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Exact Design of Partial Coverage Satellite
Constellations over Oblate Earth

Der-Ming Ma* and Wen-Chiang Hsu®
Tamkang University, Tamsui, Taiwan 25137, Republic of China

The developed algorithm of computational satellite visibility periods over an oblate Earth is used to construct
the time line. Based on the time line the design of the partial coverage satellite constellation can be obtained exactly.
The criterion for choosing the best constellation is to minimize the number of satellites with the smallest value of
inclination to meet the gap requirement. The method constructs the time lines exactly and then obtains the precise
satellite constellations for the time gap requirements. The developed C++ computer program can find the most
efficient arrangement of the satellites in constellations and the optimal value of inclination in less than 10 min on

a Pentium-based personal computer.

Nomenclature
ay = semimajor axis
E i = minimum elevation angle required to see the satellite
= visibility function
f = Earth flattening factor

G,,G, = constantsdefined in Eq. (6)
h = observer’s height

i = inclination

M, = initial mean anomaly

(M), = initial mean anomaly of nth satellite

Npass = number of passes over the observer of a satellite
Ny = number of satellites

n = orbit mean motion

R = equatorial radius of Earth

r = geocentric position vector of the satellite
Te = Earth radius at ground point

Fobs = geocentric position vector of the observer
T6 e = gap time requirement

Tg; = jth invisible time interval

TG max = largest gap on the time line

TGy = second gap on the time line

T, = first rise time of the nth satellite

Tep = repeating time

Tiet ; = jth set time of satellite

t = time

Z = geodetic zenith unit vector

B = angle defined in Eq. (7)

B = angle defined in Eq. (8)

A = observer’s longitude

v = mean anomaly

0 = unit vector pointing from the observer to the satellite
p = slantrange vector from the observer to the satellite
T = orbit period

¢ = observer’s geodetic latitude

¢’ = observer’s geocentric latitude

Q = ascending node

(820)n = initial ascending node of nth satellite

Q = rate of ascending node

®, = Earth rotating rate
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Introduction

ITH the development of lighter, cheaper satellites and the

possibility of smaller, relativelyinexpensivelaunch systems,
the low-altitude satellite constellations receive increased attention.
Thereforethe designof satelliteconstellationsprovidingpartial cov-
erage and global coverage are becoming more important. Partial
coverage typically means coverage of certain regions of the Earth,
with gap times in coverageno longer than some specified maximum.
The purpose of this study is to develop an exact procedurenecessary
for designing the best partial coverage constellation over an oblate
Earth.

Numerous researchers have studied satellite constellation design
fromthe pointof view of continuouscoveragefor globalcoverage' >
and coverage of certain regions.® Several research works on non-
continuous coverage of a small region have been published.”~'* In
Ref. 7, the constellations with circular orbits, and having repeat-
ing ground tracks on Earth, are shown to give better partial cov-
erage over those with nonrepeating ground tracks. It shows how
to pick the best ascending node location and initial mean anomaly
for each satellite and how to design the best constellation by di-
rectly computing the coverage of the satellite covering a ground
point.

In this paper, instead of obtaining the time line (the time the
satellite will see the ground point) by the simple coverage model,
we use the computation algorithm of satellite visibility periods over
an oblate Earth developed in Ref. 11. The design procedure from
Ref. 7 (referred to as the HET design procedure) is modified to
obtain the best constellation. The criterion for choosing the best
constellationis to minimize the number of satellites for meeting the
gap requirements with the smallest value of inclination.

In Ref. 7 it was shown that the satellite constellations having
circular orbit and repeating ground track over the Earth have bet-
ter partial coverage. In this paper the satellite constellations with
repeating ground tracks and circular orbits are used.

Starting with the construction of a satellite time line by solving
the satellite visibility function obtained from Ref. 11, the paper
discusses the algorithm of satellite constellation design based on
the time line meshing. Several numerical examples are then given
to illustrate the algorithm.

Satellite’s Visibility Problem
The function for the satellite visibility problem is given by!!

F= Sinil(/é : 2) - Emin (1)

It is trivial that when the satellite is visible, F' > 0, so that when
F changes sign from negative to positive the satellite is rising. A
set is oppositely characterized by F’s changing sign from positive
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to negative. It is obvious that the time line can be constructed by
solving Eq. (1). In Eq. (1) Z is given by

COS @ Ccos A

cos ¢ sin A ()

sin ¢

20>
I

The slant range vector p is given by the following vector relation-
ship:
P =T —TFobs (3)

The geocentricposition vector of the satellite, assuming the satellite
is in a circular orbit, is

cos 2 cosv — sin 2 sinv cosi

r=ay | sinQcosv —cosQsinvcosi 4)
sin v sini
where
v =M, + nt, Q=Q,+Qr

The observer’s position vector can be computed using the following
expression:

—G | cospcosh
Fos = | —G cos¢sini (5)
—G,sing

where the constants G| and G, are given as
R
1= +h
V1I=Qf = f)sing

(6)
R(1— f)?

T i-of - g

The values of the parameters R and f of the oblate Earth are taken
from the WGS84 model. Figure 1 is a typical plot of the visibility
function of a satellite over a particular ground point. Every peak on
the curve represents the maximum elevation angle of the satellite.
When the values of the peaks are positive the satellite is visible,
and when the values of the peaks are negative, the satelliteis invis-
ible. Along the time axis, the visibility intervals can be obtained.
Referring to the time line obtained from Fig. 1, we can obtain 7g,,,,
and Tg,,, of a single satellite. The 7, is the gap between the last
set time and the first rise time of the satellite in the period of T,
and is the largest invisible period of the satellite. The T, is the
second largest invisible period of the satellite. Those quantities are
important in designing the constellation. Based on the algorithm
developed in Ref. 11, it is possible to solve the time line from the
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Fig. 1 Visibility function of a satellite.
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Fig. 3 Time lines of different inclinations.

visibility function. Since the characteristics of the visibility func-
tiondepend on ¢ and i, to speed up the process, a special procedure
is devised. Figure 2 is the flow diagram of the procedure. In the
procedure,two iteration loops are involved. The outer iteration loop
is to obtain the local maximum value of the visibility function and
the corresponding time. When the region of the peak value is ap-
proximately located, the derivative-free minimization algorithm as
suggested in Ref. 11 is used. The inner iteration loop solves for the
rise/set times of the satellite. The proposed algorithm of finding the
rise/set time is efficient and accurate.

Figure 3 is the plot of the time lines of a satellite over the ground
pointfor differentinclination angles. It is obvious that the visibility
period varies widely as a function of orbitinclination.Observing the
visibility periods, three conclusions can be made (refer to Fig. 4).

1) There are no visibility periods for the inclinationsbelow ¢’ — 8],
where f] is given as

B, = 7/2— Ap — Enin —sin” ' [(r. /ap) sin(r /24 Ap + Emin)] (7)
In the equation, A¢p = ¢ — ¢'.
2) The time lines are sets of line segments, when the inclinations
are between ¢’ — B and ¢’ + B;, where B is given as

ﬂé = ﬂ/2+ A¢ - Emin - Sinil[(re/GO) sin(n/Z— A¢+Emm)] (8)

3) The time lines are unions of two sets of line segments, when
the inclinations are above ¢’ + B;. Therefore the inclinations of the
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Table 1 Constellations for A = 0 deg, ¢ = 30 deg, and E,;, =5 deg

31

Exactdesign Walker’s design
Computer First, asc.
Max gap i, Gap, Ascending node, Initial mean Meshing run time, i, Gap, node, deg
Alt., km req.,h Ny deg h deg anomalies, deg type min Ngaw  deg h T/P/F My=0
Near 500 0.1 19 41 0.076 348,25,61,98, 0,172, 343,155, 2 5.23 N/A N/A N/A N/A N/A
(N =15) 134,171,207, 244, 327,138,310, 121,
280,317,354, 30, 283,105, 276, 88,
67,103, 140, 176, 260,71, 243, 55,
213,24, 286 226, 38, 209
0.5 7 35 047 348,47, 106, 166, 0,192,25,217, 2 3.5 7 38 0.5 71714 10
225,284,343 50,242,775
1 4 35 0.82 348,78, 168,258 0,90, 180,271 2 1.52 4 35 082  4/4/1 12
2 2 35 179 348,168 0, 180 1 1.47 2 35 179 21211 12
4 2 25 342 24,204 0, 180 1 1.12 2 28 338 212/1 0
6 2 20 5.05 276,96 0, 180 1 1.35 2 28 338 212/1 0
8 2 17 6.7 24,204 0, 180 1 1.33 2 28 338 212/1 0
12 1 52 11.99 216 0 0 1.15 1 52 12 N/A 0
18 1 20 16.78 276 0 0 0.18 1 28 15.1 N/A 0
24 1 14 21.73 24 0 0 0.05 1 28 15.1 N/A 0
Near 800 0.1 15 39 0.088 302,40, 138,235, 0,71,142,213,283, 2 3.76 N/A N/A N/A N/A N/A
(N =14) 333,71, 169, 268, 354,65, 136,207,
4,102, 200,298, 278,349, 59, 130,
36,133,231 201,272
0.5 5 49 05 212,140,68,356,284 0,287,215,142,70 2 1.78 5 50 0.5 5/5/1 6
1 4 28 0.82 302,39, 135,232 0, 88, 178,267 2 1.5 4 29 1 41212 6
2 2 28 1.67 302,122 0,0 1 1.4 2 28 1.67 21200 19
4 2 17 2.77 212,32 0, 360 1 1 2 28 1.67 21200 19
6 2 12 4.54 302,122 0, 360 1 0.85 2 28 1.67 21200 19
8 2 10  6.31 212,32 0,0 1 0.8 2 28 1.67 21200 19
12 1 48 11.15 212 0 0 1.17 1 49 11.14 N/A 6
18 1 12 16.3 302 0 0 0.15 1 28 1279 N/A 19
24 1 8 199 302 0 0 0.05 1 28 12.79 N/A 19
Near 1200 0.1 13 48 0.097 0, 155,310, 104, 0, 148,296, 84, 2 4.76 N/A N/A N/A N/A N/A
(N =13) 259, 54,207, 3, 158, 232,20, 168, 316,
313,108,262 ,57 104,252, 40, 188, 336
0.5 5 50 049 180,102,24,307,229 0,291,222,153,85 2 2.57 5 55 0.5 5/5/1 0
1 4 20 0.88 166,241,316,31 0,103,206,309 2 1.62 4 28 0.8 41272 0
2 2 8 197 346,166 0,180 1 0.85 2 28 174 21210 0
4 2 5 3.9 166,346 0,180 1 0.78 2 28 174 21210 0
6 2 3 5.9 346,166 0,180 1 0.72 2 28 174 21210 0
8 2 3 5.9 346,166 0,180 1 0.75 2 28 174 21200 0
12 1 20 11.89 166 0 0 0.45 1 28 11.86 N/A 0
18 1 3 17.69 346 0 0 0.017 1 28 11.86 N/A 0
24 1 3 17.69 346 0 0 0.017 1 28 11.86 N/A 0

Fig. 4 Visible and invisible regions.

visible constellationsfor ground points of latitude ¢ are in the range
between ¢’ — B and 90 deg.

Satellite Constellation Design

It is assumed that every satellite in the constellationhas the same
characteristics except the ascending node and the mean anomaly.
They are related by the following equations’:

(Q), = MOD[(Q), + (T, — T\) (0, — ), 27]
C))
(M), = MOD({2r — MOD[(T, — T), tla}, 2)

It is important to obtain the ascending node, which is the key to
maximizing the number of passes of the satellite over the desired
ground point. Therefore the key to design of constellations with
many satellitesis judiciouschoice of relativesatellite time positions.
Optimal constellations are obtained by placing individual satellites
along the time in the best fashion.

In the case where the gap time requirement is larger than the
largest gap between passes on adjacentrevolutionsof a single satel-
lite, only one satellite is required.

Example 1

Letthe groundpointbe A = 0deg, » = 30deg,and E;, = Sdeg,
if Ty, is 18 h. For the constellationnear 500 km, T; .. > Tg,, =
16.7785 h. Then only one satellite is needed (refer to Table 1).

Ifthe gap time requirementis smaller than the largest gap between
passes on adjacent revolutions of a single satellite, time lines from
two or more satellites must be meshed together. Depending on the
relationshipsbetween Tg,,,, T6,,,, and Tg,,,, there are two kinds of
meshing algorithms for the satellites to be used: tandem meshing
and intersected meshing.

Tandem meshing: T, > TG, > T6,,,- Suppose we have the
constellationof N, satellitesthat satisfies the time gap requirement.
Each satellite has a period of T, — Tg,,, that satisfies the mission
requirement. Then the constellation has the period of Ny (T, —
T6,...)> Which satisfies the requirement. Let the gap between each
satellite be equal or less than or equal to the value of Tg,,,, or

(10)

T < [Trep - Nsal (Trep - TGmax)]
Gues = Nsal
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Table2 Constellations for A = 0 deg, ¢ = 30 deg, and E i, = 30 deg
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Exact design Walker’s design
Computer First, asc.
Max gap i, Gap, Ascending node, Initial mean Meshing run time, i, Gap, node, deg
Alt., km req..h  Ng deg h deg anomalies, deg type min Ngow deg h T/P/F My=0
Near 500 0.1 42 34 0.095 12,22,32,41,51, 0,213,67,280, 2 74 N/A N/A N/A N/A N/A
(N =15) 61,71, 80,90, 100, 133,347,200, 53,
110,20, 129,139, 149, 266, 120, 333, 186, 40,
159, 168, 179, 188, 198, 253,106, 320, 173,
208,217,227,237,247,  26,239,93,306, 159,
256,266,276, 286,296,  13,226,79,293, 146,
305, 315,325, 335, 359,212, 66, 279,132,
345,354,4, 14,24, 346, 199, 52, 266, 119,
33,43,53 332, 185,39, 252, 105
0.5 12 34 043 12,70, 128, 186,244, 0,212,63,275, 126, 2 0.88 11 34 045 11/1117 12
301,359, 57, 115, 338, 189,41, 253,
173,231,289 104,316, 167
1 6 34 0.84 12,76, 140,205, 0, 117,235,652, 2 0.68 7 33 094 7712 0
269,333 110,227
2 3 34 1.62 12,132,252 0,0,0 1 1.12 334 1.62 35300 12
4, 3 29 283 28848, 168 0,0,0 1 0.9 329 284 35300 0
6 2 34 51 12,192 0, 180 1 1.08 2 34 591 21200 12
8 2 29 675 288, 108 0, 180 1 0.9 2 29 756 2120 0
12 2 24 11.72 276,96 0, 180 1 0.75 2 28 92 2/2/0 20
18 1 34 16.86 12 0 0 0.28 1 34 1686 N/A 12
24 1 24 2345 276 0 0 0.017 1 28 20.13 N/A 8
Near 800 0.1 29 36 0.09 122, 159, 196, 234, 0,199, 37,236, 74, 2 577 N/A N/A N/A N/A N/A
(N =14) 271,308, 345, 26, 273,112,311, 149,
60,97, 135,171, 208, 348, 187,26, 224,
246,283,321, 358, 63,262,100, 299, 138,
35,72, 109, 147, 184, 336, 175, 14,212, 51,
221,258,296, 333, 250, 88, 287, 126,
10,47, 85 325,163
0.5 10 33 05 122, 158, 194, 230, 0,216,72,288, 2 0.87 10 34 05 10/10/6 19
266,302, 338, 14, 144,0, 216, 72,
50, 86 289, 145
1 6 31 0.88 302,11,80,149,218,287 0, 144,228,342,196,210 2 0.88 6 32 083 6/32 19
2 3 31 173 302,62, 182 0, 120, 240 2 1 332 172 331 19
4 326 244 212,332,92 0, 120, 240 1 0.85 3 28 3.01 35300 2
6 2 31 4.6l 302, 122 0,360 1 1 2 32 459 2120 19
8 2 26 6.37 212,32 0,360 1 0.83 2 28 635 21200 6
12 2 21 995 212,32, 0,360 1 0.7 2 28 635 27200 6
18 1 31 1639 302 0 0 0.23 1 32 1638 N/A 19
24 1 21 21.71 212 0 0 0.03 1 28 18.12 N/A 6
Near 1200 0.1 25 40 0.09 346, 60, 135, 209, 0, 113,226, 339, 2 6 N/A N/A N/A N/A N/A
(N =13) 283,357,772, 146, 92,205,318,71,
221,295,9, 84,158, 184,297, 50, 163,277,
232,307,21, 96, 170, 30, 143,256,9, 122,
244,319, 33, 107, 235,348,101,214,
182,256,331 327,80, 194
0.5 9 44 043 180, 216,253, 290, 0,242, 124,7,249, 2 1.31 10 34 046 10/10/2 7
327,3,40,77,114 131, 14, 256, 138
1 5 31 099 166,238,310,22,94, 0, 144, 288,72, 216 2 1.08 5 32 099 5/52 0
2 323 1.99 346, 106, 226 0,240, 120 1 0.82 3 28 194 3532 13
4 2 30 3.99 346, 166 0, 180 1 1 230 4 2/2/1 0
6 2 23 593 346, 166 0, 180 1 0.9 2 28 587 21211 13
8 2 19 593 346, 166 0, 180 1 0.7 2 28 587 2120 13
12 1 84 1038 14 0 0 1.92 1 84 1038 N/A 14
18 1 23 17.73 346 0 0 0.13 1 28 17.68 N/A 13
24 1 19 19.69 166 0 0 0.02 1 28 17.68 N/A 13
Explicitly, the number of satellites in the constellationis Example 2

Let the ground point be A = 0 deg, ¢ = 30 deg, and E;;,

=30

deg, if Tg,,, is 12 h. For the constellation near 500 km, 7g,,, =
20.1275h > Tg,,, > Tg,,, = 1.6175 h. Then the tandem meshing
algorithm is used. In the example, Ny, = 2 and AT = 11.74 h

Intersected meshing: Tg,, is less than all of the gaps except

To have the more efficient arrangement, we maximize the time
gap of the meshed time line by the Brent method,'? and the time

T,
Ny = INT —t +1 (1)
l (T‘WP - TGmax + TGde> )
The time shift between the satellites in the constellation is (refer to Table 2).
AT = Trep/Nsat (12) TGmax'
and
T,=T + (n— 1)AT, for n=1,..., Ny (13) shift is obtained from the interval

In summary, the algorithm is to place the second satellite after the
last pass of the first satellite by the amount of AT and the third
satellite after the second by the same amount. The procedure is
repeated until the number of the satellites equals N,,.

Tselj_Tl =< AT =< nelj_Tl+TGj ] = 17 RN Npass (14)

In summary, the procedure starts with the number of the satellites
equalto three and the time shiftrule givenby Eq. (14). The time shifts
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Table 3 Constellations for A = 0 deg, ¢ = 50 deg, and E,;, =5 deg

Exactdesign Walker’s design
Computer First, asc.
Max gap i, Gap, Ascending node, Initial mean Meshing  run time, i, Gap, node, deg
Alt., km req.,h  Ng deg h deg anomalies, deg type min Nga deg h T/P/F My=0
Near 500 0.1 18 57 0.093 348,9,31,52,73, 0,41,81,122, 163, 2 4.87 N/A N/A N/A N/A N/A
(N =15) 94,116, 137,158, 180, 204,244,285, 326,06,
201,222,243, 265, 47,88, 128, 169,
286,307,329, 350 210,251,291, 332
0.5 7 55 048 84,142,201, 259, 0,204, 49, 253, 2 2.05(7.1* 6 64 047 6/2/1 0
317,16, 74 98, 302, 146
1 4 55 092 84,174,264, 354 0, 89,178,268 2 1.93(2.6) 4 55 092  4/4/1 12
2 2 55 198 84,264 0, 180 1 1.76 2 55 199 212/1 12
4 2 48 3.57 216,36 0, 180 1 1.55 2 48 3.58 2121 0
6 2 42 519 204,24 0, 180 1 1.32 2 42 598 2/2/0 0
8 2 38 6381 288,108 0, 180 1 1.15 2 38 7.61 212/0 0
12 1 74 107 12 0 0 1.53 1 74 10.71 N/A 12
18 1 42 1697 204 0 0 0.32 1 42 1698 N/A 12
24 1 33 2348 276 0 0 0.017(0.2) 1 33 2349 N/A 0
Near 800 0.1 15 63 0.089 212,118, 23, 289, 0,240,121, 1, 241, 2 543 N/A N/A N/A N/A N/A
(N =14) 195,100, 6,272, 122,2,243,123, 3,
178,83, 349, 255, 244,124, 4,
160, 66, 332 245,125
0.5 5 73 047 302,14,86,158,230 0,72,144,217,289 2 24 5 73 047 5/5/1 19
1 3 73 0.89 302,62, 182 0, 120, 240 2 2.15 3 73 0.9 3/3/1 19
2 2 52 161 302,122 0,0 1 1.63 2 52 1.62  212/0 19
4 2 43 297 212,32 0,0 1 1.33 2 43 298 2120 6
6 2 37 4.69 122,302 0,0 1 1.15 2 37 4.7 2/2/0 19
8 2 32 646 32,212 0, 360 1 0.98 2 33 643 212/0 7
12 1 62 1141 212 0 0 1.17 1 62 1142 N/A 6
18 1 37 1648 122 0 0 0.27 1 37 1649 N/A 19
24 1 27 2353 302 0 0 0.03 1 28 21.74 N/A 5
Near 1200 0.1 11 60 0.1 0,93, 186,279, 0,231, 103, 334, 2 4.52 N/A N/A N/A N/A N/A
(N =13) 12,105,198, 291, 205,77, 308,179,
24,117,210 51,282,153,
0.5 5 71 0.5 180, 103, 25, 0,287,214, 2 2.38 5 72 0.5 5/5/3 25
308, 230 141, 68
1 3 73 092 0, 100,201 0, 134,267 2 2.22 3 73 095 3/3/1 0
2 2 50 172 0, 180 0, 180 1 1.58 2 50 1.73  212/0 0
4 2 40 224 346, 166 0, 180 1 1.28 2 40 3.13  2/2/0 0
6 2 28 599 346, 166 0, 180 1 0.92 2 28 6 2/2/1 13
8 1 84 694 180 0 0 1.85 1 84 694 N/A 14
12 1 61 1049 180 0 0 1.13 1 62 1046 N/A 14
18 1 28 17.8 346 0 0 0.15 1 28 17.81 N/A 13
24 1 22 236 166 0 0 0.017 1 28 17.81 N/A 13

“The value in parentheses is the computer run time from Ref. 7 (SUN workstation).

a =Tt 1

dr, =dh+1) g

l

Find AT between dt, and dt_by Brentl!’]
method to get max gap

Ny =N, +1

Fig. 5 Flowchart of intersection meshing scheme.

are the same for all satellites in the constellation. If the time gap
required is not satisfied, one more satellite will be added. The pro-
cedure continues until the time gap required is fulfilled. Figure 5
illustratesthe flow diagram of intersectionmeshing. The intersected
meshing algorithm can be used for the zero time gap requirement.

Example 3

Let the ground point be A = 0 deg, ¢ = 30 deg, and E,;, = 30
deg, if Tg,,, is 1 h. For the constellation near 500 km, T, =
16.8486h > T, , = 1.61867h > Tg,.. Thenthe intersectionmesh-
ing algorithm is used. In the example, AT = 4.19402 h (refer to
Table 2).With the scheme discussed earlier, the flow diagram of
satellite constellation design is shown in Fig. 6. The criterion for
choosing the best constellation is to minimize the number of satel-
lites with the smallest value of inclination to meet the gap require-
ments. The design procedure starts with the inclination equals to
¢’ — B; and ends at 90 deg. The set of the minimum number of
satellites with the smallest value of inclination from the design pro-
cedure is the optimum set.

Numerical Results

Tables 1-4 show the results obtained from the new design algo-
rithm. Table 5 shows the design results for high E;, and short
time gap requirements. In the table the meshing scheme used
(1 for tandem meshing, 2 for intersection meshing, and 0 when
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Table4 Constellations for A = 0 deg, ¢ = 50 deg, and E i, = 30 deg

Exactdesign Walker’s design
Computer First, asc.
Max gap i, Gap, Ascending node, Initial mean Meshing  run time, i, Gap, node, deg
Alt., km req.h Ng deg h deg anomalies, deg type min Nga deg h T/P/F My=0
Near 500 0.1 41 55 0.095 348,51, 113, 176, 0, 140,280, 60, 199, 2 10.88 N/A N/A N/A N/A N/A
(N =15) 239,301, 4, 67, 339,119,259, 39,
129,192, 255,317, 179,318,938, 238,
20, 83, 145, 208, 18,158, 298,77,
271,334,36,99, 217,357,137,277,
162,224, 287,350, 57,196, 336, 116,
52,115,178, 240, 256,36, 176, 315,
303,6, 68,131, 194, 95,235, 15, 155,
256, 319,22, 84, 295,74, 214,354,
147,210,272,335 134,274,54,193
0.5 11 54 048 12,45,78, 110, 0,229, 97,326, 2 1.23(5.3®* 11 55 048 11/11/7 12
143,176, 209,241, 195, 63,292, 161,
274,307,340 29, 258, 126
1 6 54 095 12,72,132,192, 0,180, 1, 181, 2 1.05(0.8) 6 55 095 6/6/3 12
252,312 2,182
2 3 54 16 12,132,252 0, 360, 360 2 1.68 3 55 1.6 3/3/0 12
4 3 50 292 24,144,264 0,0,0 1 1.47 3 50 292  3/3/0 0
6 2 54 524 12,192 0,180 1 1.63 2 55 523  212/1 12
8 2 50 6.85 24,204 0,180 1 1.47 2 50 7.66  2/2/0 0
12 2 44 10.13 288,108 0,180 1 1.18 2 44 11.77 2121 8
18 1 54 17.06 12 0 0 0.47 1 55 17.06 N/A 11
24 1 44 21.92 288 0 0 0.05(0.2) 1 44 2355 N/A 7
Near 800 0.1 33 56 0.097 328,339,351,2,13, 0,202,45,247, 2 6.33 N/A N/A N/A N/A N/A
(N =14) 24,36,47,58, 69, 89,292, 134, 336,
81,92,103, 114, 179, 21, 223, 66,
126,137, 148,159, 268,110,313,155,
171,182,193,205, 357,200,42, 244,87,
216,227,238,250, 289,131,334, 176,
261,272,283,295, 18,221,63,265,108,
306,317,328 310, 182,355
0.5 10 60 042 32,132,232,332, 0, 40, 80, 120, 2 1.55 11 56 05 11/11/7 10
72,172,272,12, 160, 200, 240, 280,
112,212 319,359
1 5 60 0.86 32,99,165,232,299 0,147,293, 80,227 2 1.62 6 52 0.84 6/32 19
2 3 52 1.7 328,88,208 0, 120, 240 2 1.55 3 52 171 3/3/1 19
4 2 60 3.01 32,212 0,0 1 1.87 2 60 3.01 3/3/1 6
6 2 52 475 328,148 0,0 1 1.55 2 52 476  212/0 19
8 2 47 649 32,212 0,5 1 1.33 2 47 649  212/0 6
12 1 80 11.51 32 0 0 1.62 1 80 11.51 N/A 6
18 1 52 16.59 328 0 0 0.48 1 52 16.6 N/A 19
24 1 40 23.59 302 0 0 0.033 1 43 21.82 N/A 6
Near 1200 0.1 26 56 0.088 0,107,215,322,70, 0,43,87, 130,173, 2 4.8 N/A N/A N/A N/A N/A
(N =13) 177,285,32, 140,247, 217,260, 303, 346,
354,102,209,317, 30,73, 116,160,203,
64,172,279, 26, 246,290,333, 16,
134,241,349, 96, 60, 103, 146, 189,
204,311,59, 166 233,276,319,3
0.5 10 51 048 0,108,216, 324, 0,37,74, 111, 2 1.57 9 63 048 9/9/2 0
72,180, 288, 35, 148,185, 222,259,
143,251 297,334
1 5 50 092 0,72,144,216,288 0, 144,288, 82,217 2 1.52 5 51 0.9 5/512 0
2 3 50 1.83 0, 120, 240 0,240, 120 2 1.42 3 51 1.81  3/3/0 0
4 2 59 232 346, 166 0,180 1 1.72 2 59 322 21/0 0
6 2 50 421 0,180 0,180 1 1.4 2 51 5.09 212/0 0
8 2 40 797 0,180 0,180 0 1.05 2 40 7.98  212/0 0
12 1 81 10.59 14 0 0 1.58 1 81 1059 N/A 14
18 1 44 17.92 346 0 0 0.23 1 44 1793 N/A 14
24 1 37 23.61 166 0 0 0.017 1 37 23.63 N/A 0

“The value in parentheses is the computer run time from Ref. 7 (SUN workstation).

only one satellite is required) and computation times used on a
Pentium-basedpersonal computerare also listed for reference. Com-
pared with Walker’s results from Ref. 7, the new design yields equal
or better results for most cases evaluated. But for several cases of
short time gap requirements, there are one or two satellite numbers
more than the results from Ref. 7. After carefully reviewing the
time line of the Ref. 7 results, we find the new design gives the
exact results. For example, for the case of ¢ = 30 deg, E;, = 30
deg, and T;,,, = 0.5 h, the result from Ref. 7 gives eight satellites
with the ascending nodes 346.29, 113.29, 151.30, 158.96, 166.62,

293.61,331.62, and 339.28; the initial anomalies 0, 151.98, 18.76,
279.40, 180, 331.98, 198.76, and 99.38; and the inclination of 40
deg. With the data of the aforementioned constellation, the time line
is reconstructed, which gives 7, = 1.81869 h and places behind
pass 21; and Tg,,, = 1.49893 h and places behind pass 41. From
Table 1, the new design gives nine satellites at the inclination of
44 deg and the Tg,,, = 0.43 h. Because of the exact model be-
ing used, it does provide accurate results. In Tables 3 and 4, the
computer run times (on a SUN workstation) from Ref. 7 are also
shown.
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Table 5 Constellations for A = 0 deg and E,;;, = 60 deg

Exactdesign Walker’s design
Computer First, asc.
Max gap i, Gap, Ascending node, Initial mean Meshing run time, i, Gap, node, deg
Alt.,km  ¢,deg req.,h Ny deg h deg anomalies, deg type min Ng deg h T/P/F My=0
Near 800 30 0.5 16 33 048 32,98, 164,231, 0, 153, 306, 100, 2 0.7 16 34 0.5 16/16/2 6
(N =14) 297, 3,69, 135, 253,46, 199, 352,
202,268, 334, 40, 145,299,92, 245,
106, 173, 239, 305 38,191, 344,138
1 8 33 091 32,55,717, 100, 0,45,90, 135,179, 2 0.63 8 33 095 8/4/2 0
122,145,167, 190 224,269,314
2 4 33 1.77  32,325,259,192 0,214, 68,282 2 0.96 4 33 1.84 4/4/3 0
50 0.5 18 50 0.43 304,316,327, 339, 0,197, 35,232, 2 0.96 17 54 0.36 17/17/3 5
350,2, 14,25, 69,267,104, 301,
37,49, 60,72, 138,336,173, 10,
83,95,107, 118, 208, 45, 242, 80,
130, 142 277,114
1 10 50 0.86 304,326,347,9, 30, 0,58, 116,174, 2 0.85 9 50 0.839 9/9/4 19
52,73,95,117,138 232,290, 349,
47,105,163
2 5 50 1.74 304,344,24, 64,104, 0,159,318,118 2 0.81 4 54 1.75 4/42 6
Near 1200 30 0.5 15 34 046 346,5,23,42,60, 0,119,237, 356, 2 0.83 14 33 048 147712 0
(N =13) 79,97, 116, 114,233,351,110,
135,153,172,190, 238,347, 105,224,
209,227,246 342,101,220
1 8 28 098 166,192,218,243, 0, 25,50, 76, 101, 2 0.73 8 28 098 8//3 0
269,294,321, 346 126,151,176
2 4 29 198 166,225,284,344 0,310,260, 210,277 2 0.7 3 3 2 3/3/2 14
50 0.5 15 55 049 318,331,345,358, 0,187,13,200,27, 2 1.28 14 53 0.5 1477112 0
11, 25, 38,51, 65, 213, 40,227,
78,91, 105,118, 53, 240, 66, 253,
131, 145 80, 266,93
1 8 53 1 318,342, 6, 30, 0,48,96, 144,192, 2 1.2 8 52 1 8/8/3 0
54,78,102,126 240, 288,337
2 4 53 1.88 318, 16,74,132 0, 324,288,253 2 1.16 4 53 1.88 4/4/1 0
Acknowledgment

Read and calculate basic
element

End

Fig. 6 Flowchart of constellation design.

Conclusions

In this study, the HET design procedure is modified and the
method of constructing the time line is precisely designed. The cri-
terion for choosing the best constellationis to minimize the number
of satellites with the smallest value of inclination to meet the gap
requirements. The new algorithm constructs the time lines exactly
and then obtains the precise satellite constellations. The developed
C++ program can find the most efficient arrangement of the satellite
constellationand the optimal value of inclinationin less than 10 min
on a Pentium-based personal computer.

This work was sponsored by the National Science Council, Re-
public of China, under Contract NSC84-2612-E-032-001.
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