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In this study, we describe an analytical process for designing a low Earth orbit constellation for discontinuous regional
coverage, to be used for a surveillance and reconnaissance space mission. The objective of this study was to configure
a satellite constellation that targeted multiple areas near the Korean Peninsula. The constellation design forms part of a
discontinuous regional coverage problem with a minimum revisit time. We first introduced an optimal inclination search
algorithm to calculate the orbital inclination that maximizes the geometrical coverage of single or multiple ground targets. The
common ground track (CGT) constellation pattern with a repeating period of one nodal day was then used to construct the
rest of the orbital elements of the constellation. Combining these results, we present an analytical design process that users
can directly apply to their own situation. For Seoul, for example, 39.0° was determined as the optimal orbital inclination, and
the maximum and average revisit times were 58.1 min and 27.9 min for a 20-satellite constellation, and 42.5 min and 19.7 min
for a 30-satellite CGT constellation, respectively. This study also compares the revisit times of the proposed method with those
of a traditional Walker-Delta constellation under three inclination conditions: optimal inclination, restricted inclination by
launch trajectories from the Korean Peninsula, and inclination for the sun-synchronous orbit. A comparison showed that the
CGT constellation had the shortest revisit times with a non-optimal inclination condition. The results of this analysis can serve

as a reference for determining the appropriate constellation pattern for a given inclination condition.

Keywords: satellite constellation design, regional coverage, optimal inclination constellation, repeat ground track (RGT)

1.INTRODUCTION

Satellite constellations were first conceptualized in
1945 by Clarke (1966) who proposed a continuous global
coverage constellation consisting of three geostationary
Earth orbit (GEO) satellites. The street-of-coverage (SOC)
constellation pattern (Luders 1961) as well as Walker star
and Walker-Delta constellation patterns (Walker 1971;
Ballard 1980) are the most well-known constellation designs
for global or zonal coverage. The Flower constellation
is a relatively recent discovery that has many potential
applications (Mortari et al. 2004). There have also been
studies on reducing the number of satellites for continuous
global coverage (Beste 1978; Draim 1985; Adams & Rider

1987). A regional coverage constellation has become an
option to consider as the types and purposes of space
missions become more diversified. The evolution of small
or microsatellite technology has resulted in an increasing
number of constellation missions for commercial, scientific,
or military purposes. The mission objectives are changing
from global and general to local and specific. Thus, it can be
useful for stakeholders to be able to design and construct
a regional coverage constellation that solely focuses on the
mission’s specific ground targets (Lee et al. 2019).

Most of the traditional regional coverage satellites
were operated on a GEO or geosynchronous orbit so that
a specific area could be serviced with a small number of
satellites. However, these days, a low Earth orbit (LEO) is
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the most common choice for microsatellites because of
the lower launch cost and the restricted performance of
microsatellites. Unfortunately, a LEO not only has a smaller
instant coverage range than higher orbits but it is also unable
to take advantage of the high eccentricity that provides
useful dynamic and geometric features for observing specific
local regions. Unlike the Molniya or highly elliptical orbits
with a large semi-major axis, it would be risky to choose a
high eccentricity orbit for a LEO microsatellite constellation
because it would decay faster and have a shorter lifespan.
Therefore, in contrast to the traditional design approach, a
regional coverage microsatellite constellation needs to be
designed for its specific mission objectives while embracing
these limitations.

For a regional coverage constellation, Hanson et al.
(1990) showed that repeat ground track (RGT) orbits yield
shorter revisit times than non-RGT orbits. Ulybyshev (2008)
investigated an algorithm to find the best T-P-F (Walker’s
notation) Walker-Delta pattern for complex regional
coverage using the two-dimensional (2D) geometric
coverage map method. He & Han (2007) and Zhang et al.
(2018) addressed the regional coverage problem over cities
in China using metaheuristic optimization algorithms.
Savitri et al. (2017) and Kim et al. (2017) used genetic
algorithms to solve the regional coverage problem for the
Korean Peninsula. Lee et al. (2019) dealt with a complex
regional coverage problem using the common ground track
(CGT) constellation pattern with a circular or critically
inclined elliptic orbit as a building block. These design
approaches can be categorized into three groups. The first is
an analytical approach that uses orbital dynamic properties,
such as RGT orbits. The second is to use the traditional
global or zonal coverage methods such as a Walker or SOC
pattern. The third is to solve the optimization problem for
the orbital elements such that the figure of merit for regional
targets becomes maximum.

In this study, we describe an analytical approach for
designing circular LEO microsatellite constellations for
discontinuous regional coverage, which is part of the
mission design process of a surveillance and reconnaissance
mission for the Korean Peninsula. This study contributes
to the study of the regional coverage problem in several
ways. First, the orbital inclination plays a decisive role in
the design of the regional coverage constellation; therefore,
we devised an optimal inclination search algorithm that
considered both the coverage range of each satellite
and the geographical location of the regions of interest.
Furthermore, we describe an analytical design process so
that users can directly apply it to their own situation without
any complex optimization algorithms or iterative dynamic
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simulations. This is the most distinctive contribution of this
study compared with previous studies such as Ulybyshev
(2008) and Lee et al. (2019). Thus, this analytical design
process can be used in the early stage of the mission design
process, allowing fast and simple comparisons between
different constellation conditions. Finally, we compare the
revisit times of the CGT constellation and the Walker-Delta
constellation under optimal and non-optimal inclination
conditions. The results of this analysis can be used to
determine the appropriate constellation pattern for a given
inclination condition (Shin 2021).

The remainder of this paper is organized as follows.
Section 2 introduces the optimal inclination search algorithm
using the 2D map method and shows the resulting optimal
inclinations for single or multiple target problems. This is
followed by a description of the design process of the CGT
constellation pattern for minimum revisit time. Section
3 describes the hardware and software used to verify the
proposed process and algorithms. Section 4 analyzes and
compares the revisit times of the constellation proposed in
this study and the results from all possible T-P-F Walker-
Delta constellations, applying both optimal and non-optimal
inclinations. Finally, Section 5 summarizes our conclusions.

2. OPTIMAL INCLINATION FOR SINGLE OR
MULTIPLE TARGET REGIONAL COVERAGE

In this section, we describe an algorithm for obtaining
the optimal orbital inclination for the given ground targets.
Without any dynamic simulation, this algorithm quantifies
the observation capability of circular orbits using the
geometric relationship between a satellite and ground
targets while considering the instant coverage angle of the
satellite, such as the payload’s field of view. Here, the 2D
coverage map, which was defined by Hanson et al. (1990)
as well as Ulybyshev (2008), was used to quantify the
observation capability from the area of its graph.

2.1 2D Coverage Map

The 2D map takes a 2D space that consists of the
argument of the latitude u € [0° 360°] and the right
ascension of the ascending node (RAAN) Q € [0° 360°] as
its domain. The coverage function {Q, u) = 0 maps the Q-u
pairs into a positive real value if it can observe the ground
target or 0 if it cannot. To obtain the 2D coverage map, we
defined the coverage function fas in Eq. (1). Fig. 1 shows
the geometric relationship of the coverage function f. In
Fig. 1, 6 is the angle from the sub-satellite point (SSP) to
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Fig. 1. Geometric relationship between sub-satellite point and ground
target.

the ground target, and y is the angle from the SSP to the
maximum instant coverage boundary, both measured at
the center of the Earth. Using the longitude and geocentric
latitude of the SSP (4, and ¢,,) and the target (¢,, and 2,,),
we can compute the angle § using cosine rules of spherical
trigonometry, as shown in Eq. (2).

1, y-6(Qu)=0

f(Q’"):{o, W -0(Qu)<0 ™

cos@=sing_sing_ +cosg _ cos¢ cos(/l -1 ) 2

tgt sat tgt sat (7 sat

Let o be the half angle of the payload’s field of view. Then,
the angle y is calculated using Eq. (3) (Wertz & Larson
1999). Here, R, is the radius of the Earth and & is the altitude
of the orbit.

y/:z—a—acos w 3
2 R

E

Then, we can depict the observation capability of the orbit
in the 2D graph of the mapping. For example, Fig. 2 shows
a graph of the 2D coverage map obtained by computing the
coverage function of a circular orbit at an altitude (%) of 500
km and an inclination (i) of 39°. Here, the ground target is
Seoul, and the instant coverage angle of the spacecraft is
60°. In other words, theray area in Fig. 2 shows the Q-u pairs
covering the target region (Seoul) by using a circular orbit at
an altitude of 500 km and an orbital inclination of 39°.

2.2 Coverage Map with Optimal Inclination

We have developed an optimal inclination search
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Fig. 2. Graph of 2D coverage map of circular orbit with h = 500 km and i =
39° for Seoul.

algorithm to find the optimal inclination such that the orbit
obtains the best observation capability. First, we assume
that the area of the 2D graph shows the orbit’s observation
capability and define it as a value function to be maximized.
Note that for circular orbits, the semi-major axis, inclination,
location of ground targets, and any type of visible condition,
such as the minimum elevation angle or payload’s field of
view, must be given. Thus, with a fixed ground target and
the payload’s field of view, the optimal inclination (i) for the
circular orbit is defined by Eq. (4). Here, A is the area of the
2D graph, which is a function of g, the semi-major axis, and

iis the orbital inclination.

i= argmaxA(a,i ) (4)

Furthermore, for the multiple target case, the optimal
inclination is defined as the inclination that maximizes the
weighted sum of the 2D graph area. In Eq. (5), A, is the k th
target’s 2D graph area, w, is its weight, and N; is the total
number of targets. In this study, the orbit’s semi-major axis
(a) is uniquely determined by the fixed orbital inclination
under the RGT orbit condition and restricted altitude range,
which will be explained in detail below. Thus, the 2D graph
area becomes a function that depends only on the orbital
inclination (i).

Ny

i =argr_naXZAk (a,i)wk (5)

k=1

In the algorithm, the 2D graph area or the weighted sum
area is calculated within the selectable orbital inclination
range with fixed intervals. In this study, for example, we set
the inclination range and interval to be 30.0°-89.9° and 0.1°,
respectively. Then, the inclination that maximizes the value
is selected as the optimal inclination. Fig. 3 is an example
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Fig. 3. Three-dimensional coverage graph over selectable inclination range.

expressed in a three-dimensional graph that is a stack of 2D
graphs over the selectable orbital inclination range along
the z-axis. The figure shows the optimal inclination at which
the cross-sectional area is maximized. Fig. 4 shows the
pseudocode of the algorithm.

GIVEN: inin, imax, v, Ai(i) and Wi, where [ =1, ..., Nr
imin, Imax: MiniMum, maximum orbit inclination
y: inclination resolution
Ai(7): 2D map area for each target region
W;: weight for each target region

N: the number of target regions

FIND: Optimal orbit inclination, "

for i = imin 1 Y : Imax

Calculate 4

wsum

(7)=21, 4

LA (1w,
Save Awsum(i)
End

i =argmax4 (i
: wsum
i

Fig. 4. Pseudocode for inclination search algorithm.

https://doi.org/10.5140/JASS.2021.38.4.217

220

3. COMMON GROUND TRACK (CGT)
CONSTELLATION DESIGN

A CGT constellation, which was first named by Lee et al.
(2019), is a set of orbits that draws the same ground track
and repeats it every certain period. It is essentially one of
the Flower constellation patterns that draw closed orbits
in the Earth-centered, Earth-fixed coordinate system. If it
has symmetry, it can also be classified as a Walker-Delta
pattern. However, in this study, we limit the notion of the
CGT pattern to constellation patterns that have circular LEO
RGT orbits with a repeating period of one nodal day.

Eq. (6) shows the RGT condition with a repetition of one
nodal day, where ¢ is limited to 15 for orbits with an altitude
of approximately 500 km (Hanson et al. 1990) because of
the orbital period. Here, w, is the Earth’s rotation rate, n
is the mean motion of the orbit, M, is the reference mean
anomaly, and w is the argument of the perigee of the orbit.

w,-Q (# of nodal days)

n +Mﬂ +o (# of revolutions)

(6)

_1
q

Using the Lagrange planetary equation, Eq. (6) becomes an
equation that depends only on the orbital inclination and the
semi-major axis. Egs. (7), (8), and (9) represent the J,-J; secular
effect for each parameter under the circular orbit condition,
which is modified from the original equation in Vallado (2013)
in that the eccentricity of a circular orbit is considered to be zero.
Here, ],-J;; are zonal coefficients of the Earth Gravitational Model
1996 (EGM96). Therefore, given the orbital inclination, we can
numerically solve Eq. (6) for the semi-major axis and obtain a-i
pairs that satisfy the RGT condition, which leads to the orbit’s
semi-major axis being uniquely determined by the inclination
under the RGT orbit condition.

o 3/,R:ncosi N 3/IR}ncosi

12-80sin*/)
2% 324 (
15/,R*cosi
+ /“754(8 +sin®7) ™
32a
R°ncosi
7i5/557(647288sin21'+sin41')
1024 a
© 3n/,R? 9nJiR!
w:LZb(l}—Ssinzi)-# 1, f(7605in2i789051n41')
4a 384a
15/, R!
_15, 5”(64—2485in21'+1965in41') @)
128a*
105/ R®
+7/5 E”(256—20485in21'+4-128sin41'—2376sin51')
20482°



3nR? 3nR!J?
LE/Z(273sin21')+ R/, (1600sin /-2096sin’ 1)

43° 512a* )
35/ R®
35 E”(—128+1344sini—151251n2i+184851n"1')
2048a°

To design a CGT constellation, it is necessary for the
constellation to satisfy the conditions to draw the same
ground trajectory. Given the number of satellites (N) and
the number of revolutions of the RGT orbit in its repeating
period (g), the orbital plane arrangement condition (AQ)
and the spacecraft’s orbit phase difference condition
(Au) are determined. Egs. (10) and (11) show the multi-
plane CGT condition with the minimum revisit time.
This is rewritten from the general equation in Ortore et
al. (2017) to become the equation for circular RGT orbits
with a repeating period of one nodal day. Here, N is the
total number of spacecraft, and AQ;; , and Au;; , are the
differences between the (j - 1)th and j th spacecraft’s RAAN
(©Q) and argument of latitude (u), respective, where j = 1,
..., N - 1. Although an asymmetric CGT constellation is
available using this equation, we set AQ to a constant value
of 2rt / N to evenly distribute the orbit planes, which makes
the constellation a symmetric CGT constellation.

27 int| L)< a0 .7132—” 1+int| L (10)
q N Mg N

Au. :27{1+int[qj]—qAQ. . ay
J,Jj-1 N J.j-1

To complete the constellation design, we set the reference
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orbit for the CGT constellation that passes over the target at
a given moment ,. For the target whose geocentric latitude
is smaller than the orbital inclination, the reference
spacecraft’s RAAN (Q,) is calculated using Eq. (12) by
referring to Fu et al. (2012). In addition, the argument of
latitude (u,) is calculated using the sine rule of spherical
trigonometry, as shown in Eq. (13). S is the Greenwich
mean sidereal time.

_ tan
Q =2,+S (to)—arcsin — (12)
& tan/
u, = arcsin[%j (13)
sin J

To summarize, a circular orbit constellation with constant
altitude and inclination needs 2N + 2 parameters. In this
study, we present a step-by-step design process to obtain
the parameters for the CGT constellation with the optimal
inclination. First, two parameters, the semi-major axis, and
the inclination, are determined by the one nodal day RGT
condition and the optimal inclination condition. Next, the
reference spacecraft’s RAAN (Q,) and argument of latitude
(u,) are determined, forming the reference orbit for the
constellation. Finally, the CGT constellation condition
determines the rest of the 2N-2 parameters, AQ,; ; and Au;; ,
(=1, ..., N-1), which is summarized in Figs. 5 and 6 shows
the overall design process of the CGT constellation with
optimal inclination. The architecture of the design process
is divided into two parts: the optimal inclination search
process and the CGT constellation design process. If there is

GIVEN: N,q, gt Aege
N: total number of satellites

q: number of orbit revolutions within 1 nodal day

Prge: geocentric latitude of the target

Atge: target longitude

FIND: j-th satellite’s RAAN and argument of latitude, {;, u; (G=0,.,N-1)

Compute 2, and u,, using Eq. (14) and Eq. (15)

Choose 4(; ;4 that satisfies Eq. (12)
Compute 4u; j_4 using Eq. (13)
Forj=1:N-1

0= 0,+ Z,400,,

u = U, + Z’{=1Aul,1_1
End

Fig. 5. Pseudo code for CGT constellation design. CGT, common ground track.
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Optimal Inclination Search

INPUT
- Possible altitude range
- Payload FOV
- Target regions

Are there any
restrictions on
inclination?

Optimal inclination
search algorithm

N

Find semi-major axis (a) for
given inclination (i) to make RGT

CGT Constellation Design

INPUT
- Reference satellite (Q,.7,1,.f)
- Total number of satellites (N)

.

Solve CGT conditions
and get (A9;, Ay;)

|

OUTPUT
- CGT constellation with
optimal inclination
(a,i,9;u;),
i=1,..,N

Fig. 6. Architecture of CGT constellation with optimal inclination. CGT, common ground track.

no orbital inclination constraint for the design problem, the
optimal inclination search algorithm finds the best orbital
inclination that maximizes the observational capability
considering the given ground targets. Then, it calculates the
semi-major axis that satisfies the RGT orbit conditions. Note
that the repeating period of the RGT is set to be one nodal
day for the minimum revisit time. Finally, the remaining
orbital parameters are calculated by solving the CGT
conditions using the reference orbit that passes over the

target at a given moment.

4. RESULTS AND DISCUSSION

4.1 Revisit Times of CGT Constellation with Optimal
Inclination

Fig. 7 shows 10 regions of interest near the Korean
Peninsula, which are the ground targets for the constellation
design with optimal inclination. Each target’s boundary
was set to have a radius of 50 km. The mission satellite had
a limited instant coverage range with a payload field of view
of 60° and orbit altitude of approximately 450-550 km. Thus,
we can call this type of design problem a discontinuous
regional coverage problem with low earth orbit (LEO)

https://doi.org/10.5140/JASS.2021.38.4.217

Fig. 7. Regions of interests (A-J) near the Korean Peninsula.

conditions.

With a fixed field of view of 60°, the half angle of the
instant coverage range («a) is 30°, and the corresponding y
is between 2.4° and 2.9° if the altitude ranges from 450 to
550 km. Under these conditions, the 2D map is calculated
for the entire domain by dividing Q and u every 0.25° from
0° to 360°. After the calculation, the algorithm separately
saves the area of the graph for each ground target. Finally,
the algorithm repeats the process to determine the optimal
inclination that satisfies Eq. (1) by dividing the orbital
inclination i every 0.1° within the inclination search space.



Considering the latitude of the ground targets in Table 1,
the inclination search space is between 30° and 90° because
the orbit with an inclination under 30° does not have any
observation coverage of the targets. Table 1 shows the
optimal inclination results for the 10 regions of interest
in Fig. 7. As a result, the values of the optimal inclination
tended to be slightly greater than those of the target’s
geodetic latitude, and the average of the inclination-latitude
difference was approximately 1.5°.

To construct the regional coverage problem, we defined
three different constellation design cases. The first design
case (Case I) takes region C as the only ground target, and
the second and third cases (Case II and Case III) included
all 10 regions of interest shown in Fig. 7, but with different
sets of weights. The optimal inclination search algorithm
uses the weights in Table 2 while computing the weighted
sum of the 2D-map area in Eq. (2). For the multi-target
cases (Cases II and III), the weights are scaled such that the
values of the main targets (E, F and H for Case 1II, and ] for
Case III) are three times higher than the others, but the total
sum of the weights = 1. As a result, the algorithm returned
inclinations of 39.0°, 41.2°, and 43.0° for Cases I, II, and III,
respectively. By combining the optimal inclination and
the CGT constellation pattern, we constructed optimally
inclined CGT constellations using 20 and 30 satellites

Table 1. Regions of interest and their optimal inclinations

Mark (lﬁflggli'(t): doef,ilgzietr:csl;) Optimal inclination
A Iwakuni (132.22°, 34.20°) 35.8°
B Xining (116.59°, 35.41°) 36.8°
C Seoul (126.98°, 37.57°) 39.0°
D Dalian (121.61°, 38.91°) 40.6°
E Gitdaeryung (127.68°, 38.93°) 40.5°
F Dongchang-ri (124.71°, 39.66°) 41.2°
G Akita (140.13°, 39.72°) 41.1°
H Musudan-ri (129.67°, 40.86°) 42.4°
I Tonghua (125.74°, 42.05°) 43.6°
] Vladivostok (131.90°, 43.12°) 44.7°

Table 2. Weights for 10 regions of interest by design conditions

Region Casel Casell Case IIT
A 0 0.0625 0.0833
B 0 0.0625 0.0833
C 1 0.0625 0.0833
D 0 0.0625 0.0833
E 0 0.1875 0.0833
F 0 0.1875 0.0833
G 0 0.0625 0.0833
H 0 0.1875 0.0833
I 0 0.0625 0.0833
] 0 0.0625 0.2500

Jinyoung Shin et al. Regional Coverage LEO Constellation Design

for each case. Table 3 shows the overall constellation
configuration, where the epoch of the orbital elements is
January 1, 2019, 12:00:00.000, UTC as an example. Fig. 8
shows the Case I CGT constellation design with 20 satellites.

To measure the revisit times over each region, we set
the maximum, average, and minimum revisit times as
the figures of merit. Here, the revisit time is defined as
the duration of the coverage gap between successive
observations of the area of interest. During the simulation,
the revisit time was recorded for every coverage gap, and the
maximum and minimum values were the maximum and
minimum revisit times, respectively. The average revisit time
was defined as the sum of all durations divided by the total
number of gaps. In this study, the revisit time was obtained
by a 2-month numerical simulation using a high-precision
orbit propagator from AGI’s Systems Tool Kit. The integrator
was a Runge-Kutta 7-8" order. The force models for the
perturbation environment were 21 x 21 EGM96 models for
the central body gravity. The Jacchia-Roberts atmospheric

Table 3. Orbital elements of CGT constellation with optimal inclination

Case Casel Casell Case III
# of satellites 20 30 20 30 20 30
a (km) 6,865.77 6,867.24 6,868.50
i() 39.0 41.2 43.0
Q,(9) 337.19
U () 74.75
AQ(°) 18 12 18 12 18 12
Au(®) 90 180 90 180 90 180

CGT, common ground track.

Fig. 8. Case | design result with 20 satellites.

http://janss.kr



J. Astron. Space Sci. 38(4), 217-227 (2021)

density model was also used with a drag coefficient of 2.2,
area-to-mass ratio of 0.0029, third-body gravity of the Sun
and Moon, solar radiation pressure with a solar flux index
(F10.7) of 150, and spacecraft reflectivity of 1.0.

First, as a result of the simulation of the single ground
target case (Case I), the maximum, average, and minimum
revisit times of the optimally inclined 20-satellite CGT
constellation were 58.1 min, 27.9 min, and 0.2 min,
respectively. This means the designed constellation
pattern ensured a revisit time of less than 60 min with 20
satellites, without any orbital maintenance such as station-
keeping control, for two months. For the 30-satellite CGT
constellation, the values were 42.5 min, 19.7 min, and 2.0
min, respectively.

We performed additional simulations for Case I with
various constellation sizes while gradually increasing the
number of satellites from 20 to 30 (Fig. 9). The result shows
that the average revisit time decreases almost linearly with
the slope of —-0.98 min/satellite as the constellation size
increases. The maximum revisit time, however, does not
seem to have a strict linear relationship with the size of the
constellation, which indicates that the revisit efficiency of
the symmetric CGT constellation varies with the number
of satellites. In other words, the observation pattern and
efficiency change as the size of the CGT constellation
varies. Indeed, for the maximum revisit time, not only are
the differences between the 20-, 24-, and 27-satellite CGT
constellations < 5 min despite their different sizes, but also
the CGT constellations with 21-27 satellites have maximum
revisit times that are longer than the 20-satellite CGT
constellation.

The results of Cases II and III, the multiple target cases,

20 satellites
300
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0O Maximum
X

280
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260

60
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40t

* *

E F
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20 1

24 25 26
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27 28 29 30

Fig. 9. Revisit times of optimally inclined (i = 39.0°) CGT constellations for
region C. CGT, common ground track.

are shown in Figs. 10 and 11, where the target regions are
arranged along the x-axis by latitude in ascending order.
The average revisit times of individual regions with 20
satellites were all less than 70 min, and those of weighted
regions were less than 40 min in both cases. Because the
optimal inclination of an individual ground target is highly
dependent on its latitude, it is clear that the region whose
optimal inclination is close to the resulting inclination (41.2°
in Case II and 43.0° in Case III) have shorter revisit times
than others. For example, in Case II, the average revisit
times of regions D and G are close to those of regions E, F,
and H, the weighted regions, within 5 min, although they
are not highly weighted. In Case III, the average revisit time
of region ] is almost half of the time in Case II, whereas those
of regions A-G are longer than those in Case II. Similar to

30 satellites
® Average
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X Minimum

40

301

Revisit time (minute)

27

x x

ol s s s s s
E F

Target region

Fx

Fig. 10. Revisit times of Case Il with 20 satellites (left) and 30 satellites (right).
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Fig. 11. Revisit times of Case Il with 20 satellites (left) and 30 satellites (right).

Case II, regions located in the latitude far from that of region
] tend to have longer revisit times compared to regions that
are closer to region J.

4.2 Comparisons between Common Ground Track (CGT)
Constellation and Walker-Delta Constellation

To compare the CGT constellation to all possible T -
P - F combinations of the Walker-Delta pattern, we first
simulated the full set of Walker-Delta patterns given 20 or
30 satellites, and for every available number of planes (P),
we selected the best F with which the resulting Walker-
Delta constellation had the shortest average revisit time. We
then compared the results from the CGT constellation with
those from the best Walker-Delta patterns for both optimal
and non-optimal inclinations. Note that the symmetric CGT
constellation is a part of the Walker-Delta constellation
with P = T orbital planes given T satellites and the phasing
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parameter F satisfying the CGT condition. Thus, 20- and
30-satellite CGT constellations can be represented by 20-20-
5 and 30-30-15 Walker-Delta constellations by calculating
using Egs. (10) and (11). Finally, the numerical simulations
were performed for two months within the J2-perturbation
environment, and the inclination-altitude pairs for the RGT
condition were computed only for the J2 secular effect.
First, Fig. 12 shows the results of 20-satellite and
30-satellite constellation patterns with the optimal
inclination for Seoul (39.0°). For the 20-satellite
constellations, the CGT pattern had the shortest maximum
revisit time. Furthermore, the maximum revisit time
decreased with an increasing number of orbital planes.
For the 30-satellite constellations, however, a 30-6-5
Walker-Delta pattern had the shortest maximum revisit
time (23.5 min). In contrast, the maximum revisit time
of the 30-satellite CGT constellation was 40.5 minutes.
Meanwhile, the average revisit time was almost the same to
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Fig. 12. Revisit times of Walker-Delta and CGT constellations with inclination of 39.0°, and optimal inclination for Seoul: 20 satellites (left), and 30 satellites

(right). CGT, common ground track.
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within approximately 3 min for both the 20- and 30-satellite
constellations.

Next, two types of inclinations were considered as the
non-optimal inclination cases. One was the inclination of
82.0° (Fig. 13) relating to the launch angle restriction for a
direct launch from the Korean Peninsula. The other was the
inclination of 97.6°, which satisfied both Sun-synchronous
and RGT conditions under J2 perturbation, at an altitude
of 561 km (Fig. 14). For these cases, the CGT constellations
had the shortest maximum and average revisit times. These
times happen to be the same with a maximum and average
revisit time of approximately 70 min for 20 satellites and 46
min for 30 satellites. These times are close to 24 h divided by
the number of satellites. This is because the RGT condition
had been set to repeat its ground track every one nodal day,
which leads to at least one access to the target each day.
Finally, for both non-optimal inclination cases of i = 82.0°
and i = 97.6°, the best Walker-Delta patterns with P < T were

the 5-plane constellations for 20 satellites, and the 10-plane
constellations for 30 satellites.

5.CONCLUSION

In this study, we describe an analytical method to design
constellations in circular LEOs for discontinuous regional
coverage. The search algorithm proposed can determine the
best inclination for a given constellation that maximizes the
coverage for single or multiple ground regions. The optimal
inclination search algorithm considers both the coverage
range of the satellite and the location of the regions of
interest. As a result, this study suggests optimal inclinations
for single or multiple ground regions. For Seoul, for example,
39.0° was obtained as an optimal orbital inclination, and
the maximum and average revisit times were 58.1 min and
27.9 min for a 20-satellite constellation, and 42.5 min and
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Fig. 13. Revisit times of restricted (non-optimal) inclination 82.0°, altitude 535 km, under repeat ground track (RGT) condition: 20 satellites (left), and

30 satellites (right).
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19.7 min for a 30-satellite CGT constellation, respectively.
Using the proposed algorithm, the revisit times of the CGT
constellation were verified by comparing them with those
of the Walker-Delta constellation under optimal and non-
optimal inclination conditions. It is clear that the CGT
constellation had the shortest revisit times with a non-
optimal inclination condition. The results of this analysis
can be used to determine the appropriate constellation
pattern for any specific inclination condition. The analytical
and step-by-step design process yields efficient and
optimal results so that there is no need to wait for a lengthy
convergence or dynamic simulations, which leads to a faster
overall design process for any specific number of satellites.
Therefore, it can be used in the early stage of the mission
design phase, allowing fast and simple comparisons
between different constellation conditions.
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