6648267 98.1818 0
45 9 5 5345875 42.8006 10343599 12040000 o
48 8 & 56.6581 . 5046050 126.3376° 13748875 2
48 6 8 624877  60.0000 . 180.0000 18040000 ° 6
49 7 7 5547009 51.2846 12845714 136.8218° 0
50 10 5 51.3021 39.3934 94.2468 111.4383 2
54 9 3 52.0582 44,7667 108,8127 1200000 0
55 11 5 33.5563 73.3254 88.1818 . O
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FIG.5.9.4 RELATION BETWEEN TOTAL NUMBER OF SATELLITES AND

_SATELLITE COVERAGE. ANGLE FOR CONSTANT NUMBER OF . -

SATELLITES PER ORBIT WITH L=4 AND A =
USING MODEL II FOR POLAR ORBITS '
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I. Again, we find a similar observation and we can follow the same
procedure" as in Model I to determine the optimal design. The only
difference is that the sets of curves are shifted to the left and down
relative to the similar sets of Model I for the same values of L and ).
This means that, in general, less coverage angle, or lower altitude, is
required ccn;pared to Model I for the same coverage, and the same total

nunber of satellites.

5.6 DISCUSSION

Comparing the results in Tables 5.1 through 5.6 with those in

Tables 5.7 through 5.12, we note that for t;he same L and A, the absolute -

minimun nuuber of satellites for both models is the same. This can be
deduced by noting that mn is a minimum when both m and fn are minima.
The minimum value of m is in general three. ‘Recalling relations (5.19)
and (5.22) for Model I, and noting that identical relations can b7
deduced for Model II, we find that for A = 0° the minimumn value of n is
(L + 1). When X > 0°, the minimum value of n is either L or (L + 1),
depending on the altit;lde of satellites, Thus,  the minimum of mn is*
either 3(L + 1) or 3L, depending on the value of X and the altitude of

satellites. N
}

Since the absolute minimum number of satellites for both models
is the same.” the only advantagé in choosi"ng‘ Model II lies ‘in the
resulting loﬁer value for . The rgduction in ¢ ranges from 0°' to

api)roximately 6° which can lead to a reduction in satell'ite altitude of

>
~

Several thousand kilometers depending on ¢.

g AT .o
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CHAPTER 6

-

SATELLITE CONSTELLATIONS IN HYBRID NETWORKS

OF POLAR AND EQUATORIAL ORBITS

In 'this Chapter, the coverage provided by a hybrid network

(42] is examined. Two new

combining polar and equatorial orbits
mathematical models are devi}oped (based on the models developed in
Chapters 4 and §) for the coverage requirements of multi-fold continuous
covérage of the entire earth. A design'algorithm has been implemented
to calculate the optimal design parameters for satellite constellations
of L-fold continuous coverage pattern, where L is a variable. Results
are présented and discussed for a variety of cases. A comparison
between hybrid and polar networks of satellites is provided, which shows
that the hybrid network gives coverage equal to that of the polar
network but with rfduced satellite altitude for Fertain values of L. 'In.

addition, the hybrid network provides a more uniform coverage pattern

with a léss complex constellation.

6.1 SYSTEM DESCRIPTION

The hybrid satellite constellation combines a “bolar satellite

(40}

constellation of n orbits and m satellites per orbit , With an

al satellite constellation of n; satellites[u1q as illustrated
in Fig. 6.1. The polar constellation is designed using either of the

two polar models developéd in Chapter 5 (see Fig 6.2), to provide L-fold

142
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Fig.'6.1 Orbital configuration of the hybrid network illustrated
by four polar. orbits and one equatorial orbit.
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continuous coverage for the areas “called 'A. and; K-fold continuous

coverage for’ the area cgl.léd B, where A and B are defined in Fig. 6.3

and ‘ o y
. " ) P.Q:S'K‘k L ) . " \\ (6-1)

The equatorial constellation is designed using the mSQel developed in

N

.Y
Chapter 4 to provide Q-fold continuousg coverage for ‘the area B, where |

Q=L-k . : . (6.2)

Thus, an observer <in area B can simultaneously observe, on a

contiéuous basis, K of‘ the satellites in polar orbits and Ql of the

""satellibes JAn. the equatorial orbit b L. a total of L satellitea. An

observer in area A can simultaneously observe L satellites in polar

. orbits and qo satellttesvin equatorial orbit. The total number of“

] EN

satelﬁtes N employed is then given by » ) . : N
li:mn-ﬁne } -7 (6.3)

. The areas A and B ‘are.bounded by the parallels of JYatitude i,

s

.where; the value of A is allowed hq qhange"as an optimization parameter

in.thé process.6f determining the optimal satellite constellation. The

.

optimization criterion is 2 minimum cost cr;iterion which 1is achieved .~
-through': IR : L - o '

L 4 0 - .

1. min:imization of‘ l:he total nunber of sateliites N

-+

C 24 minimization of the ;atelli’ces coverage angles (or satellite

A

altitudes) v and y corresponding tg, the minimum of N.\w
- . . - ‘ . L N , ',

. 'l'ua Hybrid models are now investigated m detail. The first,is’

\ called Hybrid Model I, combines Polar uodel I with the Equatoﬂal Model.

.o
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\

The second model, called Hybrid Model II, combines Polar Model II with

the Equatorial Model .

6.2 ' HYBRID MODEL T

Mathematical Reiations

Hybrid Mod:el“ I combines Polar Model I (Chapter 5) and the

- Equatorial Model. Polar Model . I is employed to design an optimal

. satellite corﬁstellatioxi providing L-fold continuous coverage for the

areas exténding from the poles to the parallels of latitude A, and
. b '
K-fold continuous coverage fg\r the area boundec_j by the parallels of

-

latitude A. K is an integer determined by the particuiar constellation

of polar orbits, and is evaluat.ed by considering the continuous coverage

received by the equator due to d polar orbits. Each orbit' provides a
continqous 'cove'rag;e strip which intersects the. equator in two arecs.
Each corresponds to an angle 24 measured f‘rom the centre of the earth
aﬂdn is a measure of‘ thé angular coverage received by the equator, as
’ ‘il%dt;strated by Fig. 6.4(. Hence, the total anguiar coverage received by
the equator due to’ n polarf'orbit's 'is 4 n4 If thisttofal iangular
acoVei'age\,"-gh:!.ch wiil b;a denoted by S,.1is equal to K Uti‘mes 2n, then the

equator receives K~fold continuous ‘coverage. If 2xK £ S < 2&(k+1.). then

the equator }eoeiyes K-fold céntinugus coverage in additgion to some

coverage which is not continuous. Since 'we are’ interested ~onfy in .

L

continudus co,v'erage. Wwe will ignore ar{y additional non-continuous

cov‘e‘rage. ‘Therefore, K is c{alcul,a,ted as the intéger satisfying the

-

‘relation

;i-b
S

/

-

vy PHES

» 1 . 3 *
e SNl s S e, b el

¥

Bt Sy A G fus? TnSe mm il



LAt el

v ue

e -
lnamasimisitngit & e e "
~ B 4 *
=, .
. Rl -

Covéra
to
Intéract
Between
Orbits

- N

Fig. 6.4

i -
o v
Coverage .
Due to
Continuous . > (
Coverage " North Pole
Strips .

ge Due

ion

This Area
Receives no
Coveragé

Continuous coverage strip R )

Area covered'continuousiy
- due' to the interaction effect

B ' ‘ T L &«
Illustration of the conginuous coverage rgseived by the
-equator and by the parallel.of latitude A.™

° . ,
.
noag?
e v e
- . N
‘e
»
.
F vy
» =,
1 . - »
v -

.Parallel of
latitude X

148

Py

[P T TR . P2 AP LU IR

PRy PUR LTSRS RE S Y

T,




RANPU——

[P

P

149

P K < (208/7) < (K+1) 4 (6.4)
The EquatoriaﬂQHodel (Chapter'u) is employed to design an_optimgl

constellation in an equatorial orbit to provide Q-fold continuous

" coverage for the area bounded by the paréllels of latitude A. The value

Af Q is calculated uéiné equations (6.2) and (6.4) for vaiues of A>0.
Note thHat A=0 implies that. the Polar Model only applies, since no

coverage is provided by the equatoriai orbit.

Cpmbining the 'Polar Model I and the Equatorial Model, the:

mathematical formulatio of this Hybrid model consists of the following

relations:

‘Given L, ,
Nzmon+n . - ' ’ (6.3)
where ) '
wl/2-8in™! [sin a/cos a1 i & < ("/,=3)
TR | | | Do ("/ =\ v -+ (5.15)%
A =, cos™ [cos y/cos (n}m)] - : ‘ ' (3.2)
ng = W Q/coé'} [cos'we/cos‘;] ' ) | ) (4.11)%
Q = L-K _— | B | (6.2)
K @Ry @ L (6.4)
b2 (/) orm (a/9) - | W
b2 (@/n,) ' S . B CE LA

r -

Note that L, N. m. n Ry, Q and K are 1ntegers, and that equation (5.15)

’has been rearranged to produce equation (5. 15)* Also, L is replaced by ‘

Q in equations (u 8) and (4.11) to produce.equations (u 8)* and (u 11)'

+ to

.
E MU S

L

FCTIC ROIPMEPIETE R ST TG LB TR LSS W ST

i,

2o,




150

It is now required to find the optlmal values of the parameters
m, N, ., ¥, ¥, and X such that the total number N is minimum. We
observe from the Pathematical forqulation that n is dependent on m, ¢
and A, and that ne is dependent én Q, Ve and ». But, Q is a function af

n, m and y, 1i.e. ng is a funetion of n, m, v, Ve and ». This is a

'compl x\\op@ﬁnization problem and, therefore, lt is simpler andixnore
‘ac;ura e eo use a search method since the nature of this problem
requires only function evaluations at specific finite set of value; for
each jparameter. Anaalgorithm has been implemented in a computer program
to calculate the optimal deslgn parameters using a. simple search methﬁd.

Results are presented next.

6.2.2 Results

Fb; L=1, up to 6, Tables 6.1.a through-6.6.a give the minimum
Yalue of N and the correséonding minlmum values of the design parameters
n, m, ne.:w, Ve for each value of a selected set of values of ) between

00

and 707. Clearly, there is a minimum value of N for every fixed
value of the pa(ameter A, which is,nét necessarily-an optimum, lhe
optimal Qalue of \y‘ gdﬁélg the% absolute minimum of N whenz all the
“parameters. iﬁcluding A, are allowed to.cﬁangé. Thus, the optimal (or
the absolute minimum) N is actually the infimum of the minimum values of
N corresponding to different values of A. A

"The examination of the different values in each Tablefleads us to

"yfindzng a small range of A within which the optimal solution, with

“optimal N and .the corresbonding Optimal vaIUes of ¥ -and Vo lie. For

1t sl § akd
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TABLE 6.1.a. DESIGN PARAMETERS WITH MINIMUM NUMBER OF SATELLITES
: CORRESPONDING TO L=1 AND DIFFERENT VALUES OF A
USING THE HYBRID MODEL' I
N n m i e wb ’ . ;lloc 7\0.
» 6 2 3 0 69,2958 ' 0.0000
B 1 3 3 89.0002 6040201 2.0000
6 1 3 3 8840012 600805 4.0000
6 1 3 3 87.0041 60.1810 £.0000
6 1 3 3 8640098 60.3214 80000
6 1 3 3 8540191 60,5013 10.0000
5 1 3 3 8440330 6047203 12.0000
6 1 3 3 B3.D524 60.9778 14.0000
8 L 3 3 82.0784 61.2734 1640000
6 1 3 3’ B1a1117 81.6062 1840000
8 1 3 3 801534 63.9757 20.0000
6 1 3 3 79.2046 - B2.3809 22.0000
6 1 3 3 7842660 62.8209 2440000
6 1 3 3 77.3388 6342950 2640000
6 1 3 3 76.4340  £3.8020 28.0000
6 1 3 3 7645225 6443411 300000
8 1 3 3 7446354 6449111 32.0000
8 1 T3 3 7347639 65.5110 34.0000
g 6 1 3 3 72.8089 66.1397  36.0000
5 1 3 3 -. 72.0715 66.7960 - 3840000
“ 8~ 1 3 3 71.2528. 67+4790  40.0000
6 13 3 70.4539 - 68.1874 4240000
6 1 3 3 69.6750 6849201 44,0000
B 1 3 3 68.%8201 63.5760. 4640000
5 . 1 3 3 £8.1874 7044538 4840000
* 8 1 3 3 67.4790 71.2528 500000
6 1 3 3 667960 , 7240715 5240000
8 1 3 3 £6.1397 7849089 54 .0000
8 1 3 3 65.5110 73.7639 5640000
"8 1 3 37 B4.8111  74.6354 58 40000
"6 1 8. 3 - 64.3411 ~ 75.5225 8040000
. 6 1 3 3 6538020 7644240 8240000
‘ "6 1 3 3 . 63.2950 ' 77.3388  64.0000
. & 1 '3 3 . 62.8209 . 78.26B0 -  65.0000
: ‘s 1. '8 - 3  '6Ra3809 79.20486 6840000
6 < 1 8 3 '

-

$1.9757 . BO.1534 70.0000
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DESIGN PARAMETERS WITH MINIMUM NUMBER OF SATELLITES
CORRESPONDING TO L=1 AND DIFFERENT VALUES OF A
USING THE HYBRID MODEL I
lN n, m n lbo “ lch Ao
3 1 3 3 70,0622 66.5508 43.0000
6 1 3 3 69.9845 6B.6242 43.2000
6 1 3 3 59.9071 68.6978" 43,4000
6 1 3 3 69.8298 6847716 4346000
6 1 3 3 69.7528 88,8457 43.8000
6 1 3 3 69.6760 6849201 4440000
6 1 3 3 69,5994 6849946 44.2000
6 1 3 ' 3 69.5230 69.0694 4444000
6 1 3 3 69.4468 6341445 44,6000
6 1 3 3 69.3709 69.2197 44.8000
8 1 3 3 £3.2952 69,2952 45.0000-
'8 1 3 3 8942197 69.3709 45.2000
5 1 3 3 6941445 6944468 45.4000
8 © 1 3 3 69,0694 69.5280 456000
8 1 3 3 68.9946 *  59.5994 4548000
6 1.3 3 £8.9201  63.6760 "  46.0000
5 1 3 3°  6B.8457 69.7528 4642000
3 1 3 3 6847716 69.8298 . 46.4000
6 1 3 3 £8.6978 £9.9071 46.6000
6§ 1 3 3 68.6242 6949845 " 4628000
. Fé-
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Y
[

DESIGN PARAMETERS WITH MINIMUM NUMBER OF SATELLITES
CORRESPONDING T@ L=2 AND DIFFERENT VALUES OF A
USING THE HYBRID MODEL I
N R° .m ¥ o g ‘Doc P
9 3 3 0 75,5225 ' 040000
9 2 3 3 89.0002 50,0201 2.0000
9 2 3 3 -88.0012 60.0805 4£.0000
s~ 2 3 -3 8740041 6041810 640000
9 2 3 3 86.0098 80.3214 8.0000
9 2 3 3 85.0191 6045013 10.0000
9 2 3 3 84.0330- 6047203 12.0000
9 2 3 3 83.0524 §0.9778 14.0000
-9 2 3 3 8240784 6142734 16.0000
-9 2 3 3 8141117 61.6062 18.0000
§ 2 3 . 3 80.1534 61.9757 20.0000
s 2 3 3 79.20486 62.3809 22.0000
8 2 3 3. 7842660 6248209 2440000
9 2 .3 3 77.3388 5342950 26.0000
3 2 3 3 7644240 63.8020 2840000
8 2 3. -3 7545225 643411 30.0000
s 2 3 3 74.6354 64.9111 32.0000
9 2 - '3 3 73.7639 65.5110 34.0000
8 2 3 3 72.9089. £6.1397 36.0000
9 2 3 3. 7240715 66+7960 38.0000
9 2 3 3 71.2528 67.4730 400000
9 2 3 3 7044539 §8.1874 4240000
9 2 3 3 6946760 689201 44,0000
11 2 3. 5 689201 77.6043 46.0000
11 2 3 5 6841874 78.0667 4820000
2 3 5 674790 78.5430 500000
1 e 3 5 6647960 79.03286 5240000
11 2 3 5 §6.1397 79.5350 540000
1 2 3 5  .6545110 80.0493 5640000
11 2 .3 5 64.9111 8045761 5840000
11 2 3 5.  b4.3411 81,1117 - 60.0000
12 8 5 6348020 81.6584 6240000
1 2 3 5 63.2950  B8R.2145 "64.0000
1 -8 3 5 6248209 8247795 6640000
1 2 3 5 52.3808- . 83.3525 .  68.0000
2 3 5 8329331 7040000

I

“61,9757
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TABLE 6.2.b DESIGN PARAMETERS WITH MINIMUM NUMBER OF» SATELLITES
CORRESPONDING TO L=2 AND DIFFERENT VALUES OF A

USING THE HYBRID MODEL I

N n m ne lllo w°c 2
9. 2 3 3 70.0622 6845508 43,0000
] 2 3 3 69.9845 68.6242 43.2000

9 2 3 3 89.9071 68.6978 43.4000
8 2 3 3 69.8298 6847716 43,6000
9 2 3 3 69.7528 6848457 43.8000
3 ? 3 3 6946760 6849201 44,0000
9 2 3 3 68,5954 . 6849946 4442000
.8 2 3 3 69.5230 69.0694 4444000
) 2 3 3 69.4468 8941445 44,6000
9 . 2 3 3 69.3709 69.2197 " 44,8000

9 2 3 3 £9.2952 6.9.2952 45.0000
11 2 3 5 6942197 774234 4542000

11 2 3 5 §9.1445 77.4684  45.4000

11 2 3 5 69.0694 77.5136 45.6000

1L 2 3 5 £8.9946 77.5589 45.8000

11 2 .3 5 68.9201 77.5043 460000

11 2 3 5 68.8457 7746499 4642000
11 -2 3 5 §8.7716 77.6957 4644000

11 2 '3 5 68.6978 77.7416 46.6000

2 3 5 68.6242 77,7876 46.8000
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. TABLE 6.3.a DESIGN PARAMETERS WITH MINIMUM NUMBER OF SATELLITES
CORRESPONDING TO L=3 AND DTFFERENT VALUES OF A
USING THE HYBRID MODEL I

N n m Ne o o, ‘ A
12 ' 3 0 78.9689 ' 0.0000
’ " 12 3 3 3 89.0002  ‘60.0201 2.0000
~ 12 3 3 3 88.0012 6040805 £.0000
12 3 3 3 8740041 601810 640000
12 3 3 3 86.0098 60.3214 8.0000
12 3 3 3 85.0191 605013 10.0000
12 3 3 3 84.0330 60.7203 12.0000
12 3 3 3. 83.0524 60.9778  14.0000
12 3 3 3 B2.0784 §1.2734 160000
12 3- 3 3 81.1117 61.6062 18.0000
12 3 3 3 801534 6149757 20,0000
12 3 3 3 79,2046 6§2.3809 22.0000
12 3 3 3 7842660 62.8208 24.0000
12~ 3 3 3 773388 £3.2950 2620000
12 3 3 3 7624240 63.8020 28.0000
& 12 3 3 3 7545225 B4e3411 30.0000
14 3 3 5 7446354 74.8076 32.0000
14 3 3 5 7347633 . 75.1561 34.0000
1“3 3 5 72.9089 7545225 36.0000
14 3 3 5 7240715 75.9063 38.0000
14 3 3 5 71.2528 76.3069 40.0000
14 3 3 5 7044539 76.7239 42.0000
Y 3 3 5 §9.6760 771565 44.0000
’ 14 3 3 5 6849201 77.6043 . 4640000
14 3 3 5 68.1874 - 78.0667 48.0000
14 3 3 5 674790 78.5430 50.0000
i 14 3 3 5 6647960 79.0326 52.0000
14 3 3 5 86.1397  79.5350 54.0000
14 3 3 5 6545110 80,0493 560000
14 3 3 5 B4a9111 80.5751 58.0000
w3 3 5 B4u3411 © 81.1117 §0.0000
17 4 3 5 63.2229 81.6584 £§2.0000
17 3 3 "8 638020 79.6501  ,62.0080
17 4 3 5 62.7361 82.2145 . 54,6000
17 3 < 3 8 _ 6342950  80.3425 6440000
17 3 3 8 62.8209 81,0454 66.0000
7. 3 3 8 6243809 817578 8.0000
17 37 3 8 61.9757 82.4792 "§o.oooo
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DESIGN PRRAMETERS WITH MINIMUM NUMBER OF SATELLITES

156

CGRRESPONDING -TO  L=3 AND DIFFERENT VALUES OF A
L&%@ THE HYBRID MODEL I '
N ¢ n m Be lﬁ ‘ &L f
12 3 3”7 3 7548715 £4.0676 29.0000
12 3 3 3 75.8814 6441217 29.2000
e o3 3 3 75.7915 6441761 29.4000
e 3 3 3 7547017 6442308 29.6000
12 3 3 3 75.6120 64.2858 28.8000
12 3 3 3" 75.5225 B4a3411 30.0000
14 3 3 5 7544331 7445097 30.2000 °
14 3 3 5 7543439 74.5420 30.4000
14 3 3 5  75.2548 74.5748 30.6000
14 3 3 5 7541659 7446073 30.8000
14 3 3 5 75.0771 74 .6402 31.0000
14 3 3 5 74.9885  74.6733 31.2000
14 3 3 5 74.9000 74.7066 31.4000
14 3 3 5 7448117 7447401 31.6000
14 3 3 5 7447235 7447737 31.8000
14 3 3 5 74.6354 74.8076 3240000
14 3 3 5 74.5476 7448416 32.2000
14 3 3 5 74,4599 74,8758 32.4000
14 3 3 5 7443723 74.9102 32.8000
14 3 3 5 74.2849 7449448 32.8000
7
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TABLE 6.4.a
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DESIGN PARAMETERS WITH MINIMUM NUMBER' OF SRTELLITES
CORRESPONDING TO L=4 AND DIFFERENT VALUES OF A
USING THE HYBRID MODEL I \
. ]
N n m ne w° woc )\0
15 5 3 i 81.1117 ~ 040000
15 4 3 3 89.0002 §0.0201 2.0000
15 4 3 3 88.0012 5040805 - 4.0000
15 4 3 3 87.0041  60.1810 _5a0000
15 4 3 3 86.0098 50.3214 8.0000
15 . 4 3 3 8540191 5045013 1040300
15 4 3 3 84.0330 6§0.7203 12,0000
15 4 3 3 83,0524 60.9778 14,0000
15 4 3 3 ' 82.0784 . 61.2734 1640600
15 4 3 3 B1a1117 81.6062  18.0000
15 4 3 3 80.1534 6149757 20.0000
15 4 3 3 7942046 62.3809 22.0000
17 47 3, 5 78.2560 73.6024 2440000
17 4 3 5 77.3388 7348745 26.0000
17 4 3 5 764240 74.1663 28.0000
17 4 3 5 - 75.5225 7444775 3040000
17 4 3 5 7446354 74.8076 32.0000
17 4 3 5 73.7639 7541561 34,0000
.17 4 3 5 72.9089 75.5225  36.0000
17 4 3 5 7240715 75.9063 3840000
17 ‘ 3 5 71.2528 76.3069 - 40.0000
17 i 3 5 7044539 7647239 4240000
17 4 3 5 °  £9.8760 77 <1585 44,0000
19 4 3 7 6849201 81.1078 4640000
19 ' 3 7 681874 81.4371 sg.0%b0
19 4 3 7 8744790 8147766 50,0000
E 3 7 6647960 8241259 52.0000
19 4 3 7 6641397 824845 5420000
18 4 3 7 §5.5110° °©  B82.8520 56.0000
18 s 3 7 6429111 83.2280 . 5840000
19 ‘ 3 7 643411, 83.6120 6040000
- 20 4 -3 8 §3.8020 7946501 6220000
20 4 3 8 8342950 803425 64.0000
20 4 3 8 62.8209 81.0454 66.0000
22 4 3 10 62.3809 /8343525 8840000
22 4 3 10

61.8757 83.9331 70.0000

-

-
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TABLE 6.4.b

DESIGN PRARAMETERS WITH MINIMUM NUMBER OF SRTELLITES

CORRESPONDING-TD L=4 AND DIFFERENT VRALUES OF A

USING THE HYBRID MODEL I

Noooon o m g & @ 2
15 s .3 3 79.6303 62.1942 21.1000°
15 £ 3 3 7945355 62.2350 21.3000
15 4 3. 3 7944408 62,2763 2145000
15 4 3 3 7943462 §2.3178 21,7000
is 4 3 3 79.2518 62.3598 2190060
15 4 3 3 7941574 6244021 2241000
15 s 3 3 . 79.0831 624447 22.3000
., 18 ‘+ 3 3 78.9689 6244877 22,5000
17 4 3 5 7848748 73.4364 22.7000
17 ¢ -3 5 78.7809 73.4614 22.9000
17 ‘ 3 5 78.6870 73.4885 23.1000
17 4. 3 5 78.5933 73.5119 23.3000
17 ‘ 3 5 7844996 73.5375 2345000
17 ¢35 7844061 73.5 2347000
17 4 3 5 . 78a3127 7345893 23,3000
.17 o403 5  78.2154 73.6185 24.1000
17 4 3 5 7841262 73.6419 24.3000
17 4 .3 5 78.0331 73:6686 24.5000
17 4 3 5 779401~ 73.6954 24.7000
17 ' 3 5 7748473 7 73.7224 24.9000°

.
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: TRELE 6.5.a DESTGN PARAHETERS WITH MINIMUM NUMBER OF SATELLITES
, CORRESPONDING TQ ~'i=5 AND DIFFERENT VALUES OF X
' © ... . " USING THE HYBRID MDDEL I
o N n m ne o ' tboef S oA
. . T 1B 8 3 0 BR.5645 - : 040000
18 5 3 3 89.0002 6040201 2.0000
E 18 5 3. 3 - B8.0042 " 60.0805 440000
‘ i 85 - 3 3% 004 po.isio 50000
' s . .18 5 3 3 85.0098 60.3213 8.0000"
. 2 . 18 -5 3 3 85.0191 60.5013 - 10.0000
18 5 3 3" 84.0330 60.7203 12.0000
T N i8 5, 3 3 83.0524 6049778 14.0000,
- o 18 5 . 8 .3 B2s0784 °+ Bla2734 1640000
' 18 . 5 3 3 §1.1117 ‘6146062,  18.0000
‘20 .5 - vy 5 80.1534 73.1192 20.0000
i 20 5 3+ 5 73.2045 . - 73.3505 2240000
200 5 ° 3 5 78«2660°  73.6024 24.0000
K 0. 57 8 5 ' 77.3388  73.8745  26.0000
- 0. 5 3 5 7644240 . - 741663 28.0000
R0, - 5 U3 % 7545225 T4ek775 3040000
‘ 20 5 . 3° 5 746354 . 74,8076 32.0000
’ 20 > 5 3,5 . 737639 75.1551  34.000p
;.20 5 T3 5 72,8089 75.5225 . 36.0000
' 53 7 g 240715 . 79.9010 . 38.0000
"5 3 70 T7442528 - -80.1854 40,0000
. 5. 3. 7 7044833 80,4815 - 420000
‘B3 7 . 69.B7B0  80.7891 44.0000.
. 3 7 889201 | 81.1078" ° 46,0000
= 3 7 6840874 814371 48.0000
] 3. 7 é~s7.47so ' B1a7766° . 50,0000
. 3 7. 86.7960 5UB2.1269 . 5240000
' ) S T A ﬂss‘i§s7. RR TN .. 540000 .
. L3 ‘7t:#}zss;1¢57 +,/8248520 .7 5640000
o ' SIS N A '*580.0493 | 5650000
. ;AT 2 BhasRD, | 8342280 680000

"64.9111 ' 80,5751 \58-0000‘,h
Tk4.3411 81,1117 5040000

832850 ﬂea.e145 . 8420000
é.saua " 8247795 .. 8640000
83 3525 i“f;ea.onoo

Lss.soao 8&.8584 '~sa;ﬁnoo -
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TABLE 6,5.b DESIGN PARAMETERS WITH MINIMUM NUMBER OF SATELLITES

T . CORRESPONDING TO L=5 AND DIFFERENT VALUES OF - A
. A - USING THE HYBRID MODEL I “ :
S . . N n ' om “Pe ¢ \Uoc 2
18 5 3 . 3 ° B1.5940  61.4352  17.0000
) , 18 57 3 3 BL.4974 61,4687 17.2000
: 185 3 3 -81.4009 81.5025 17 44000
o 187 5 3 3 BL.3044  61.5367  17.6000
18 5 -3 3 81.2080 61,5713 , 178000
L 185 3 3 8l.ll7 §1.6062 - 18.0000
; | 80 5 3 5 ' 81.0155  72.9283 . 18.2000
) o _ 20 © 5 3 5  80.8194 72.9492 | 18.4000
P | 20 5 3 5 80.8033 7249698 1846000
o S . @05, 3 5 80.7273 729305 1848000
‘ CL A -J 5 3§ 5 80,6315 7340114 1840000
N . : 20 5 3 5 §0.5357  73.0326.  19.2000
‘ v 20 5 3. 5  B0.4400  73.0533  19.4000
o 20 5 3 5 .80.3444 73.0755 . 1948000
L . s 20 <8 "3 5B 80.2489 73.0972 18.8000
. . . - 5 3 7.5 . 801534 73.1192 200000
X TSt .20 5 3 5 . 80.058L 73,1414 20,2000
oo e 20 5 . 3 .5 79,9629  73.1638 ° 20.4000
. ST .20 B3 57 79.8678 - 7341864 2046000
I ' L. -~ B 5 3 5 "75.7727 73.208% 208000
1o - : |
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TRBLE 6.5.¢c

DESIGN PARAMETERS WITH MINIMUM NUMBER OF SATELLITES
CORRESPONDING TO ~ L=5 AND DIFFERENT VALUES OF A
USING THE HYBRID MODEL I ‘
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N no m ne o ’i ‘ L‘Joc 2
B0 5 3 5 73.3342  75.3371 35,0000 -
20 5 3 5 . 73,2488  75.3738  35.2000
20° 5 .3 5 73.1638 7544107 3544000
20 © 5 3 5 73,0785  75.4478  35.6000
20 . 5+ 3. 5  72,9936.  75.4851  35.8000
20 5 3 5 72.9089  75.5225  36.0000
ez 8 3 7 7248243 79.8555 . 36.2000
e . Vo 8 - 7 . '72.7399  79.6823  36.4000
5 3 -7 72.6557  79.7092 366000 -
@2 'S 3 .7 7245717 79.7363 368000
22 C 5. .3 .7 7244879 7947834  37.0000
2 5 - 3 7 724042258 78,7907 _ 37.2000
22 5 3 7 72.3208 ¥ 79.8181 | 37.4000
22 5. 3 7, . 7242375 _ 79.8456  ° 37.600D
22 5 3 7 7241544 7948733 ©  37.8000
e2 5 T 3 7 7240715 | 7948010  38.0000
e2 5 ° ¥ 7 . 71.8887, 799289  38.2000
B2. 5 3 7. 71.3062 = 79,9569 - 38.4000
22 5 .3 7 71.8238 79.9851 3846000
22 5 3. ‘7. 71.417  80.0133 38.8000
) - s
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TABLE 6.6.a -

N n q\ﬁ " hg QP hﬂc " N
21 7. 3 0 83.6120 0.0000
2t 6 3. 3 89.0002 60,0201 240000
21 6 3 3 - 88.0012 60.0805  4.0000
21 8 3 3 87.0041 6041810 640000
21 6 3 3 86.0098 §0.3214 . 8.0000
21 6 3 3 85.0191  60.5013 10.0000
21 . 6, 3 - '3 84.0330 6047203 120000
21 3 3 3 - 83.0524 60.9778.  14.0000
23" 8 .3 5 82.0784 7227197 16.0000 .
23 3 3+ 5 81,1047 723089 1820000 .
T 23 6 3 6 ' 80.15%  73.1182 - 20,0000
23 6 3 5 79.2046 . 73.3505 22.0000
23- 6 .3 - -5 78.2660 - 73.5024 24.0000
23 s 3 5 77.3388 7348745 2640000
28 6 3 "5 76.4240 7441663 2840000
28, '8 8 §  75.5225 7424775 30,0000
85 . 6 .3 7 . 74.5354 791226 32.0000
25 6 3 7 ° '73.7638 79:3693  34.0000
25 6 8 . 70 -, 72.9089 79.6289°  36.0000
85 6 3 .7 .72.0715 . - 79.9010 3840000
25 6 3 7 7142528 © 80.1854 40,0000
25 6 3 7 70,4539 80.4816 42.0000
25 8. 3 7 89.6760 B0.7891 44,0000
27 . 6. 8 '9 6843201 " 8340718 . 460000
27 B 3 .8 . B6B.1874 83.3275. - 48.0000
©.R7 .8 3 9 6744790 - 8345914 ' 50.0000
. 27 6 3 -8 6647960 83.8629° 5240000
28 6 3- 710 . 6641897 7945350  .54.0000
28 8 © 3 . 100 . B5.5110  80.0453 . 56.0000
) 28 . B, -3 . 10. 7 64s8111 " 80a5751  58.0000
T 2B v, 6. (3L 30+ 643418 ¢ o BL.1117 600000
' 30 B 3 7. 420 | .63.8020  83.0208 - ' §2.0000-
B9,-7 8 .37 127 53.2950 ~ 83w4853. ' 64.0000
D300 <8 37180 248208 178349572 ' BE.0000
Lo e L8088 - 6Ra3809 o0 8248664 L 680000
C e T Y UALg e o e1dersy. U B8.0338 . 7040000 .

- CORRESPONDING TO L=6

-

DESIGN PARAMETERS WITH MINIMUM NUMBER OF SQTELLITES'

USING THE HYBRID MODEL I

?

AND DIFFERENT VALUES OF A

162
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TABLE 6.6.b DESICN PARAMETERS WITH MINIMUM NUMBER OF SATELLITES
" CORRESPONDING TO L=6 AND DIFFERENJ VALUES OF A
USING THE HYBRID MODEL I ) '
N n o« m N e o ( _ woc o
21 6 3 3 83.5420 60.8443  13.0000
21 6 3° 3 83.4439 60.8702 ' 13.2000
21 6 3 3 83.3460 - 60.8366 134000
21 § 3 3 83.2481 66,9233 136000
21 5 3 3 83.1502 60.9504 1348000
21 8 3 3 83,0524 60.9778  ° 14.0000
20§ 3 3 82.9547  61.0057 1442000
21 6§ - 3 3" 82.8571 -+ 61,0339 14.4000
21" 8 3 3 8247595 61.0625 1446000
21 . 6 3 3 8246620 51.0915 « 148000
21 . -6 3 3 7. B2.5645 " B1.1209 15.0000 .
28 5 8. 5 B2.4672 72.6501 1542000
23 -6 3 %5 82.3698  72.8672 154000
‘23 3 3 5 BZ.2726 7246845 15.6000
23 .8 3 5 ' 82.1754 7247020 1548000
23 _ 6 3 .5 82.0784 T 7247187 . 16.0000 -«
23 § 3 5 81.9813 72.7377 16.2000 |
23 6 3 5 BL.BRe4  72.7558  16.4000
o 23 6 3 - 5 817875 72.J742 - 16.6000
- 23 8 © 3 5 81,8908 72.7928 - 1648000
. , ) ST
. .
@‘.
R
."’ . ! ’A’
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TABLE 6.6.c  DESIGN PARAMETERS WITH MINIMUM NUMBER OF "SATELLITES |
' CORRESPONDINS TE -L=6 AND DIFFERENT VALUES OF, A
g USING THE HYBRID MODEL I a
! N« n o ‘m "o o ‘ tboc ® .
L e3 6§ '+ 3 50 75.9715 7443195 29.0250 °
EE 6 37 5 .75.8814 74:8507  28.2000
4+ 23 6. 3 5 75.7915 .. © 74.3821 2944000
23 .- 6 3. 5. 7547017 - 7444137  29.5000
’ 23 6 3 5+  75.6120 7hub455 £9.6000
) 23 6 - 3 5 75.5225  74.4775 30,000
25 6 3 - 7544331 7849118 . . 30,2000
_ 25 6 -3 7 75.3439 7849347 - 30.4000.
- ) 25 6 8 7 T 75.2548  .'78.9577 3046000
§ 25 3 3 7 75.1659  .78.9809 3048000
: : 25 .8 3 7 75.0771° 78.0042 % 31.0000
! Toe5 837 - 74.9885°  79.0276 314000
} 25 [e P 74.9000" 79611 31.4000;
£ - 25 3 I 74.8117 79.0748 - 31.5000
1 25 6 -3 7 .  74.7235 7920986 31.8080
; 25 8 3 7 - 74.6354 7941226 32,0000
;25 6 3 7 7445476 78.1467 | 32,2000
25 s 3. 7 7424599 79.1708 32,4000
26 . 6 3 7 .. 74.3723 . 78.1952°  .32.46000,
' Toes s 3 7 Trsaasss 7s.2107 3 aleedo.
4 ¢ . oL
{ ¢ o . .
T IR ) .
. . : , ’ n.~
] . .
- \ " . . o -
.\ ‘ "
: X . e *
’ .




mathenatical 'relations. This® non-linearity (and the different

K when N and ¢ change values. .

L 165,

example, the optimal solutions for both L=1 and 2, lie near iz ll5 ' while

for L=3 the optimal solution is near 1-30 . For L=4, the optimal

‘solution is found close ‘to 1222°. This coarse search for the optimal

solution is followed by a fine search in the neighbourhood of the

* optimal s‘olution as shown in 'I'ables 6.1.b. through 6.6.b, whefe thé

optimal solutions are underlined. %increment of Q. 2 is shown which
can be changed to a smaller increment for a higher_ accuracy, if
desired. Note that the first entry in each of the Tables 6.1.a through

14

6 6.3 (x—o ) is identical to the éolution obtained when the Polar Model

A applied. since no satellites in equatorial orbit are required

(ne:O, Ve has no value). Actually, this is the optimal solution f‘or the

Polar Model I gince the number of satellites N equals -the absolute

minimum number. Note also the non—u‘ni.f‘orm behaviour of the Hybrid Model

V.

I, at some values of "A, due to the severe non—linearity’ of*the
' 4

oonstraints) causes the values of . to ‘change unexpectedly when N or ¢

) . [

changes,.at some values of A, ‘The abrupt change in u is actually

because ot‘ a change dn the value of Qas a result ot‘ an abrupt change in

n}

Eigure 6. 5 a through 6. 10.a .show plots of the minimum (total

number of‘ vsatellites versus: the latitu%e A f’or L=1 up to 6, Ooserve

’,that the nunber of satellites N increases in steps with i'ncreasing by

' 'since Nis integer. Figures 6:5.b through 6 10.b demonstrate the ei‘fect

of’. changing tne value of x on the minimmn requirements for ¥ and q; We

find that 1: decreases mth increasing A while v increaSes, which isj- X

¢
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'ex/;ec-ted. We also find ;ne particular value of A at which Vo = q;‘ whic'h
mea.r;s that the ~équatoriai or has the same altitude as the polar
orbits. Away from this’poy{:tnyvdecr'eau in ¢ is at the expense. of
increasing Voo Note the sudden increase and the non-uniform behav-iour'
of Ve at some }&lues"of A due to the non-linearity and different
constraints of the model.
. Using theie piots and. tables. as design Eharts. the designer can
define an optimiz;tion' criterion and find the optinial. design parameters.
For example, thie optimization criteri‘on chosen for t;he' given résults is
the minimization of N, 1: and.xpe v,acoo‘r"ding to the following priorities:

First, find the minimum N; second, find the minimum ¥ corresponding to

minimun N; third, find the minimum Yot correspdnding to minimum N and

minimum ¢. Here, minimum ¢ is given ;a higher'priority{”than Ve .8ince

. there are usua.].ly more satellites in polar orbit than "in equatorial

orbit and, initially, ¢ tends to be higher than Vo in value as noted

-

from the results. For example, according to this cr;iter.iai‘, and assuming

_L=2, the value of X is-restricted to the range _Oo to t&so since N=9. N=9

is the minimum valﬁe. in this range as seen in Fig. 6.5.a. From: Fig.
. ‘ . P - '
6.5.b, the minimum value.of ¢ occurs at x:us°, and, therefore, this

point is chosen as\the optimal sSolution.

o

The dééignerhmight decide, however, to use a system which is ot -
optimal in th; above sense. One reason for using more satelﬂl'ites tha'n"
t:ht.e minimum number _is empl'éyi‘rgg' lower aJ:titudes thaz; the requ;lred for
optimal design with.absolute m.inimun number of' sate.;vllites.ﬂ - The m‘odel
can be used '.td’ calculr;lte the minimum values of N, y and :"e and the

-

-
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' ‘borresponding%valué”bf A, under the constraint that‘ﬁ (or %) is less

'-tﬂhn a specified value. For example, minimum values of ¥ = 81. 1117 and

by = 61.6062° are.required for Ls5 when N=18, which is the absolute
minimun number,-and the optimal value of A is 18° (Table 6.5.b). % If

? . .
this angle is large (altitude of over 60,000 km for 5° elevation angle),

' then 20 satellites can be used. A fine search can be conducted near the

. corresponding minimum value of ¥, a3 shown in Table 6.5.c, which\yields

minimum values of ¢=72. 9089 and Yo = 75.5225 and the required latitude

t is A = 36°. 'Similarly. Table 6.6.c shows that the minimum angles b o=

75-5225o and y, = 7”2“775 are required for L=6 when N= 23, and 1=30°,

compared to ¥ = 82.4672° and v = 61.12090 when N=21 and Az15° (Table

*6.6.0) &

\

This model can also be used to calcuiate the different design
parameters commesponding to diffgrént values of N and different
combinations of n, m and Qé. at a selected value of Ae Some examples
are given in - Tible 6.7 for L=1,2 and 3, and 'Azusogﬁsb and 30°,.

respectivelj.

“ In this séetiom, Polar Model 11 is employed to design an optimal

constellation for the L-fold continuous co%erage.fom the regioﬁs

extending from the Poles to phe paraliels of north and south latitude 2.
As diseusSed before. this consteriatigm\f}so provides a K-fold

continuous coverags ? an the regions bounded by the parallels of norém

<



e ot eoxa

LT @R T T T T, TR T Tal TR AR ey T

R

180

TABLE 6.7.8 DESIGN PARAMETERS CORRESPONDING TO DIFFERENT
' COMBINATIONS OF n  AND'M FOR L=1 AND A=45.0°
USING THE HYBRID MODEL I
N’ n m I \llo Woc ﬁo
6 1 3. 3 £69.2952 69.2952 18040000
7 174 3 5040000 69.2952 18040000
8 1 5 3 5541059 6842952 18040000
9 18 3 5242388 69,2952 180.0000
9 2 3 3 B4a3411 §9.2952 © 80.00060
10 1 7 3 504255 69.2852 18040000
11 1 ‘8. 3 4942105 6942952  180.0000
11 2 4 3 52.2368 £9.2852 9040000
12 3 3 3 B2.1144 £9.2952 £0.0000
13 2 5° 3 4545225 69.2952  90.0000
15 2. 8 3 41.4096 §9.2952 80.0000
15 3 4« 3 4845304 6942952 . 60.0000
15 4 3 3 6142266 §9.2952 45.0000
17 2 7 3 38.7154 - 6942852 90.0000
18 ‘3 .5 3 40,8201 9.2852 6040000
18 5 3 3 6047962 §9.2952¢ 36.0000
19 2 8 3 368600 692952 90.0000
T 19 4 4 3 47.0996 £9.2952 £5.0000
21 3 B 3 35.8950 £§9.2952 '60.0000
21 6 3 3 60.5571 69.2952 3040000
23 4 5 3 38.8460 69.2952 45,0000
23 ' 5 4 3 46.3683 69.2052. 36.0000
' 24 3 .7 3 32.5652 £9.2952 £0.0000
27 3 8 3 30,2074 89.2952 £00000
27 4 6 3 33.5176 £9.2952 4520000
27 -6 4+ 3 45,9537 £9.2952 30.0000
28 5 5 3 387.8642 69.2952 36.0000
‘ 31 & 7 3 2948472 6942852 £5.0000
33 5 & 3 3243176 68,2952 36.0000
33 -8 5 3 37.3114 £3.2952 30..0000
35 o4 8 3 27.2006 69.2952 45.0000
38 5 7 3 2844543 69.2952 3640000
’ 39 & . 86 3 - 31.6359 £3.2952 30.0000
43 5 8 3 25.6369 £9.2952 350000
45 3 7 3 27.6558 . 69.2952 300000
‘51 6° « 8 3 2447319 §9.7

-~
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DESIGN PARAMETERS CORRESPONDING TO DIFFERENT
COMBINATIONS OF h ANDmM FOR L=2 AND A=45.0
USING THE HYBRID MODEL I '
N . n m e UP &L 53
9 .2 3 3 63.2952 6942952 90400060
11 2 4 3 60,0000 6942952 8040000
12 3 3.” 3 6647163 £9.2952 6040000
137 2 5 3 55.1059 69.2952 90.00006
15 2 6 3 52.2388 6942952 $0.0000
15 37 4 3, 56,0122 6942952 6040000
15 -4 3 3 64.3611 6942952 450000
17 ‘2 7 3 50,4255 69.2952 9040000
18 3 5 3 5042392 §9.2952 §0.0000
18 5° 3 3 62.9500 6942952 3640000
19 "2 “8 3 4942105 69,2952 9040000
19 4 s 3 5242388 - 6342952 4540000
21 3 6 3 4647917 69,2952 60.0000
21 . 6 3 3 821144, 69,2952 3040000
23 4 5 3 45.5225 £69.2952 4540000
2 5 4 3 48.9738 69.2952 36.0000
4 3 7 3. . 44.5794 69.2952 60.0000
24 7 3 g 61.5829 §9.2952  25.7143
27 3 8 3 43.0808 69.2952 6040000
27 4 6 3 4144096 69.2952 43.0000
27 8 4 3 48.5904 6942952 30.0000
28 5 5 3 42.6227 69.2952 3640000
31 4 7 3 38.7154 §9.2952 45.0000
31 7 4 3 £7 47006 69,2952 25.7143
5 6 3 3840307 69.2952 3640000
33 6 5 3 4048201 69.2952 30.0000
35 . 4 8 3 3648600 89.2952 45.0000
38 5 7 3 34,8689 69.2952 36.0000
. 38 7 5 3 3946460 69.2952 2547143
39 6 6 3 3548950 69,2952 . 30.0000
43, 5 8 3 32.8281 59.2952 3640000
45 6 7 3.  32.5652 69.2952 3640000
45 7 6 3 3444865 69.2952 ° 2547143
51 & 8 3 3042074 £9.2952 30.0000
52 7 7 3 30.8608 6342952 2547143
7 B 3 69.2952 25

.. 59

2824391

Sewrt



bbb, o o

R R

M e g

o

TABLE 6.7.c¢

&

‘

OESIGN PRARAMETERS CORREBPONDING TO DIFFERENT

COMBINATIONS OF n AMGm FOR L=3 AND A=30.0°
USING THE HYBRI EL I ‘

N n m n w° ‘ w°e 60
12 3 3 3 7545225 43611 8Gu0oou
15 3 ‘ 3 69.2952 4.3411 600600
15 ' 3 3 725465 64.2411 £5.6000
18 3 5 3 6641397 64.341) 6040000
18 5 3 3" 69.0985 Bée3411 36.0000
19 ' 4 3 64.9021 6443451 45,0000
21 3 " 6 3 43411 B4.3417 §0.000C
21 '8 3 3 66.7163- 8443411 50,0600
23 4 5 3 80,3679 64.3411 45.0000
23 5 4 3 59.6993 643411 36.0000
24 3 7 3 §3.2252 64.3411  50.0000
24 7 3 3 6541120 43411 25.7143
27 3 8 3 62.4877 43411 60.0000
27 4 6. 3 58,7015 64.3411 45,0000
27 6. 4 3 56.0122 64,3411 30.0000
27 8 3 3 6440031 54,3411 2245000
28 5 5 3 5447423 64,3411 3640000
31 s 7 3 572852 64,3411 ¢520000
31 7 s 3 53,4755 64,3411 25.7143
33 5 6 3 5148348 64,3411 36.0000
33 6 5 3 5042392 £4.3411 30.0000
35 4 8 3 56.3443 1 64.3411 £5.0000
35 8 4 3 51.6925 B4.3411 22450600
38 5 7 3 49,9943 B4.3411 36.0000-
38 ? 5 3 47.0826 64.3411 25.7148
39 5 3 3 4647917 6423411 30.0000
43 5 8 3 4847602 64.3411 36.0000
43 8 5 3 44.8285 6443411 2245000
45 5 7 3 44,5794 6443411 30.0000
45 7 s 3 43.2035 64,3411 25.7143
51 6 8 3 43,0808 6443411 30,0000
51 8 8 3 40,6066 643411 22.5000
52 7 7 3 40.6821 84.3411 25.7143
59 7 8 3 38.9566 6443411 2547143
59 8 7 3 37.8304 8423411 22.5000
87, 8 8 3 35.9124 54.3411

.

22.5000
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and south latitudes A, where K is a non-negative integer such that K <

L. Again, the parameter ) 1is treated as an optimization variable
parameter which 'is allowed to change‘ until the optimal constellation is
reached. The integer K is an unknown determined by the particular
constellation designed of polar orbits. Briefly, this model is similar
to Hybrid Model I except that the Polar Model II is used to design the
polar portion of the network instead of Polar Model I. Consequently,
the mithematical formulation of this model differs, but the concepts are
similar. The same optimization criterion is applied here as in the

i

Hybrid Model I, namely the minimum cost criterion, which is achieved

-

through the minimization of N, ¢ and "’e'
. €1
As in the Hybrid Model I, the value of Q is determined by

equationé (6.2) and (6.4) for values of x > 0. Also, X = O implies that

“the Polar Model only applies, since no coverage 1is provided by the

Equ@torial orbit. In relation (6.4), only the coverage due to n
continuous coverage strips is considered with no coverage gain due to
the interaction effect. This results because the interaction effect is
designed to take place at the parallel of latitude A, as illustrated in
Fig. 6.4, The integer K is calculated accordiﬁg to the coverage
received by the equator, where there is no interaction urlless x:Oo.

Therefore, relation (6.4) is applicable for both Hybrid Models when

Thus, the mathematical formulation for the Hf(bri.d Model 1II
5

consists of a combination of the‘Polar Model II and the Equat\Orial. model

‘a8 follows:

«
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Given L,
N=mn+ng : ’ (6.3)

where

(n+B) Ab + (n-B) vb = nL;

.

- 8 < (/5=%) and ¥ < (7/=2)

A

{(n+B) by, + 7(n-B)/2 = wl; -, ‘ (5.37)'

k4 k14
8 < ("/y=1) and y > (77 ,=1)

*

| o=l aA> (“/2-x) and ¢ > ("/a—x) V
A # cos™! [cos y/cos (w/m)] . o (3.2)
sin™! [sin weos aT -+ ;a4 < (x/2 = %) (5.28)
Ab:{w/a......... i 4> (w/2 - 2)
sin™' [sin y/cos A] ;v < (/2 = 2) . (5.29)
Yo ={w/2. ‘s e e e e s ;Vb>(1tZ€.\—A) ’
o L'/n = 2 q/r
B = ; g9 and r integers (5.8)
n/r ; L/n = (29 + 1)/r
n, = v Q/cos™" [cos ¥_/cos 1] | . ff
Q =L-K | (B
. K<2naa < (K4 1) C(6.H)
y > (7 | (3.8)
by 2 (xa/n) ' | . gu/.s)\"

Note that relations (5.37)%, (4.8)*% and (4.11)*% are directly

derived from elations (5.37), (4.8) and (4.11) respectively. -
. . i - K ,
The spacing angles between polar orbits are different from the

first model, due to the interaction effect of the Polar Model II. In

- T
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3

this model, the spacing anglés between interacting orbits ¢, and between

Iy

the non-interacting orbits B8 are given according to relations (5.31)

O\ through (5.33).

The same optimization technique is applied here as in the Hybrid

Model P and results are presented next.

6.302

&

)

: %
Results '

Results obtained using this model showed the following:

i e
The minimum values of N and the corresponding minimum values of

 the design parameters n, m, g v and *e ‘for- any 1, > 0 are,

exactly the same as for Hybrid Model I, as presented in Tables
* . -

6.1 through 6.6 and Fig. 6.5 through 6.10 Table 6:8 (a and b)

shows the results for one case of L=z3 to beJiQentical to the

similar case in Table 6.3 (a and b). This can be explained in
the light of‘the fact that the anly difference between the two
models is the interaction effect. Now, éhe nunber of non-
inﬁeraction bounderies B, as calculated from relation (5.8),
depends on the ratio L/n. "For all the cases of n = L, the number
B = n which means that no interaction occu;s and that the two

models are identical. If we examine the values in Tables 6.1

itﬁrough 6.6 and in Table 6.8, we find that the minimum total num--

gsgf of satellites, corresponding to each value of A, oceurs when

n=L in all cases, except for the case of A:=0, in which the Polar
. Y
Models only applies. The values for A=0 are identical to the

results obtained ‘using the Polar, Models I and II in Chapter 5.

)

P}
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TRBLE 6.8.a DESIGN PARAMETERS WITH MINIMUM NUMBER OF SATELLITES
. CORRESPONDING TO ™ L=3 AND DIFFERENT VALUES OF A
B : © USING THE HYBRID MODEL II ¢
' , ¢
. N n m N g dﬂ “w°e’ N
' E : 12 K 3 0 7644759 0.0000
12 3 3 3" 83.6002 6020201 2.0000
' ' 12 3 3 3 8840012 6040805 440000
. 12 3 3 3 870041 50.1810 640000
: 12 3 3 3 86.0098 §0.3214 840000
= 12 3 3 3 8540151 60.5013 10.0000
12 3 3 3 84.0330 60.7203 1240000
12 3 3 3 83.0524C  60.9778 1440000
. 2 3 3 3 82.0784 61.2734 16.0000
.3 3 3 7 Bl.1117 616062 1840000
' 12 3 3 3 80.1534 £1.9757 20750000
, 12 3 3 3, 73.2046 | 62.3809 22.0000
i 12 3 3 .8 7842660 6248209 24,0000
. . 12 3 3 3 77.3388 £3.2950 ° 2640000
v 12 3 3 3 7644240 6328020 '\rae.ooge
12 3 3 3« 75.5225 B4a3¢11 %30.0000
. \ 13 3 % 746854 7448076 32.0000
o , 14 3 3 5 73.7639 7541561 34.0000
- - v . 14 .3 3 5 72.3089 75.5025 3§\pooo
. Y 3 3 5 7240715 7549063 38,0000
! . ‘ 13 3 5 - 71.2528 763069 40.0000
d i o 14 3, 3 5 7044539 7647238 4240000
’ > - 14 3 3 5 £9.6760 77.1535‘ 44.0000
o : 4 -3 3 5 6849201 776043 460000
p ” éi4 3 3 5 681874 7840667  48.0000
14 3 3 5 B7.4790 78.5430.  50.0000
14 3 3 5 6647960  .79.0386 5240006
) 14 3 3 5 °° 5641397 79845350 540000
' ‘ 14 3 3 5 655110 80.0493 ™ 56.0000
L1 3 3 « 5 649111  780.5751 "58.0000
L " . 14 3 3 i s B4.3411 ', B1.1117 600000
: 17 .3 3 , 8 6348020 7946501 6240000
L 37 3 3 8. 6342950 80.3425 52.0000
{ 17 3. .3 8 5248208 BLl.D464  66.0000
i ) 70 3 3 8 6243809 - B81.7579 6840000
% X 17 3 3 § . 61a9757  BZa4792 -  70.0000 -
i . . ‘

- e
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e

8.b_ DESIGN PARAMETERS WITH MINIMUM NUMBER éE'SﬂTELLITES
CORRESPONDING TD  L=3 .AND DEFFERENT VALUES OF A
USING THE WYBRID MODEL II * -
T N n oom e ¢ W oW
12 3 3 . 7548715 640675 2840000
© 12 3 3 3 7548814 §4.1217 29.2000
12 31 3 3 7547915 64,1761 2944000
12 3 3 )3 7547017 £4.2308  29.6000
¢ 12 3 3 3 7546120, 6442858 29.8000
2 3 3., 3 7545225 §¢a3411 30.0000
143 s W - 7544331 7445097 30.2000
14 3 5§ 5 7543439 7445420 304000
14 3 3 ‘5 , 75.2548 7445746 30.6000
14 3 3 § . 75.1659 74,8073 3048000
1, 3 3 & 75.0771 ; 74.6402-  31.0000
L 3 3 5 74.9885 74.6733 3142000
Y 3 .3 5 74.9000 . 74,7066 3144000
14 3 3 5 7448117 7447401 31.6000
14 3 3 5 . 74.7235 74.7737 31.8000
— V
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2. When N is not minimum, the coveraée for Hybrid Model II differs \

from that of “Hybrid Model I, as illustrated in Table 6.9. For
. certain values of N, Hybrid Model II is superior. However, there
appears to be no 'fixéd ‘rule which states that this model -is
better than the first model; instead, it depends on the

particular constellation.

2

8’

6.4 DISCUSSION

ﬁesults presented in Sections 6.2 and 6'.3 shc;weq thalt the two
Hybrid Models inave arl identical o;;timal solution;f, with absolute minimum
total number of saftelliteus. Some constellations' employing a number of
satellites which :is not minimum reg_uire less coverage angle for {;he same
cover‘age,req;)irgm‘ent, when the Hybrid Model II 15- used. But, there’ is
no general rule which gJ}ves the Hybrid Modei Il a pref‘erené.e o‘}er the
Hybrid Model I,w |

It is impértant now to discover the; advantages of using the
Hybrid Models over the Polar Models for global coverage. 'I“a‘bl'e 6.10
shows a comparison bet?ween -the’ optimal solutions ‘for . the two Fol_ar'
Models a‘nd the Hybrid Models (two identical solutioné) for some values
of L. The tota\:uunb'er of satéllit}es‘afe not shown since they.are

identical. Only the values of y are shown together with the values of

'*e for the Hybrid Models. From Table 6.10 we find the following:-

~

~
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TABLE 6.9.a

.

B

g

DESIGN PRRAMETERS CORRESPONDING TO DIFFERENT

4.5

COMBINATIONS OF n ANDm FOR L=1 AND A=45.0°

. USING THE HYBRID MODEL II ,

N n m Ne é% g lvoc ﬁo

5 103 3 63.2952 69.2952  180.0000

7 1 4 3 60.0000 §9.2852  180.0000

8 1 5 3 55.1059 69,2952  180.0000

9 1 6 3 52.2388 6§9.2952  180.0000

3 2 3 3 62.1144 £§9.2952 60.0000
10 1y 3 50.4255 §9.2952  180.0000
1 .1 8 3 49.210% 69.2952  180.0000
11 2 4 3 4845304 6942952 600000
12 3 3 3 60.0000 6942952 0.0000
3. @ 5 - 3 42.5267 692952 71.3843
15 2 6 3 3941234 6942952 77.8859
15 '3 4 3 "45.0000 6942952 0.0000
15 4 3 3 60.0000 6942952 0.0000
17 2 7 3 36.8924 6942952 81.2665
18 3 5 3’ 37..3833 69.2952 30.8368
18 5 3 3 '60.0000 692952 0.0000
19 2. 8 3 35.3756 £69.2952 8343610
"18 ‘4 4 3 45.0000  69.2952 0.0000
21 3 6 3-  32.8207  £3.2952 38.9575
21 6 8. 3 '60.0000 69.2952 - ‘ 0.0000
23 4 5 - 3 36.0298 £9.2952  4.4532
23 & 4 3 '45.0000 - §9.2952 0.0000
24 3. 7 3 29.8813 69.2952  45.2053
27 3 8 3 27.8825. §3.2952 . 48.5955
27 .4 5 3 .30.5321 6942952 16.8879
27 6 4 3 45.0000 6942952 © 00000
28 5 5 3 36.0000 69.2952 050000
81 4 7 3 26.9876 £9.2952 24,0916
33 5 .3 30.0000  §9.2952 0.0000
33. 8 5 3 36,0000 6942952 0.0000
35 s 8 3 - 24.5646 7 £9.2952 2847890
3 ° 5 7 3 25.9021 £§9.2952 . 8.1279
39 & £ . 3 30.0000 69.2952 . 0.0D000
43 5. 8 3 23.0300 £9.2952 15.0872,
45 5 7 .3 25.7143 ' §9.2852  0£.0000
51 6 8 3 22.5533 69.2952

189
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COMBINATIONS OF n ANDm FOR L=2 AND A=45.0°

_USING THE HYBRID MODEL II N\

N n m ne UP , dldka é)

8 2 3 3 §9.2952 69.2952  180.0000
11 2 4 3 §0.0000 69.2952 - 18040000
13 2 § 3 55,1059 £9.2952  180.0000
14 3 3 5 62,1144 - 77.3786 60.0000
15 2 6 3 52.2388 69.2952 18040000
17 2 7 3 50.4255 69.2952 180.0000
17 3 4 5 48,5304 . 77.3786 600000
17 4 3 5 62.1144 " 77.3788 600000
18 .2 8 3 49,2105 69.2952 ' 180.0000
20 3 ‘5 5, 44,0510 7743786 80.9711
20 5 3 .5 6040000 77.3786 040000
21 3 6 3 42.3823 69.2952 95,1641
21 4 4 5 48.5904 7743786 6040000
23 4 5. 3 42.5267 69.2952 7123843
23" 6 3 5 800000 - 77.3786 0.0000
24 3 7.0 3. 41.2470 69.2952 10243758
25 5 4 5 45.0000 77.3786 0.0000
26 7 3 .5 §0.0000 77.3786 0.0000
27 3 8 3 40.4728 £9.2952 10647445
27 4 6 3 39.1234 69.2952 778859
29 5 4 5 45.0000 77.3786 0.0000
30 5 5 5 37.0708 77.3786 2740331
31 4 7 3 36.8924 £9.2952 8142665
33 .7 4 5 45.0000 77.3786 0.0000
35 4 8 3 35.3756 63.2952 83.3610
35 5 6 5 33,1771 77.8786 42.5896
35 6 5. 5 37.3833 7737886 30.8368
40 5 7 5 30.8721  ° 77.3786 50.9444
40 7 5 5 36.0000 7743786 0.0000
41 6 6 5 32.8207 7743786 39.9575
43 5 8 3 £9.3893 6942952 5641027
45 6 7 3 29.8813.  59.2952 4542053

“47. 7 6 5 30.2672 77.3786 f.9291
51 6 8 3 27.8825 £69.2952 48.5955
54 7 7 5 2649056 7723786 23,2791
.81 7 8 .5 2447616 77.3786 30.2114

DESIGN PARAMETERS CORRESPONDING TO DIFFERENT

190
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DESIGN PARAMETERS CORRESPONDING TO DIFFERENT
COMBINATIONS OF n ANDm FOR L=3 AND A=30.0°
USING THE HYBRID MODEL II '
N n D) ne w° - i ‘lboc ﬁo
‘12 3 . 3 .3 75.5225 64.3411 18040000
15 3 4 3 69.2952 6423411  180.0000
17 4 3 5 63,0985  *74.4775  108.0000
18 3 5 ‘3 6641397 64+3411 18040000
20 5 3 5 63.2118 7444775 60,0000
21 3 6 3 6443411 6443411  180.0000
21 4 4 5 59.6993 . 7444775 108.0000
23 4 5 3 58.0667 64.3411  121.7900
23 & - 3 5 63.2118 7424775 60,0000
24 3 7 3 32252 64.3411  180.0000
25 5 4 5 5540380 7494775 85.1458
27 3 8 3 6244877 '64.3411  180.0000 ¥
27 4 6 3 56,6581 443411 12643378
27 6 4+ 3 "53.0819 5443411 7540698
28 5 5 3 §1.3021 6423411 942468
.28 7 .3 7 6040000 7848891 00000
31 4 773 55.7599 §4.3411  '128.8027
31, 8 3 7. 60,0000 - 78.8831 0.0000
33 5 8 3 49.2360 64.3411 98.6735
33 6 5 3 47.9336 6443411 8046632
33 .7 i s 48.2555 734775 45,7660 -
35 4 8 3 55,1619 643411  130.3254 w A
37 8 4 5  46.5695 - 7444775 31.3526
38 5 7 .3 4749815 - 6443411 10142304
39 6 6 3 44,9754 54.3411 B3.5327
40 -7 5 5 42.6931 7444775 5747001
43 5 8 « 3 4741642 B443411  102.8538
45 6, 7 3 43.1320 B4.2411 85.2440
" 45 7 ) 3 89.6481 = 64.3411 . 6348131
45 .8 ‘5 5 40.2383  74.4775 449655
51 -6 8 3" 41.5098 6443411 8643532
§2 7 7 3 378055 < 6443411 B7.414%
53 8 6 5. 36.7577 7444775 52.0066
69 7 8 3 ' 3645072 . 64a.3411 £89.7236
59 8 7 3 34.6487 - 64.3411  56.1745
67 8 8 3

33.2721 6443411 58.8545

Lo
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‘Table 6.10 COMPARISON BETWEEN THE OPTIMAL SOLUTIONS OF \fHE POLAR

POLAR MODEL I’ POLAR MODEL IT HYBRID MODELS
o - 4° v° Vo
69.2952 . 66.7163 69.2952 6dDos2
| 75.5225  70.8934 69.2952 69.2952
78.9689 76.4759 75.4331 64,3411
81,1117 78.1814 79.016  62.4661
82.5645 © B0.6234 81 AT 61.6062
83.6120 '~ 81.4936 82.5645 61.1209
~ :
&
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’

1: The Polar del I requires higher altitude satellites in every

’

2. For L=1, the Rolar Model II has lower satellite altitude than the
Hybrid Models
3. For L=2 and L=3, Hybrid Model I has lower satellite altitude thaq
Polar Model II. Note that the hybrid Wodel I eliminates all the-
cbmplexity/and constraints of the interaction effect and obtains

!

- the same result with minimum number of satellites.
u, For L=4, the values of y are larger, but the values of we are
much smaller. Therefore, the designer can choose between the

Polar Model II, and the Hybrid- Model.  Buf, there is .the

’ -

inecreased complexity of the Polar Model II over thglﬂybrid Model

1

I to be considered.

One final point which has to befdiscgpsed here, is cdpgerned with

) ’ .
network of polar orbits tends to overlap and pgovide the most coverage

th;* uniformity of the coverage pattern, The ovqral; co;erage of a
at the polar aréas. and the least eoverag% around the equator.
Therefore, éhe uniforﬁity of the coverage pattern of a polar network is
generally péor. OﬂAthe other hand, equatorial orbits‘pyovides the best
govetaée around the éqgator and tﬁe‘iea;t (or no coverage) at the polar
regions. Thus, coﬁbining the two types of orbits in a hybrid network
significantly imprdve§~the uniformity of the coverage pattern and makes

use of the best features of both types of orbits.
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CHAPTER 7

4

SATELLITE CONSTELLATIONS IN A NETWORK OF INCLINED ORBITS

In this Chapter, the concept of continuous coverage strip is
aﬁplied in the case of satellite constellations which employ inclined
orbits, focusing on the case of single coverage. ' The ;nalysis of the
coverage pattern provided by a network of inc}ined orbits, apda the
detailed study of the geomet;y of inclined orbits have led ‘;o the
derivation of éhe conditibns necessary for, continuous coverage for the
area bounded by two‘parallels of different latitudes (x1 and xz). These
coﬁditions aré applicable only in the part}cular case when the coverage

pattern consists of continuous coverage,-strips. which 1is the case

tréated here.

7.1 "SYSTEM DESCRIPTION

Consider ; sateilitq constellation in a network of n, circular
inclined orbits with equal altitudes and mi uniformly spaced satellites
in each orbit. A}l orbits have the sade inclination angle i with the
equatorial plane and are uniformly spaced ;(ound the equator, as
illustrated by ?ig.’7.1 and Fig. 7.2 (a} b and c¢). Satellites in each
orbit are assumed to rotate in the same diregtion with the.same speed

such thaﬁ the relative motion between satellites in a common orbit is

Miero. The number of satellites per orbit m and the coverage angle of

each satellite wi are Sucﬂwaggﬁ a continuous coverage. strip is formed

d " 194
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c. ‘ .
Fig. 7.2 Network of inclined orbits viewed from above
.\1/ the north pole.

7

a, ni =2 b ni =3 ¢, hi é.b
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Great Circle Contained in
North « the Orbital Plane

Pole

Great Circle Contained
in a Plape Perpendicular -
to the Orbit¥]l Plane

Para%}el of

Latitude X

LN

. ¥
‘Continuoug coverage strip

Fig. 7.3. Continudus coverage strip by an inclined orbit
) and the related geometry.
S ! » 7‘ r.L[ < -
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(see Secticn 3.2) for each orbit. Eaéh continuous coverage strip is
centred and symmetrical around the great circle of intersection between
the orb;tal plane and the spherical earth, as illustrated by Fig. 7.3.
The width of the continuous coverage strip 2Ai is measured in terms of
the earth-centred cone angle corresponding to the arc AB, AB is the arc
of intersection between the strip and a great circle contained in a

3
plane perpendicular to the orbital plane. The angle A
[39,40]

§ is relateq to wi

and mi through
4, = cos'1 fcos wi/cos(n/mi)]. (7.1
under the constraints
0 <y <wr2 (7.2)

. . .
and A

v, 2 (/m) | \ (7.3)

7.2 COVERAGE PATTERN

.

The ovérall coverage pattérn of the satellite constellation
consists of ny continuous.coverage'strips.inclined to the axis of the
earth, wrapped around its surfacg and udifogaly spaced around the
equator. This céverage pattern is illustrated by a view from above the
North Polef in Fig. 7.4, for a constellation of four orbits,

Due‘éo the rotation of the earth around its axis once every 24
hours, the continuous'co&erage strips migrate_(}otate) relative to the

surface of the earth. This results in a dynamic condition similar to

that discussed for petworké of polaf orbits in Chapter 5 and is a basic

concern when continuous coverage 1is required. In the case of single.

A

=
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Continuous Coverage Strip

-First set of coverage holes

&

Second set' of coverage holes

-

Orbit 2 '
Equator -
N .
/ N
\ >
oo \ .
/ Orbit 1
/ - \ .
S AN e
/ - + e
Ve ‘/ .\,' \
// . N

. oy o ~
’ ";[~: North ; Pole 'Alf; N
) S A /

\ -"" * ::’:-"" /s

Rl . 7

~ Y Z] - /. d aJ;"
- 1 S
\
. A\
Orbit 3 \
e \ /
v
N
¥ Orbit 4 .
- T
Area receiving continuous coverage .

Fig. 7.4 Coverage pattern of a network of four inclined
orbits illustrated by a view from, above the

north pole.
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continuous coverage,” it is required that every point inside, or on the

boundaries, of the area of interest be coyered by at least one of the ni

continuous covei"age strips at any time, R
’ %

“ \

Since’éll the orbital 'planes, and consequently the contipuous

—

coverage strips, are rotating relative to the earghf%i)th the samne speed,
» . it

they are stationary relative to each other (seg Chaptér 5). This

implies that thééoverall coverage pattern is invar;iar;t; with fime, but

rotating relative to the earth. Therefore, if the coverage is' initially

continuous with respect to the space, it will be continuous with time, °

The coverage pattern is symmetrical around the equatorial plane
and around the axis of the earth, But, unliké networks of polar orbits,

circles of lower latitude do not necessarily receive less coverage. .As

i

we can see from Fig. 7.4, holes can exist in the coverage, depending on
the number @d inclination angle of orbits and the width of’%\g_

continuous coverage strips. These. holes'd‘Is,turb the coverage .

LY

continuity and represent a serious problem with this fypePof satellite

.

constellation. The problem of coverage ho'les uzggt-; be treated in .the

aaade
_‘“‘...uuun,u«.u . o
anat’ -

design to ensure the closurg™of these holes, In the case, shown in

' ‘ . Lot . L
Fig. 7.4, two sets of coverage holes, each comprising®four\ symmetric & .
. \ s
holes, eii_st in the pattern. With different number of orbits, Ay twe
. . , , o
different sets of holes might exist, each with a number of holes equal .
g

to the number of orbits. When the first set of holes is closed, .as-

shown in Fig, 7.5, the area of continudusy coverage increases

H

‘considerably., The closure of the second set of holes means extending

the continuous coverage area to the equator, i.e, the whole earth except -
* M a » toe ~

.
T ¥
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"

Second set of coverage holes

Area receiving continuous cdverage -

=

Equator

* . Orbital Plane

Continuous Coverage Strip

Fig. 7.5 Goverage pattern for a network of four inclined
orbits viewed from apove the north pole with
the ‘first set of coverage holes closed and the

- second set of coverage holes indicated.
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: C " %E.
for some areas around the goles. will be covered. The size of the holes

generally depends on the parameters s, i and 8, .
{ -

{[ Satellite constellations in a network of inclined orbits are
sy " ’

fqapable of providing continuous coverage fgr the areas bounded by -the
parallels of latitude wX1 and Ao which is symgetrical around the
1 . ‘ ' N

equatorial plane, as shown in Fig. 7.6. Worldwide or global coverage 1is

achieved when A :O and A -90 Coverage for the area bounded by the

.parallels of latitude A, as in . the coverage provided by satellite V

8 constellations in equatorial orbits, requires that x1=0 and x2=x. The
regions extending from the poles to the parallels of 1latitude 1 -is

sovered, as when polar orbits are used, wheﬁ‘x1 = )\ and x2~= 90°, Note

that
A . .
0% < ay < 90°% o o (7.1
and
0% < . < 90° ' | (7.5)
/ X 2.._ i

7.3 MATHEMATICAL FORMULATION - ~ .
, ¢ . _

H

The problem of single continPous coverage was previously examined

(391 - ‘which resulted in a complicated set of sﬁmultaneous

by /L\gers
. équa iona. wh;eh were notv solved. Vargp[37] eeysidered -the case of
single continuous global coverage only using an analytical approach

which does not consider some important factors such as coverage

ové?lapplng and coverage holes. and therefore is not applicable for the .

general case of partial coverage. '

‘

“The' mathenatlcal formulatxen glven here is developed followzng a -

»

.,
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orbits
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different approach which makes use of the physical prbperties and
geametrical relations. This approach results in a theoretical s
to the problem of single coverage using a network ,of inclined orbitg, as

describgd in Section 7.1. o

7.3.1 Geometry of Inclined Orbits '

First, it is necessar& to calculate the coordinates of-the points
of ‘intersection between a parallel of latitude A and the continuous
co;erage strip§ of all the inclined orbits. Then, these points can be
used to exam;ne‘the continuity of the coverage pattern and the
overlapping between different continuous coverage strips.

. In o6rder to do th;é, we will first consider the problem ’of
intersection between one continuous coverage strip and a.parallel of

latitude A, and then generalize the solution for the other continuous

coverage strips. -

7.3.2 Intersection Between Continuous Coverage Strip and Parallel of

Latitude A s
s A continuous coverage strip is bounded by two circles parallel to

the inclined orbital plahe. These will be réferred to as the northern
and southern boundaries of the coﬁtiﬂuous coverage sprip (see fig. 7.7).
.Let us now define two planes I and II ;; the planes containing the
nortﬁern .and southern‘rSoundaries of ' the céntinﬁous dovérage strip, .
respg&tively.‘ Note that planes 1 gnd II'are inclined with an angle i
equal to the %nclination angle of the orbital'plane.: Let plane III. be

&

the plane containing the northern parallel of 1latitude X, which 1is

.
[

Lo ) ’
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Continupus coverage strip

-
.

. z

North pole ‘

Parallel of
latitude X

>y
plane 1
plane II
-3
-
orbital ﬁlane ‘a.
y

L 2
x b,

Fig. 7.7 Intersection bétwgen continuous coverage strip of an inclined
: orbit and the parallel of latitude A.

a. view in the y-z plane. b. view in'the x-y plane.
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parallel to the equatcrial pléne. As shown in Fig. 7.7, the Cartesian
earth, the z-axis is the axis of the earth and the x-y plane is the
equatorial plane, The x-axis is selected as the line of intersection

between the orbital plane and the equatorial plane.

Intersection Points

The width of the continuous ?overage strip is 2Ai as defined by
equation (7.1). -The perpendicular dis@ahce from O to plane- I (Fig, 7.7)
equéls’R»sinAinA This perpendicular line is assumed to make the angles
ay, B,'and vy with the x,y and z axes, respectively, such that: a = ;/2,
8 = (n/2 + 1) and y = {. %h;,equation of a plane with perpendicular
distance P from khe origin and angles a, 8 and y, as describedwbefo;e.
;s generally in-phe.form:

X cos a + ¥ dos g +zcosy=P

'Thus, we can write the equation of plgne I as

-y sin i +2 cés i =R sin - ' , €7.6)
The perpendicular line from O to plane II ﬁas the same length as (R
sinAi but in opposite direction {rom phe perpendicular line to ;1ane 1.

=

Hence, equation of plane IT is

vy sini -z cos 1 = R sin by , (7.1
the equation of. plane III is ’
z = R sin A “ \ (7lé)

The equation of the sphere of radius R (radius of earth) and centre O is
xg_+ y2 + 22 = R2 - \ (7.9

Let a,b,c and d be the points of intersection between the

axes x, y and z are defined such that the origin O is the centrergpfﬁhéx/ .

o B L Ly A Bt

PV

a, x

s e et
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northern aqd s;uthern boundaries of the continuous coverage strip and
the parallel of latitude“k. as shown in Fig. 7.7.b. T?en, points a and
¢ are the points of intersection b;tween.plane I, plane III and the
sphere. Thus, the coordinates of a and ¢ are obtained by solving the
equations (7.6), (7.8) and (7.5) siﬁultaneously. Similarly, points b
and d are the points of intersection between plane 11, plane III and the
sphere, The coordinates of points b and d are obtained by solving
eguations (7.7, (7.8) and (7.9) simulténeously. The solutions of these
two problems are as follows: -

i. Solution of (7.6), (7.8) and (7.9) (points a and i) is given by

R sin 2

A
.sin A cos i - sin Ai .
- .. <
y=RI sin 1 ] (7.10)
x= +R /4 - y2 - 22 (y and z are already determined)

ii. Solution of (7.7), (7.8) and (7.9) (points b and d) is

z R sin 2

n

.8in )\ cos i + sin Ai
y=RI sin 1. 3

X = i_R 1 - y2 ~ 22 . (y and z are already determined).

Let (xa;»ya.f;a), (xb1 Ypr zb). (xc; Yoo zc) and (xd. Ygr zd)"be the

coordinates of the points a, b, ¢ and d, respecti#ely. Then, from the

abqve solution, it is clear tnat .

(7. 11

R AR e A Sy AR
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Z =2 =2 =2
a_ b o] d

<
(1]
<
[#]
[4)]
o]
Q

xa = -xc and Xy = --xd

which agrees with the geometry shown in Fig. 7.7.

Example:

Consider the intersection between a polar orbit (i = #/2) and the
equator (1 = 0), when Ai = 30°.‘ The coordinates of the points a, b, ©
and d are ﬁuch that -

2,52y = 2c =zy= o !

Yo = ¥ = -R/2

x, = ~/3 R/2

X, = /3 R/2 1 )

Yy = Yy = R/2 )

%p = -/3 B2

xd =‘/3 R/2
Thus, | )

a = (/3 R/2, - R/2, 0) -

b= (/3 R/2, R/2, 0) .

¢'= (-/3 R/2, -R/2,.Q)

4= (/3 2, B2, D)

‘Possible Solutions |

R TR AT

i

Froﬁ the sets of relations (7.10), (7.11) and (7312) and Fig.

7.8, we can deduce the following possibilitdes:

—

. 2 2 _ 2 ‘ 2 TR
IR (1 - Vg ’ za) > 0 qu, %b = (1 . Y b z%) (> 0.
| ' L2

1. Points a, b, c and d e}ist and are distinctive. This occurs when

-

e

PR RIS



Case 3

Equator

Continuous coverage strip

T m e e

hhi o el 25 Y

Equator

Case 4

-

Fig. 7.8/APossib1é solutions for the lntgrsection‘problem
i ) . a.. (i + Ai) s n/2

b, ({{d + Ai) > w/f2
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Geometrically, this. is the case when the circle of latitude 2

intersects the strip in four points on two ércs. which requires

&

that
A< (i - Ai) s (1« Ai) £ /2 (7.13)
x < (i—Ai) and < (ﬂ-i—Ai) ; (i« Ai) > 7/2 (7.14)

Points a and ¢ are distinective, and points b and d coincide,
2 L2 2 2

_ - _ e 2, _ - _
This occurs whem Xg = X4 = (1 Yy ~ za) = 0 and XJ = X_ o= (1 -
yi - zi) > 0. Geometr}cally, this is the case when the circle of

latitude X intersects the strip in three points l¥;gg on one arc,
which requires that

A

(1~ 4} (1 +4) L n/2 (7.15)

-o

"
.

Az (- A;;) and A < (m=i-) ; (i+ ) > x/2 (7.16)

Points b and d do not exist and points a and c¢ are distinctive.
This occurs when o .

2 _ 2 2 .2 2 2 2 2
Xy = X4 = (1 - Yo = za) < 0 and X, = X ® (1 - v, - za) >0

Geometrically, this is the .case when the circle of latitude 2

intersects tﬁe strip in two poinﬁs on one arc, which requires

that

N> (4= 8 , G Ge ) L2 (.17
x> (12 a) and A < (s-1-8) 37 (44 8) 3 /2 (7.18)

Points & &and ¢ éoinqide and this ;ccurs when xi = xz = (1 -

yg - 22) = 0. ihen”xg s 2 ks (1 ~ i - zZy ) <0, b and d do not

exist, and the circle of lﬁtitude A is tangent to the northern

boundary of the strip at a. Gecmetrzcally. this is the case when
l

one of the fo}lowzng two conditions is satisfied’
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1.2 = (e s < /2 ‘ (7.19)
“In this case, the circle of latitude A intersects-the strip ié
one point or zero arc¢ length, .,
ioa s (n = 4= a) < ar2 (7.20)
In this case, the whole circle cof latitude ) lies in the strip,
i.e, it intersects the strip in an arc which equals its
circumference,
5. pPoints a, b, ¢ and d do not exist. This occurs when (/1 - yi -
2-
b

when one of the following two conditions is satisfied:

zi) < 0 and (V1= ¥y zi) ¢ 0., Geometrically, this is the case

4> (1+8) < a/2 ’ ‘ (7.21)
In th§§ case, the circle of latitude 2 does not intersect the
strip at all. |

if, a > (3: -1~ <02 (7.22)

‘ In this case, the whole circle of latitute A lies in the strip,

as in case 4.ii,

7.3.3 Intersection Between the Parallel of Latitude ) and ni Continuous

Coverage Strips

Lét the orbits (and the continuous coverage strips) be numbered

in order, starting from 1 up to m as one rotates in the anticlockwise

i'

‘; direction (see Fig. 7.9). 1In general, a circle of latitude A intersects

each continuous coverage strip belonging to the orbit number p in four

points, a

, a_, a. and a through two arcs ‘connecting the points
a . with a _, and ‘the points a__ with a_, . The points a__ and a__ lie
p1 pa' @M€ THNT PORRES Sp3 pY pe p1 p3

i . 4

-
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y Orbig 2 ,
“ b'e
Circle of Latitude ) [
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P>
53 . M- 344
8, T 54

Orbit 1

Fig. 7.9 Tntersection between the circle of latitude A
and five inclined orbits
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An, points of intersections;

’
.
*

on the northern bouﬂr}dary. while the points ap2 and- apu lie on 'the
Ry

southern boundary of the eontinuous coverage strip, 'rh.us. a total of

akj' k = 1.2....11i and J = 1,2,3,4, may

exist where k indicates the orbit number and j the point number,

i

Let +the x,y and z axes be selected as shown in Fig. 7.9, such
that the x-axis is the line of intersection between the orbital plane

nunber 1 and the equatorial pl'ane,. Let the angle @ be the angle.

kj
between the x-axis and the projection of the line connecting -the origin’

0 and a,j O the x-y plane, @s shown in Fig. 7.10. Clearly, ‘the length
I3 ’ “
of the projection eguals the radius r of the circle of 1latitude. a.

Thus, there is an angle ekj associated with every point akj' The values

k= 1,2,¢0.,0, and j = 1,2,3,4, can be arranged in a matrix' of

s {
dimensions ng X 4, such that each column (number j) contains the é;‘ngles

associated with one continuous coverage strip (number j).

e -‘ T 3 .
The -coordihates oi‘fhe points a”. a12, a13

orbit, are the same as the coordinates of the points a, b, ¢ and d of

and I of the first

~

Fig. 7.7, calculated in Section 7.3.2. According to equations (7.10),

’
>

(7.11) and (7.12), these coordinates are

a,, = (X,Y,2) ‘ ' . ‘

8,5 = x',Y',2) , (7.23)
' 813 = (-;(.Y,’Z)

a,, = (=X',Y',2) )

1

‘:;
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I ~ where
Z =z R sin ) . ’ .
Y = R.(sin A cos i - sin Ai)/sin A . '/"\
X =R /1oy o2 _ : ‘ (7.28)
Y' = R (sin ) cos i+ sin a4)/sin i /
X! é'a 71 -‘1'2-- z2 .
4 - . . Hence ( t
’ ' \6”'= tan™! [Y/X’]” ; , ) () -
%12 7 Ty, . (.28
- 913 = tan”! [oY/X] = 7 - 8%11 ,
S 04y = an™" [-Y(/X') 2 g3 - 842 : '4“
) S N -~ .
. The coordinates of the points of intersection with. the continuous
Ph SR . coverage strip of orbit (2) (a a.2'2. 523 and ay ) are ‘identical to
- : . t.hose for orbit (1), glven by the se'cs ‘of relations (7.23) and (7.24),

when measured with’ respect to the axes x', y' and-z., As shown in Fig
i . 7.9, this 1atber set of axes can be obtained by rotatlng the w and y
' +axes aroynd the z-axis tjnrough- an angle of w, where
w=2e/n, L e (7.26).
This is. eq'uivalent to éubtracbing a'ri" angle m.‘from”the angles

s . corresponding’ i;o’ these goints from the. x-axis; to ob’cain' the angles

,

measur‘ed from the x'-axis. Hence, and 6‘ u, measured from

8210 %227 %23
the x-axxs, can be calculated by adding an angle equal to.p to t.he

11’ J12' e'1:3,\z?nd 81". Squllarly. the angles _corregponding_

to an orbij; number p (-Bpj’ 3 = 1,2,3,4) . can -be obtained by adding an

Sy,

g ) “ val!.qes of @
i

>

A . N 12 - , -
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L4 o
”
t

angie eqﬁal éo (p-1)w to the valueé of epj' i,e. K
0py = 0y + (p-Du ; (7.21)
5 &
”ghug, all the elements of‘tpe‘matrix 8, where * A
"~ 6 = Loyl i K = 1, ....*niv S (7.28)

are defined.
Thus far, we - have assumed that four intersection pbints exist
between the circle of latitude A and each continuous coverage strip, In

the cases when some of these points do-*not exist, as discussed in

~Seetion 7.3.2, the corresponding entries in the maérix o will be left

3emgt}. at this stage, and considéred later in the analysis.

The elements’ of the mdtrix o can now be calculated for each

circle of cgrtain latitude }. This matrix cdntains sufficient

[N

information for determining the coverage status of Ehat particular

»
o 7

cirele (of latitude 1A).

- -

- Y
hiiat? - »

7.3.4 Mathematical Model

+ Now, we will derivé the necessary-conditions for the a?ﬁ? bounded

2

céntinuous‘covgrage. From thé discussion g;&en iﬁ;séction 7.2,

by the paralléls pf'latii;udes,x1 and A, to receive single-fold

.

"concerning thq coverage pattern, we eoﬁclqde that the necessary and

sufficient’ condition, for thé area bounded,by the parallels of'fatituggg

e

» - . : . b L
‘A énd;gé to receive continuous coverage, with respect to the time, is -

1

-~ \ : f

.

that each circle of latitﬁde X such that 2

\

£ <y

1 must receive
/

. W N 3



bl L o e

continuous coverage with'respect_to,sbace. In other words, each point
on such circle must lie in, or at the boundary of, ai‘ least one
continuous coverage strip. This means that no holes are allowed “in the

covérage pattern between the circles of latitudes A1 and xz,gnd some, ‘or

[§ - .
at least-zero, overlapping between different continuous coverage strips

v

is required.

'

Conditions ngessarx,for Continuous Coverage
Here, we will derive the conditions which are neéeséary._ and

sufficient, for the area bounded by_tﬁé parallels of latitudes ) and A2_

1
to receive single continuous coverage. . The following definitions (see

»

Fig. 7.11) are required for the analysis. .

Intersection Angle: The angle corresponding to an arc of intersection
between the circle of latitude k‘and a continuous cove}age strip, say

number p, is calléd thé "intersection angle", and will be denoted by Tp.

. .

A maximum of two, and a minimum of zerb, e%531~interseotion angles might

exist for each continuous acoverage strip.

-~ \ ,

Py -

X from its centré. ‘ ' ' ~

Angular CovérageE The summation of the"magnipudes of all the

1“iﬁtersection .angles of one continuous coverage strip, nunber"p. is

. . L 4
called the "angular coverage" of the orbit number p, and will be denoted,

»

~:by.n;. Hence o

b “ ,
Noté that np and zp are measured in the plane of.the cifclelof latitude

.

=Tl S -

&

Te
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Continuous coverage strip

a2 Ap1 ' ¢ maql %p4 %q20 %p3

- Parallels of
latitude

e
ap2 aql \Esi aq2
a : b, ) ¢
. . a.,a a, a
aq3 aph aq4 ap3 g3 "p2 “q4 pl ;
‘ 4
Parallels of &
latitude
- - apz a a
364 33 3p3. 2q4 ‘ o 3 a; b
& . . "
c. d. )

Fig. 7.11 Illustration of different overlapping conditions -
between two continuods coverage strips when four points .
_of intersection-exist.
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’

~

Overlapping Angle: The angle of ove%lapping between two continuous

coverage 'striﬁs (p and q), due’ QP an intersection between their
boundaries {northern and southern) is called the "overlapping angle” and
will be denoted Dy vpé' A maximum of two, and a minimum of zero,

intersections might occur between two continuous coverage strips.,

Angular Overlapping

The summation of the magnitudes of all the overlapping angles
P

correqunding‘ to the existing intersections between two continuous'

ooverage strips p and q is called "the angular overlapping between p'and

q", and will be denoted by Noq Hence
n =2lv

Pq qu
Now, consider the different possible solutions of the problem of

intersection between a continuous coverage strip (number p) and the

“circle of latitude A (Section 7.3.2). We thus have the following five

“
“ »

. possibilities;

1. " exist and are distinct. TWo:- equal

a a ', a and a-
p1' Tp2' p3 T p

intersection arcs exist, each arc has an intersection angle Tp.

The magnitude* of Té equals the difference between the two values

of epj corresponding to the intersection points bounding one arc

(

) nd o ,or 6 _and 6 _,), Therefore,
p1 2 p2’ °" "p3 pi

e -

*¥ Note that we are only interested in calculating the magnitudes of Tb
and n' - ) ' * ) )
p :

A3

R TR NI W PEDR A ]
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Hence
2, = 2|'rp| = |ep2 = 0l + lepu = 83l
or, from Fig. 7.7b, we can write
(7.29)

2. ap1, ap2’ ap3 and apu exist anq ep2 = epu. This case is similar

to case, 1, except that the two arcs are continuous at ap2 and

same equation (7.29) applies, but the second term will vanish,

3. Only a and a exist on one arc corresponding to an

pt P3

interséetion angle |Tp] = |6 _ -8

p3 p1|. Thus

N = -
p* 193~ ol \ . |
Equation (7.30) is the same as equation (7,29), when the second

(7.30)

term is set to zero,

y, Only ap1 and apé fiist and ep} = 4p3‘ Then, there are two
possibilities: '
. i.;\:(i+Ai)(Tr/2
. e -
which yields zero intersection angle, i.e.
’ 2 = ]6 _ - @ .—.0_” (7.31)
P Ip»s p1'~ ) ) 7.3
.2 (r w i Ai) < n/? 4
% ) .- . . )
which causes the whole circle of latitude A to 1ie inside the
continpods coverage Strip with 2x intersection angle, 1.e.
ag = 2m - . (7.32) .
5. No .points of intersection exist. Then’, there are two
. ')g
‘possibilities: . )

s

"‘i. x>(vi+‘A1)_’<_w,T/2’.. . . , .

e
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( which yields no intersection and
8 =0 ) . .
p . ' w(733)
ii.x)(ﬂ-i—Ai)<w/2
which is similar to case 4.ii, i.e.

Qp = .27 (7.34)

It is clear from the above analysis that equation (7.29) applies
for all the cases 1, 2, 3, 4.1 and 5.i, when the values of epj corres-~

ponding to-the non-existing points apj are replaced by zero values, to

calculate “é' Also, cases U4.ii and 5.ii_ are similar .with np = 27,

- Thus, all the above cases can be integrated into the following:

When the non-existing values of epj are replaced by zercs, the

angular coverage of an orbit p, at the parallel of a given latitude X is

. .

. given .by

2 ] ;XZ(n-i—Ai).<n/2

8, = . ' (7.35)

'

” " - — - ; 1
.. ) llep3nep1| lepu epelj all other i
Due to the symmetry of the network of inclined orbits, and ,
consequently the symmetryxéf the "coverage pattern, around the axis of
the earth, all orbits provide equai angﬁlar covérage i.e. Qp is constant
for all p. ‘Hence,. the total angular. coverage f due to pi‘orbits is.
given-by‘. o ‘ i
Q= nilnp[ | . , . 1 i (7.36)
w@ere‘np is given by the relation "(7.35).

a

The 6veriapping between two-qontinuoué,coveragé\strips} p and q,

can be detected and the angle LI cari be calculated using the angles
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a
epj and eqj' corresponding to their points of intersection with the
circle of latitude \. As with the angular coverage -we will consider the

‘five possibilities, which have been described previously. We have

10

/

akj' k = p,qand jJ = 1,2,...,4,; exist and are distinct. Figure
7.11 illustrates the different overlapping conditions which may

exist in this cdse, These conditions, and the corresponding
. P
values of the overlapping angle lqul. are formulated in Table

7.1, The angular overlapping n equals the summation of all

PQ

lqul corresponding to every satisfied condition in the table.

For example, if conditions 2 and 5 in Table 7.1 are satisfied,

then

n__ = | - 8

6 . - 8 § "
pa = 1%1 = Cpl * 10y = Oqul ‘
By assigning a zero value to |qu| every time one of the
conditions in Table 7.1 is not satisfied, we can calculate g
us{ng the relation

Pq q

Similar to case but 6 = 8 and ¢ = . Same relations
ase 1, p2 = %3 3% Ogp = 843 :

n_ = I 1vp\1 : all conditions in Table 7.1 (7.37)
.0 i . .

apply as in 1.
only. akj'- K =z p or "é and j = 1 or 3, exist. Different
overlapping conditions of this case are illustrated by Fig. 7.12.

These gonditions and the corresponding values of |V

| are
Pq .
formulated in Table 7.2. The value of zero is agsigned to [qu[
if a condition is\notcsétisfied therefore
Mg T I IVl i Al conditiggs in Table T.2. | A (7.38)°
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Table 7.1: OVERLAPPING CONDITIONS AND THE CORRESPONDING VALUES of

v FOR CASE 1
1V5ql FOR chSE

) Condition © |V6§|
1. eq1 2 ep2 > eq2 ; ep] ' |qp2 eq2|
2. 8,52 000> 0,12 6, 18g = 1]
3+ 0g1 2 Oy 2 Ogp 7 Bp3 Lopy = 9gp!
oo Oy 2 0q12 B3 8 A% = sl .
50 %93 2 %y 7 fqu 2 %3 1%y = 8qul
'/—‘"/\"pu 2 %37 %32 %y toq3 = ®p3l :
7. eq3_>_ep2>,equ_>_ ®51 ) |ep2- equ[
8. 8p22 8q3 7 8p1 2 Oqu leq3 = ®p4l

Table 7.2: OVERLAPPING CONDITIONS AND THE CORRESPONDING VALUES QF

-

v FOR CASE 3.
l’pql 3

——— -
Condition : ) . v
: ' pq!
) -
2. 8._.>8 _.>8 .38 ) 8
a32 %17 "q1 2 %3 18p1 = 8qql
. ¢ > ! -
3 °q1 = .°J>3 °q3 = °P1 '°p3 °q3‘
uo - > . ,> - - .
%1 2 %p1 7 8q3 2 Op3 1859 = g3l
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Continuous coverage strip

b. . "‘4'

T1lustration -of. the overlapping cqixdit:ions ‘between two
continuous‘coverage=gtrips when -two -points of inter-
-gectionvexist. * - .o ‘ " '

Fig. 7.12

e
S
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u, Only ekj; k= por gand j = 1 or 3 exist, "and eb1 = ep3. There
are two possibilities,
i. npq = 0; A&; (i+ Di) £ w/2 _ (7.39)
ii. "pq z 2%, A= (v - 4 =»,Aj;) < /2 (7.40)
5. No points of intersection exist. Two possibilities which are
similar to relations (7.39) and (7.40) exist. i.e. ~
.i. L 0 ;2> (1i+ Ai) £ /2 . (7.41)
ii. "oq ° 2 ;A > (n - 1 - ;) < a/2 “ . (7,?2?

Again, due to the syhmetry of the coverage pattern around the
. ~
z-axis, the overlapping angle between-any two orbits is constant, i.e.

npq is constant for all p and q. Therefore, the total angular

oveflapping n between all orbits can be cElculated by considering the

overlapping between one orbit (say 1) and all the other orbits (2,3,

v

ceen ni), i,e, a total of_(ni;1) overlappings., Thus

= (n, -1 U
n= ( 4 )npq ’ L (7.3

In general. an angular overlapping between two continuous
coverage strips causes the effective angular coverage due to the tws

strips to be less than the summation of their two angular coverages,

The reason is that the overlapping area reeceives double coverageﬁdue to

both orbits on the " expense of some other area not receiving any
coverage, 'as illustrated in Fig 7.1§.

The effective»total”angular coverage of n, orbits is equivalent

i

to the total angular coverage 2, as given by equation (7.36), minus the

total angular overlapping n (eguation- (7.43)). . Thus, at a given

AN

e

.
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latitude A, the effective angular coverage = Q|

- wne
Iy nlx, nere QIX and

n|>k are calculated at the particular value of A. A parallel of latitude
A receives single continuwus coverage when the total angular coverage
(at A) is equal or greater than 2x, i.e.

(af - nl,) 2 2 (7.48)

X

The equality sign corresponds to the minimum coverage condition,
For continuous coverage of the area bounded by the parallels of

s
latitudes A, and condition (7.44) must be satisfied for all values

1 2'
of » such that

A <A EA (T.45)

1 2

T.4 DISCUSSION

Relations (7.35) through (7,45) constitute a mathematical model
for the coverage pattern of the network of inclined orbits described in
Section 7.1. This model is useful for different problems concerning the
investigation and analysis of the coverage pattern, such as testing the
coverage continuiuty at a particular parallel of latitudé. It can also
be employed to determine ﬁhe boundaries (qr the values of 11 and xa) of
the continuous coverage area for a given satellite congtellagions (or
for. given values of i, n; . m; and wi). The values of A, and 12
represent a‘iower and upper bounds on the.;atitude % which satisfies

condition (7.44).

-~

One her impoftant application for the model 1is the
- - 7/ )
determination of the minimum coverage requirements for the type of

constellation considered here, and . the correSponding\ values for the
- - l‘a

-

Ll
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design parameters i, ni, m, and wi' for a given A, and A, (or a defined

1 2

boundaries). A suitable technique for this type of problem is a search
- ]

technique which assumes sets of values of i, ng. my and by . and test for

i

coverage continuiuty using relation (7.449 for all values of )
satisfying {(7.45). The particular satellite constellation which
satisfies c;vergge requirements and employs a miﬁimum number of
satellites m; .0, can tﬁen be selected from amongst all the possible
solutions, such that wi is minimum.

However, it should be noted that the solution obtained us;ng the
apozghj;odel with minimum number of satellites is not generally- the
optimal solution fog all types of constellations, but only for the type
considered heres Other types (with coverage ﬁ%;térns which do not
nece3§aril& consist of coptinuous coverage strips) may lead to a
constellation with iess qumber of satellites. Our interest in satellite
constellations which adopt the concept of continuous coverage strip is a
' " result of the fact tﬁat the Flobal Positfoning System is of similar
type, and that this coﬁcept' has been cemployéd for all satellite

constellations considered.in this _thesis.

w
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- CHAPTER 8

SATEELITE CONSTELLATIONS IN SYNCHRONOUS INCLINED

AND GEOSTATIONARY ORBITS

LN

In this Chapter, the coverage pattern of a éynehronous satellite

is determined as a function of the locus of. the satellite subpoint and

the satellite instantaneous coverage area[u3'uq]

k7S

subpoint is a function of time and a function of the inclinatlon angle

of the orbital plane. Five satellite constellations are proposed and

examined for three-dimensional contlnuous coverage Qf tbe Atlantic

'Ocean. based on the preceding analysis. Three - satellites are .used in

-satelllte has a fixed {CA while a non~statlonary setéllite coversxan ICA

each constellation employing combinations of stationary and inclined

synchrdhous orbits. The overall coverage patterns are determined and
' . ! -

A

the“areésqreceiving cqgtinqus coverage duringidifferentctime periodé

are.defined.‘ It is sﬁoyn that ewiarge region symmetrfq around bh%
equator receives continuous 24-hour triple eéveragez ~A compariéon-of
° - ] ’ - " ' . ' B ) "
the \different satellite constellations is alsa presented.. Co e
B - , f - - \J‘. .
4 .
8.1  SYNCHRONOUS SATELLITE COVERAGE PﬁTTERN

¥
At any instant of time, a satellite in‘;ts oQbit ‘will be visible

to.a geographie area ealled the satellite 1nstantaneous eoverage area
(ICA) ~This area is a function of bhe pbsition of the sate111te

relative to the earth ab nhat insxant For ;n§pange, a stationary

a
N

3

> a

5 228

The satellite
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which migrates following the satellite motion relative to the.earth.
Assuming a circular—TCA, the. centre of the ICA is the satellite
: .
subpoiqt.. T ,~ “ B
In general, the satellite subpoint lies on the circle of inter-

section between the orbital plane and the earth. This assumes that the

earth is a perfect ‘sphere. The circle of intersection remains fixéd

- only if the o_rbitail’ plane is stationary relative to the earth as in the

case of equato}l«iﬂal orbits. Otherwise, it will change as 'the orbital
plane moves relative to the earth as in ‘the case of‘ inclined or polar

orbits, 'I’nis relative motion, and consequently. the locus of the

-
W

sateilite’ subpo:.nt depend on the inclmation angle of the orbital plane

(the angle between the orbltal plane and the equatorial plane).

Furgfiermore, the locus of the satelllte subpoint depends on the orbital

perlod - An orbltal period is the period -of time during which the

satelllte rotates a complete revolution around ’che orblt

<
’ r

From the above discussion, we c¢onclude that the locus of the

B satellite subpoint depends on the following two faci:o_rs: (1) the"

*

inclination angle of the orbital "plane, and (2) the perfod or altibtude

of the “orbit. o Figure 8.1 illustrates ‘the  locus “of the- satellite .

“

‘subﬁoiﬁt for the special case of synchronous orbits (or the 2u-hour |

“orbit). - An i'nol‘ination of the satellite orbit causes the _s.atellite

[1 ] . s _4.)

subpoint to move in ‘a figure 8 gattern The dimensions of the

figure 8 pattern measured m terms of’ the la’citude and longitude

deviatiqns‘o‘f the sat,ellite subpomt (frpxp thg centre’ of, figure 8) are .

incr:eaéirgg ‘f‘uhctiohs of the ,inci%éxation angle (i) of the orbital .plane,
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afie
with respect to the equatorial plane. In the case of the stationary
zero ineclination angle orbit, the figure 8 pattern (or the locus of the
satellitve'subpoint) is simply a point. The width, or the peak to peak

longitude deviation, and the height, or xt;ﬁhé peak to peak latitude

.deviation, of the figure 8 pattern increas%(,as the inclination angle

)

) ~[10,43,44] ‘ : ;
lnecreases . ) .

The overall coverage pattern can be obtained by moving the
L
satellite ICA such that the satellite subpoint remains on its locus

‘start‘ing at a certain point and rei:urning to the same point after

EY

24-hours. Thus, area¥ receiving coverage with different periods can be

defined. The starting “;;oints determin; t.;he starting time of coverage
andﬁ depend on the position of the satellite in the ,orbait:. at that time.
The ICA of a synchronous satellite isﬂshown in Fig. 8.1 for an elevation
angle § = 59, This is indentical to the cont.inuous 24-hour coverage area
for a stationary éa;,ellite e;t' the s;me longitudé 300%. at the centre of
the “ared. A synchronous satell.’itehin an inclined orbit with an
iﬁcliné"tion angle i = 25° (and for § = 5°) has a cover";ge pattern nas
shown in Fig. 8.z. Th;e procedure for detemining the coverage pattern -
is illuétrat;d “and areas réce”iving continuous le-hourj‘. 124l;our and |,
E-hour coverages ’are also indicated.-

"I'he coverage time'op each area is Aeterjmined by the time taken by
the sat;ellifce,subpoint to move between two .specific points. For
instance, the area c{f 24-~-hour doverage :'Lies inside. the,sateIl%te IcA
regardlesé 'of the sat;éllit.é position (for all .points 6f the ,f‘iggre 8
pattern). ‘Areas of'12-houn c;average‘lie, i;z;x 'the. ICA when the satellite

T
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Boundary O? COVerage Boundary of coverage
for sat.:elllte 0 _ for satellite sub- ’
sub~-point ¢ ‘point b ST

/ ()

Boun;gry_ ?f ‘ \ Boundary of coverage
covergae fox ; \ for satellite sub-
satellite et el \ point a ‘
sub-point ' -,
- pad o~ ¥ G
N SO S N N
i’ . R KT ETN A N} Area of S5-hour
. A coverage
Aoa i 2N
. “ . -_ ) \
-_— : B .___'-::::.."'._"4”.\1; - - —
; W) }‘l
/J DR .‘ .’ e ———_Area of 24-hour '
: o S . 7. e, coverage =
Locus of g E Y. )
satellite} \ '_*;_ DR /' } A .
sub~-point e S R W/
3 NI
1. .
‘ Area of l2-~hour
¢ coverage .
1
. \ ’ ;
. Fig. 8.2 Locus of satellite subpoint and the procedure for determin-
ing the coverage pattern of a synchronous satellite. . N
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~hours coverage), equals the time required for the satellite subpeint to.
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../\\ .
subpoint is anywhere on the upper (or lower) half of the figure 8

pattern. The S;hour coverage area lies inside the ICA when the
satellite subpoint is on the part a b ¢ of the curve. The time of

coverage, which'is over 5 hours and less than 6 hours (i.e., 5 full

move f;om\ a @o b then to c¢. Note that the coverage pattern is
symmetrical around the equator and around the line of longitude passing
through. the-centre of the figure 8 pattern.

For. synchronous satellites, we conclude the following:

1. A stationary .satellite at longitude between 25° and 45° 1is
capable ;f providing single continuous QN—ﬁbur.qoverage éor the
'ltlanyic dcean and - some ar;as of Europe, Africa, North America
and South America (Fig. 8.1).

é: - A syqéhronous saéellite in an inclined orbit of incliqation angl;

' is capable of pro;iding a continuous 24-hpur coverage to an area
éetermihed by the locus of the satellite subpoint “and the

_~  satellite ICA. This area ;s'-lapger for smaller i since the

anéle'f.betwgen 0o and 200,"and a qentre of the figure 8 pattern

of longitude between 30° and 40°, tHis area includes the Atlantic

Ocean and "some areas of Europe, Africa, North America and South

America. Other areas receive coverage..which varies over the
: ‘:.‘e‘,.,éA . .

24.hour period.

.

JJigure 8 péttern is swaller. For the values of the inclination

o
DDt Ut e
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8.2 SATELLITE SYSTEMSvFOR CONTINUOUS THREE-DIMENSIONAL COVERAGE OF

THE ATLANTIC OCEAN Ky

Based on the above analysis, five'sateliite constellations are
now - examined for‘threé dimensional continuous 24-hour coverage of the
Atlantic Oceaé. Each constellation consists of a total of three
satellites andv combinations of stationary and inclined synchronous’

orbits are employed.

System A: . L{ . B "

v

The first satéllite constellation consists of one ‘stationary
satellite at longitude 37.50 aﬁd one satellite in eagﬁ"of two inclined
synchronoué orﬁ@&s, each with an inclination angle i:=»15°. The first
inclineduorﬁit has a centré.of éhe figure ﬁ p?ttérn at longitude 30°,

while the second inclined orbit Eaé a centré of the fPigure 8 pattern at

.longitude u5°. as shown in TFig. 8.3.a. By superimposing the three

coverage.patterﬁé of the three sateli¥tes, the overall coverage pattern

can be détermined. AreasArecéiéiﬁé different coverageé are defined in

Fig. 8.3.b, where only the 24-hour coverage pattern is shown (triplé,

doubie and single céverage).‘ since +the 24-hour "coveragé areé§ of

satellites are superimposed. Areas with coveraée periods less than
: -

24-hour ean be obta;ined following the same procedure.

The satellites in, inclined -orbits are shifted relative to each

r

other in time, This is to avoid the situation when thé three satellites

Jlie in the .equatorial -‘plane at one  time. A 3-hour shift .seems

reasonable ‘since satellites }n.this configuration never lie together in



37.5° Long. ‘30 Long.

!
u
{
t
!
|

[stationary @ S
1(2) -
. Equator
— =

(3) @

Fig. 8.3.a Configuration of system A.
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the equatorial plane. However, this satellite constellation does have
an ambiguity once every 12 hours which can "be resolved using other

available information such as aircraft course and destination,
& .

System B:

»

This satellite constellation consists of one stationary satéll%te
at longifude 32.5o and two synchronous satellites in two inclined orbits
as shown in Fig, 8.4.a. The two inclined orbits have the same centre of
the figure 8 pattern longitude 400 but different inclination angles, i1

= 15o and 12 = 7.50.3 The two synchronous satellités are shifted 6 hours

relative to each other. For instance, the first satellite will be at
the top (or bottom) of tﬁe figure 8 pattern at the instant of timg when
. the second éynchronou§ satellite is crossing the equatorial plane (at
the centre of the figure 8 pattern). The overall coverage pattern isk
gﬁobtained, as before, by superimposing fhe tpree coverage patterns—as
" illustrated in Fig. 8.4.b where areas receiving different coverage are
shgﬁn.
’ ihis satellite constellation also has an ambiguity once ;very 12
‘hqurS‘which can be resolved using other a@ailable information.

-

System C: . . ,

In this constellation; éhree synchronous inclined orbits aée

‘employed wiih equal inclination angles i = 150. The three centres of

the figure 8 patterns have. longitudes 300. 37.50 and u5°. }eépectively,

* as illustrated in Fig. 8.5.a. One sateilite is'plaéed in each of the

.
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0 0 ’
¢ }40 Long. K-’.}S/S Long.

!

(1)
i=15

Stationary
(3)

.L.__._....,__.._

Equator

-

"

Fig, 8.4.a Configuration for system B.
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three orbits such that tpey gre shifted in time relative to each other.
Two synchronous satellites are in phase with each other (no time shift)
and the third satellite is shifted 6 'hours relative to the other two
s;tellités: The overall coverage pattern and the regions receiving
coverage of different periods are illustrated in Fig. 8.5.b.

This satellite constellation also has an ambiguity once every.1é

hours which can be resolved using other available information.

System D:
Three synchronous inclined orbits are employed here with the

three centres of the figure 8 patterns at longitude 37.5° and different

inclination angles 11 = 15°, 12 = 10° and 13 = 5°, as shown in Fig.

8.6.2. The satellite in orbit (1):is shifted 6 hours relative to the

satellite in orbit (2), and 3 hours relative to the satellite in orbit

(3). The overall coverage pattern of such a system is illustrated in

“

Fig. 8.6.b. and the regions receiving different coverages are indicated.

This satellite constellation also has an ambiguity once every 12

-

hours which'phn be resolved using other available information.

'8vstem E:

In thfs satellite constellation, only one synchronous inclined

. 6r§it is‘employed w;th one satellite. Thevother two satellites are

placed -in the stationary orbit at longitudes 30o 8nd~,“5°. The

inclination angie of each inclined orbit is i = 15° and the centre of

the figure 8 pattern is at longitude 37.50. This constellation and the

S
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4

overall coverage ‘pattern are illustra;e¢,in Figs. 8.7 a and b,

respectively. The situation when the three sateilites lie in the

'eguatorial plane once every 12 hours is unavoidable in th{s°case;

-*

843 COMPARISON
In Section 8.2, five different “satellite constellatidns are
described for the triple coverage of the Atlantic Ocean. Here, fﬁese

constellations are compared frdm the following points of view.

(g) Coverage Area @

- s

Comparing the total area of continuous Zu—hour triple coverage

shown in Fig. 8.1 through Fig. 8.5, we find that systems D and B provide

approximately the same coverage area which is the largest of all

systems. The second system, in order, is system E followed by systems A

and C, which provide almost equal coverage areas, 'Are;s of double and

single coveréges vary for the different systems. But'generally, the

coverage pattern is better for smaller orbitai inclination angles and

-

for closer centres of the figﬁre 8 pattérn.

’

(b) - Problnmﬂ AsSoeiated with Three Dimen31onal Position Location

We have previousiy dlSCUSSed the ambiguity problem assoclated
uith the solutxon of the prqblem of the 1nter$ection of three spheres.

In all five proposed systems, there is an ambiguity whlch occurs once

every‘12 bour§; however, this amb1guiby qu;be resolved by -using other

. . N . .- i 0 o} ) »-;' i
available information such ‘as aircraft course and destination.

1
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. CHAPTER 9 &

CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE RESEARCH

f

9. 1 CONCLUSIONS

A Qetaa.led study of coverage patterns and des1gn of satellite

'constellations for position location and navigatlon has been presented

The method employed relies on mathématical modelling and oomputer search

for the configurations of optimal constellations. The s'elected
optlmlzatlon criterion is based on minimizing ’che cost through the
qx;nmization of the total number of satellites and satellite altitude.
The tp‘esis' includeo analysis of a sir;gle or.'bit: in the‘nequatorial
plane, "a con'stell'ation of satellites in a networi; of polar orbits, a

hybrid nebwork of .polar orbits and an equatorial orbit and a
)

constellation of satellites in a network of‘ inclined orb:r.vts. The-

problem of part1al coverage for the Atlantlc Ocean region is also

examined. =~ xL. )

Specifioally. the’ thesis has provided the following

»
.
-
-

S

1. A full development of ‘the concept of eontmuous coverage strip

&

. . and: the dynamics of satellite coverage. I ‘ . -

2. A new mathematxcal model for a eonstellation of satell:.tes in.}

equa’comal orblt. which can be used to determne 'che optimal -

-, . « . .
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design for muiti-fold continuous covérage (for the area bounded
by the parallels of latitude.A ). This model eliminates the need
for computer modelling. ¢
3. 'I\vo.new'rgathematical models for a constellation of satellites in
a network of polar. orbits, which can b(; used to determine the
optimal design for multi-fold continuous coveraée (partial and

global): These models not only eliminate the need fqr computer

N

derived from compyter modelling, which are in error. A major

+development was the introduction of the concept of inter;ac'pion"

between orbits which maximizes the coverage provided by

. ' ' )
satellites in polar orbits. This concept has been generalized
. for the case of L-fold coveragé (L > 1) and a formula has been

derived for the maximum number of interactions achievable between

~ {
<

< n orbits foqrfa given L. '
. 4. Two new mathematical models for a consﬁtellatlion of satellites
combining an equatoriai orbit with t';he network of polar orbit_:s.
Theseé moc'!e_1§ can ,bé used. to determine the optimal design for
multi~fold contimuous globa~1"co'verage withoft the need for
computer‘ modelling. To d:;x't'e,. this’ combination of orbits  for
positlon locaticn and (navigatlon has not been published in the

open hteratur-e.
. 5. A,new mathematlcal mode1 ﬂ‘(,us'ir;g a new 'appr‘oach') for- a

constellatlon of satellites :m a network of‘ inclined orbits.

RN

modelling, but also have corr‘séted’ previously published results,

which can be used to determme the optlmal design for single-f‘old'
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R
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dv‘

)

continuous coVerégé (partial and global).

A study - of partial coverage for a specific region (Atlantic
p-.

Ocean) using satellites in synchronous (geostationary and -

inclined) orbits. Five different satellite constellations are

considered by examining the coverage pattern.

RECOMMENDATIONS FOR FUTURE RESEARCH

It is suggested that the following areas be investigated:

¥

The testing of coverage patterns to deﬁecd and medsure any holes
in the coverage.

fhe dynamics of‘satellite motion to determine whether. position
ambiguities can exist. |

The effectx on the ooverage patterp of lgéing one or more
satellites in the network. Also, the advantages of adding

redundancy should be studied.

s

The design of a constellation of satellites in inclined orpits -

providing L-fold continuous coverage. There are many possible
configurations which inciyée for example, different inclination
angles for difrerent orbits.

The coverage provided by d1fferent combinatlons of equatorial

'polar and inclined” orbits.

The combination of partial coverage with glabal coverage, where.

" ‘for example.gsingleefold coverage is provided on a global basis

. and multi-fold coverage is prov1ded over ‘the aceans.

"The study ‘of the error in position loecation .due to satellite®

b e e A v e e *

-
e s >
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motion, satellite positiom'error. motion of the user, and other

sources of error.

»

The effect of“dif{erent altitudes for different orbits.

The effect of having a different number of satellites in

different orbits.

The effect of elliptic orbits on the coverage pattern.

<
>
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g ‘A.1  ANALYTICAL SOLUTION OF THE PROBLEM OF INTERSECTION. BETWEEN

. THREE svuenss"

; ; K :.‘ Equation%_(2 1, (2 2) and (2.3) of the three spheres (Fig 2.2)

can be written *as fbllous' o » :
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which give the coordinates of the required two points of intersection.
Only one'solution exists if 7EZ~ND-= 0, where the two points cpincide in

to one point.
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A.2. GEOMETRICAL RELATION OF POINTS OF INTERSECTION BETWEEN THREE .

‘ SPHERES
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In this Appendzx. we will prove that three wspheres intersect
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generally in two- points wh1ch are symmetrical around ‘the planeA
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containing the three centres,42>tne sphenes. Here we are considering a
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case when at'least a point of intersection is known to exiSt. The
. ‘ N S i ‘r?\ ,

,reacer is referred to Fig. 2.2,
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since we know that there is at least one point of interséctiqn, then the
. . . 7 n "

twb circles are either int%rsecting in. two boints or tangential to each
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other (one point), In the case of two points, they will lie on the line

5 and

perpendicular to ab. In the case of one point of intersection, ﬂhis
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DERIVATION OF RELATION (6.4)

APPENDIX B

-y

(5.7) between A

. cases;

(1)

" (2

-

Referrlng to the geometry illustrated by Fig. B. f’ the relation’

o

b A and A can be derived considering the fOllOWlng two

o

-

When A <(w/2 - X). as shown in Flg, B.2, the clrcle of latltude A
1ntersects the continUOus coverage. strip in an arc corresponding
to an angle 2Ab measured from the centre of £he circle of

1atitudeﬁx. The dlstance d, as defined in Flg. B, 3, is related

.

to 4 and AE as follows
o d-rsenAb RsinA (B.1)-
where R i§ the radlus of the earth. Substitutlng for ros R 26//x

'*(Flg. B.4) we have BRI L

©Reos x'sin s =R sin s

“Thus a3 é;n??;fsih A/eos 2] - o T . (B.2)

b -

When ' 4 >(n/2 - A), then- the whole of the bouild'ar'y c’ircle of.

:latitude A lies id\qffi continuous coverage strip as illustrated

. Cai

;by Fig, B. 2. This implies th;$;£he value of Ab is v/2. ‘Cleanlya

‘e

’case (1) leads to.the same result -vhen . 5 (u/Z - A)
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Combining the cases (1) andy (2), we can write the following

stn”! [sin a/cos 21; a(n/2 =2)

n/2 "‘~ : A;?}72 . 2) (B.3)*

which is the same as relation (5.13).

o
1

- .

- reference

o

* In referenbetuSJt equation (4) gives the requirement for single

coverage of the area extending from the poles to bhe circles of north'
and south 1atitude A. Uhfortunately, the given equation is in error.

and it should be replaced by theset gf three equations (5 3N giVen

in Cbapter 5.  The dlsagreement between the analyszs here and

[45]
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is apparently in ;he relation between Ab (as defined
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