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Abstract: This research will analyze the tradeoffs between coverage optimization based on Position dilution of
precision (PDOP) and cost of the launch vehicle. It adopts MATLAB and STK tools along with multiple
objective genetic algorithms (MOGA) to explore the trade space for the constellation designs at different orbital
altitudes. The objective of optimal design solutions is inferred to determine the economic and efficient LEO,
MEO, HEO or hybrid constellations and simulation results are presented to optimize the design of satellite
constellations. The benefits of this research are the optimization of satellite constellation design, which reduces
costs and increases regional and global coverage with the least number of satellites. The result of this project is
the optimization of the number of constellation satellites in several orbital planes in LEO orbit. Validations are
based on reviewing the results of several simulations. The results of graphs and tables are presented in the last
two sections and are taken from the results of several simulations.
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1. Introduction e  Media: Entertainment, media broadcast, and

public relations applications.
The low-Earth orbit (LEO) economy broadly refers

to in-space all kinds of applications and activities in Education: Space activities with the purpose

LEO, associating to not only satellite design, of education at any level.

tellati depl t, 1 hi but . . . .
CONSICTAtION — deployment,  faunciing - but - more e  Manufacturing: Production, typically in

others. Typical missions include: . .
large scale or in space environment.

Tourism: ial h fligh . .
* ourism: - Commercial human - spaceflight e Satellite deployment: Vehicle or platform

and accommodation for tourism and related .
based deployment of satellites.

purposes.

e In-Space transportation: On-orbit

e  Research: Basic and applied research in the . . .
maneuvering vehicles, orbital transfer, and

space environment and microgravity. )
P & Y the use of platforms as transportation nodes.

e  Demo: Technology test and demonstration, . .
° Imaging capture: Earth remote sensing and

qualification, and certification of systems in L .
imaging of in space assets.

space.
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Resource acquisition: Sample return,

mining, and situ resource utilization.

Satellite service: Satellite servicing with
different types of robotic or human repair

and maintenance of in-space assets.

Launch: Earth to space launch or Earth to
Earth (typically referred to as ‘point to

point’ transportation).

LEO programs have historically been dominated by
government, with less exception of commercial
applications. The LEO economy has recently seen
increased commercial activity and interest, including

commercial human space flight.

This research characterizes the state of LEO
economy in terms of investment, demand, and
supply. All three are necessary economic building
blocks. If supply and demand meet on the price,
economy can be flourishing. In the developing of
LEO economy, we could see new products and
services in a wide range of markets. The emerging
LEO economy includes investments that can be
characterized as advocacy investment, strategic
investment, or financial investment. These kinds of

investments can be sequential or level that varies

across the market in LEO economy.

2. PDOP Function
The batch Pareto fronts produced in this research

depends on several calculations. The PDOP

(Position  solution Dilution of Precision) is
calculated by STK in an adequate metric for the
scenario. When STK calculates PDOP, it only offers
users a few value options: minimum, maximum,

average, or percentage to capture the worst cases,
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the maximum values are determined for each global
point over the simulation interval. The global PDOP
value is analyzed, on the basis of single PDOP value
for grid. Therefore, the median of the maximum
values of each grid forms a PDOP metric. The
median is used to measure the central tendency
because the data distribution at lower altitudes is
positively 1 the
probability density function (PDF) of PDOP in LEO

skewed. Figure illustrates
case. The median give a more accurate measure of
the central tendency. Figure 2 and Figure 3
illustrate the probability density function for PDOP
in MEO and GEO cases respectively. These figures
demonstrate the median and mean values are either
the same or very similar. Therefore, for those cases,
either measure would demonstrate the central
tendency of the data. The median value was chosen

as PDOP because of its ability to show the central

tendency for each of the three cases.

Probability Density Function of PDOP in LEO
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Figure 1: Probability Density Function of PDOP in LEO
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Figure 2: Probability Density Function of PDOP in MEO

Volume 17, 2021



WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT

DOI: 10.37394/232015.2021.17.107

Probability Density Function for PDOP in GEO
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Figure 3: Probability Density Function of PDOP in GEO

It is assumed that the coverage grid in PDOP
calculation is sufficiently dense. There must be a
balance between resolution and time. Better
resolution produces more accurate results, but needs
more computation time. The PDOP calculation
assumed no terrain limits, which are necessarily
reality that cannot be directly reached. Real world
includes skyscrapers and mountains that affect the
visible of satellites to user on the ground.

In the cost model of objective function, the costs are
computed in fiscal year 2010 dollars (FY20108$).
The cost models are only approximations because no
model is perfect. It is hereby assumed that a
communications payload is an appropriate
representation of the constellation satellite. When
determining launch vehicle cost, the average launch
costs in [1] are applied, even if the costs are
separated into LEO and GEO. Therefore, it is
assumed that any satellite at an altitude higher than
2000 km will be launched by GEO vehicles. The
current available launch vehicles are Pegasus XL,
Minotaur 1V, Falcon 9, Atlas 5, and Delta 4 Heavy.
All orbits analyzed in this research are assumed to
be circular. It means that the power and gain values
of one satellite in the link margin calculations are
applicable for all satellites. Table 1 summarizes the
specifications of GPS satellite at three different

elevation angles. The range and path loss are
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calculated on the satellite altitude. For each test
case, a required transmitting power is calculated and
needs a small range variety in altitude in order for
the MOGA to function properly. Using the
assumptions and parameters defined above, the
objective functions can be programmed in
simulation. This paper outlines the programming
details of the objective functions. Each objective
function is programmed in separate MATLAB files.
The wrapper function and fitness function are
defined as the concatenation of objective functions.
The function module that calculates PDOP is called
by "PDOP.m", and "cost.m" is the function module
that determines cost. The PDOP function module
using the design vector X outputs a global value of
PDOP for the optimization design. STK can use the
Connect commands within this function model, [3]
To improve computation time, the visibility in STK
is set to zero, so the program does not display all

time if the PDOP function is called, whilst it runs in

background.
Table 1: Gain and Power Specifications for GPS [2]
Satellite | Satellite | Satellite
at 5° at 40° at 90°
Elevation | Elevation | Elevation

Range(km) 25240 22020 21190
Satellite 12.1 12.9 10.2
Antenna Gain,
dB
Effective 26.4 27.2 245
Isotropic
Radiated
Power, dBW
Path Loss, dB -159 -157.8 -157.1
Atmospheric 0.5 0.5 0.5
Loss, dB
Received Power -133.1 -131.1 -133.1
Density,
dBW/m~2
Effective Area 25.4 25.4 25.4
of an
Omnidirectional
Antenna, dBm:
Receive Power -158.5 -156.5 -158.5
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Available from
an Isotropic
Antenna, dBW
Gain of a
Typical Patch
Receive
Antenna, dBic
C/A Code
Received Power
Available to a
Typical Receive
Antenna, dBW

-162.5 -154.5 -154.5

A STK scenario is created by the function file
(navigation.m) that defines the simulation time and
the location to save the scenario file. The user must
ensure that the PDOP file path location (PDOP.m)
matches the function file path specified in
(navigation.m). In this simulation model of STK, a
satellite constellation object is created and named by
NAVcon. As mentioned Walker constellations are
analyzed in this simulation, the seed of simulation is
generated and called NAVSat. Using the seed of
satellite, Walker constellations are generated by the
specific Walker parameters in X vector. To analyze
the coverage of constellation, a definition of object
is called as coverage Performance. The coverage of
the constellation NAVcon is measured by FOM
(figure of merit), which presents PDOP (Position
solution Dilution of Precision). In STK, the PDOP
values are saved in a matrix as formation of
following columns: latitude, minimum, maximum,
average, standard deviation, count, and sum. The
maximum values are selected to analyze the worst
case scenario for the specific case. Lastly, the
median of the column of maximum values is used as
the final value of PDOP. The cost function consists
of the launch vehicle cost, USCM8 NRE, USCMS
recurring, and SSCM NRE. Equation 1 represents

the total cost.
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Total Cost = Costry piane * Npianes + COStyre

N

* Ndev + COStRecurring * 14

rod

+ Costssey * Nproa

(D
where

Npianes = number of orbital planes

N,

proa = total number of satellites

Ndev = 1 when NpTOd >0

3. Launch Vehicle Cost Function.

This paper details the calculations for launch vehicle
cost. Before the launch cost can be calculated, the
spacecraft mass must be determined. The spacecraft
mass is calculated on the mass of payload. To
develop a relationship between transmit power and
payload mass, a second order polynomial trend is
created by using transmit power and the payload
mass of such as GPS [4], GLONASS [5], Galileo
[6], and Beidou [6].

Payload Mass Equation
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Figure 4: Payload Mass Equation

Table 2 illustrates the specific values. Figure 4
shows the trend of the data. Equation 2 represents
the payload mass equation generated from the trend-

line in Figure 4.

Table 2: Mass and Power for Navigation Constellations

Transmit Payload
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Power, W Mass, kg
Beidou 52 400
GPS 50 347
Glonass 40 250
Galileo 25 112

Masspayioaa = 0.116 * powerg, + 1.279
()

See Appendix E for detailed equations

powery, + 8.395

and
calculations of estimating the payload mass and
transmit power for GPS, GLONASS and Beidou.
Equation 3 is derived from the cost model SME-

SMAD that represents the spacecraft net mass.

Spacecraftg.y . = massyqyioqaq/0.32

3)

The total spacecraft mass is then calculated using

Equation 4.

Spacecraft,,,;; = massS,qyioaq +

Spacecrafty.y

“4)

The cost function acts as the design vector X saved
in a structure file called lv. The lv structure defines
the different characteristics of the launch vehicles
used in the simulation. All launch vehicle values are
referenced from [1]. The structure consists of two
fields: mass and cost. The mass field possesses two
fields: bounds and alt. The bounds field is a matrix
of the launch capacities for each vehicle at LEO and
GEO. The alt field is data range from 2000 km to
infinity. This field is used to determine launch

capacity values on the basis of altitude scenarios.
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Smaller Launch Vehicles for LEO
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Figure 5: Small Launch Vehicles for LEO

Larger Launch Vehicles for LEO
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Figure 6: Larger Launch Vehicles for LEO

The cost field is made up of average and efficiency.
The average field is a matrix of the average launch
cost for different vehicles, which includes cost of the
launch vehicle and related launch services [1]. The
efficiency is a matrix of the cost efficiencies for LEO
and GEO, which is measured as the cost per
kilogram placed into orbit. The spacecraft mass
determines type, times and cost of the launch
vehicle. When the scenario is using LEO, the
choices of
Minotaur, Falcon 9, Atlas V, and Delta4H. Figure 5
and 6

launch vehicle include Pegasus,
illustrate the capacity and cost against the
number of launch vehicles. The figure shows that
certain launch vehicles may be more beneficial to
use than others. When the scenario is using GEO,

the available vehicles are Falcon 9, Atlas V, and
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Delta 4H. Figure 7 demonstrates that three Falcon 9

are cheaper than one Atlas V or Delta 4H in price.

Launch Vehicles for GEO
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Figure 7: Launch Vehicles for GEO

Addition to the spacecraft mass, number of launch
vehicles, n, and the launch cost are determined by
the orbital plane. Total launch cost is equal to single
cost of one orbital plane multiplied by the number of
planes. Equation 5 represents the launch cost per
plane, Cost;y /Plane.

Costuy _

Plane

[nPegasus' NMinotaur MFalcon Natlas ndelta] *

[ COStPegasus ]

COStMinotaur

| COStFalcon | (5)
COStAtlas

COStDelta

The Falcon Heavy is a partially reusable heavy-lift
launch vehicle designed and manufactured by
SpaceX. It is derived from the Falcon 9 vehicle and
consists of a strengthened Falcon 9 first stage as the
center core with two additional Falcon 9-like first
stages as strap-on boosters.[7] The Falcon Heavy
has the largest payload capacity of any currently
operational launch vehicles, and the third-largest
capacity trailing the Saturn V and Energia. SpaceX
conducted the Falcon Heavy's maiden launch on
February 6, 2018, at 3:45 p.m. EST (20:45 UTC).[8]
The rocket of SpaceX carried a Roadster made by
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Tesla whose founder is also Elon Musk to,the space
with a dummy dubbed "Starman" as a dummy
payload.[9] The second Falcon Heavy launched on
April 11, 2019 and all three booster rockets
successfully returned to Earth.[10] The third Falcon
Heavy successfully launched on June 25, 2019.
Since then, the Falcon Heavy has been certified for

the National Security Space Launch program.[11]

The Falcon Heavy was designed to be able to carry
human into space beyond near Earth orbit, and will
be replaced by the more powerful launch system
"Starship".[12] Falcon Heavy consists of a
structurally strengthened Falcon 9 as the "core"
component, with two additional Falcon 9 first stages
acting as liquid fuel strap-on boosters,[7] which is
conceptually similar to EELV Delta IV Heavy
launcher, Atlas V Heavy and Russian Angara ASV.
Falcon Heavy has more lift capability than any other
operational rocket, with a payload of 63,800
kilograms (140,700 1b) to low Earth orbit, 26,700
kilograms (58,860 1b) to Geostationary Transfer
Orbit, and 16,800 kg (37,000 Ib) to trans-Mars
injection.[13] The rocket was designed to meet or
exceed all requirements of current rating. The

structural safety margins are 40% above flight loads,

and higher than 25% of other rockets.[14]

The first stage of Falcon Heavy is powered by three
Falcon 9 derived cores, each equipped with nine
Merlin 1D engines. The Falcon Heavy has a total
sea-level thrust liftoff of 22,819 kN (5,130,000 1bf)
from 27 Merlin 1D engines, while thrust rises to
24,681 kN (5,549,000 1bf) for the craft climbing out
of the atmosphere.[15] The rocket upper stage is
powered by a single Merlin 1D engine modified for
vacuum operation, in which the thrust is 934 kN

(210,000 1bf) with an expansion ratio of 117:1 and a

Volume 17, 2021



WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT

DOI: 10.37394/232015.2021.17.107

nominal burn time of 397 seconds. During launch,
the center core throttles up full power jn a few
seconds for additional thrust. This allows a longer
burn time. After the side boosters separating, the
center core throttles up to maximum thrust again.
For additional reliability of restart, the engine has

dual redundant pyrophoric igniters (TEA-TEB).[7]
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The intersection jointing the upper stage and lower
stage of Falcon 9 is a carbon fiber and aluminum
composite structure. Stages are detached by reusable

separation collets and pneumatic pusher system.
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TABLE 3
Specifications of Falcon Heavy
Characteristic First stage core unit Second stage Payload fairing
(1 x center, 2 X booster)
Height[66] 42.6 m (140 ft) 12.6 m (41 ft) 13.2 m (43 ft)

Diameter[66]

3.66 m (12.0 ft)

3.66 m (12.0 ft)

52m(17 ft)

Dry Mass|[66]

22,200 kg (48,900 Ib)

4,000 kg (8,800 Ib)

1,700 kg (3,700 Ib)

Fueled mass

433,100 kg (954,300 1b)

111,500 kg (245,800 Ib)

N/A

Structure type

LOX tank: monocoque

LOX tank: monocoque

Fuel tank: skin and stringer

Fuel tank: skin and stringer

Monocoque halves

Structure material Aluminum-lithium skin; Aluminum-—lithium skin; Carbon fiber
aluminum domes aluminum domes

Engines 9 x Merlin 1D 1 x Merlin 1D Vacuum N/A

Engine type Liquid, gas generator Liquid, gas generator

Propellant Subcooled liquid oxygen, Liquid oxygen, kerosene (RP-

kerosene (RP-1)

1)

Liquid oxygen tank
capacity[66]

287,400 kg (633,600 1b)

75,200 kg (165,800 Ib)

Kerosene tank capacity[66]

123,500 kg (272,300 Ib)

32,300 kg (71,200 Ib)

Engine nozzle

Gimbaled, 16:1 expansion

Gimbaled, 165:1 expansion

Engine
designer/manufacture
r

SpaceX

SpaceX

Thrust, stage total

22,819 kN (5,130,000 lby), sea
level

934 kN (210,000 1bs), vacuum

Propellant feed Turbopump Turbopump

system

Throttle capability Yes: 816-419 kN (190,000— Yes: 930-360 kN (210,000—
108,300 Ibf), sea level 81,000 1bf), vacuum

Restart capability Yes, in 3 engines for Yes, dual redundant TEA-TEB

boostback, reentry, and landing

pyrophoric igniters

Tank pressurization

Heated helium

Heated helium

Ascent attitude control:

Gimbaled engines

Gimbaled engine and

pitch, yaw nitrogen gas thrusters
Ascent attitude Gimbaled engines Nitrogen gas thrusters
control:

roll

Coast/descent attitude
control

Nitrogen gas thrusters and grid fins

Nitrogen gas thrusters

Nitrogen gas thrusters

Shutdown process Commanded Commanded N/A
Stage separation system Pneumatic N/A Pneumatic
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The Falcon 9 fuel tank walls and domes are made
from aluminum-lithium alloy. SpaceX rocket uses
all-friction stir welded tank. The second stage tank
of Falcon 9 is simply a shorter version of the first
stage tank that uses the same tooling, material, and
manufacturing techniques. This approach reduces

manufacturing costs during vehicle production.[7]

All three cores of the Falcon Heavy in a structural
calls Octaweb, which aimed at streamlining
manufacture process,[16] and each core includes
four extensible landing legs.[17] To control descent
of boosters and center core through the atmosphere,
SpaceX rocket uses small grid fins that deploy after
separation.[ 18] Immediately after the side boosters
separate, the center engine burns a few seconds in
order to control the booster's trajectory safely away
from the rocket.[17][19] The center core continues
to fire until stage separation finish. The legs then
deploy as the boosters landing softly on the ground
after turn back to Earth. The landing legs are made
of carbon fiber with aluminum honeycomb structure.
The four legs stow along the sides of each core
during liftoff and extend outward for landing.[20]
Falcon Heavy specifications and characteristics are
as follows:[21]. The Falcon Heavy uses a 4.5-meter
(15 ft) [21] inter stage attached to the first stage core
that is constructed of an aluminum honeycomb and
surrounded by a carbon fiber face sheet plies. The
overall length of vehicle at launch is 70 meters (230
ft), and the total fueled mass is 1,420,000 kg
(3,130,000 1b). Without recovery of any stage, the
Falcon Heavy can inject a 63,800 kg (140,700 Ib)
payload into a low Earth orbit, or 16,800 kg (37,000
Ib) to Venus or Mars [21]. The Falcon Heavy uses

first-stage recovery systems to return the first stage

booster at the launch site as well as return the first
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stage core by landing at an Autonomous Spaceport
Drone Ship on the sea after primary mission
completion. The recovery systems include four
deployable landing legs that are locked on each first-
stage tank core during ascent. Excess propellant
reserved for recovery operations of Falcon Heavy
first-stage will be diverted in the primary thrusting
stage so as to ensure sufficient performance margins
of successful missions. The nominal payload
capacity of launching to a geostationary transfer
orbit (GTO) is 8,000 kg (18,000 Ib). The Falcon
Heavy can inject a 16,000 kg (35,000 1b) payload
into GTO if only the two boosters are
recovered.[21], with recovery of all three first-stage
cores (the price per launch is $90 million), 26,700
kg (58,900 1b) can be fully expendable ($150 million
price per launch). The partially reusable Falcon
Heavy falls into the heavy-lift range of launch
systems, and is capable of lifting 20 to 50 metric
tons into low Earth orbit under the classification
system of NASA human spaceflight review
panel.[22] A fully expendable Falcon Heavy is in
the super heavy-lift category with a maximum
payload of 64 tons launching to low Earth orbit. The
payloads of initial envisioned concept model
(Falcon 9-S9 2005) is 24,750 kg (54,560 1b)
launching to LEO, but in April 2011 this was
projected to be up to 53,000 kg (117,000 1b)[23] and
with GTO payloads up to 12,000 kg (26,000 1b).[24]
Later reports of 2011 projected larger payloads are
beyond LEO, including 19,000 kg (42,000 Ib) to
geostationary transfer orbit,[25] 16,000 kg (35,000
Ib) to trans lunar trajectory, and 14,000 kg (31,000

Ib) of trans-Martian orbit to Mars.[26][27]
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Table 4

Capacity of Falcon Launch Vehicles

Saeid Kohani, Peng Zong, Fengfan Yang

Maximum theoretical payload capacity
Destination Falcon Heavy | Falcon 9
Aug-13 May-16 Since Apr 2017
to Apr 2016 to Mar 2017
LEO (28.5°) expendable | 53,000 kg 54,400 kg 63,800 kg 22,800 kg
GTO (27°) expendable | 21,200 kg 22,200 kg 26,700 kg 8,300 kg
GTO (27°) reusable 6,400 kg 6,400 kg 8,000 kg 5,500 kg
Mars 13,200 kg 13,600 kg 16,800 kg 4,020 kg
Pluto - 2,900 kg 3,500 kg -
By late 2013, SpaceX raised the GTO payload of
Falcon Heavy up to 21,200 kg (46,700 1b).[28]. In Figure 8: Diagram of Cost Model
April 2017, the projected LEO payload of Falcon
Altitude
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Table 5
SME-SMAD Cost Models

SME-SMAD Cost Models, FY2010$

USCMS8 Non-recurring Subsystem CERs in FY2010 Thousands of Dollars

Element Equation Variable
1 Spacecraft Bus 110.2*X X=Spacecraft weight (kg)
2 Payload 618*X X= Communications subsystem
weight (kg)
3 Integration, Assembly, 0.195*X X=Spacecraft bus + Payload non-
and Test recurring cost ($K)
4 Program Level 0.414*X X=Space vehicle and IA&T non-

recurring cost ($K)

5 Aerospace Ground 0.421*X10.907*2.244x>2 X1=Spacecraft bus non-recurring
Equipment (AGE) cost ($K)
X2=0 for comm sats
X2=1 for non-comm sats

USCMS Spacecraft Bus Recurring T1 CERs in FY2010 Thousands of Dollars

Element Equation Variable
1 Spacecraft Bus 289.5%Xo0.716 X=Spacecraft weight (kg)
2 Payload 189*X X= Communications payload
weight (kg)
3 Integration, Assembly, 0.124*X X=Spacecraft Bus + Payload
and Test Recurring Cost ($K)
4 Program Level 0.320*X X=Spacecraft Recurring Cost
($K)
5 Flight Support 5850 -
SSCM Total Non-recurring Cost (development plus one protoflight unit)
Element Equation Variable
1 Spacecraft Bus 1064+35.5%X1.261 X=Spacecraft weight (kg)
2 Payload 0.4*X X= Spacecraft Bus Total Cost
($K)
3 Integration, Assembly, 0.139*X X=Spacecraft Bus Total Cost ($K)
and Test
4 Program Level 0.229*X X=Spacecraft Bus Total Cost ($K)
5 Flight Support 0.061*X X=Spacecraft Bus Total Cost ($K)
6 Aerospace Ground 0.066*X X=Spacecraft Bus Total Cost ($K)
Equipment (AGE)
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Heavy was raised from 54,400 kg (119,900 1b) to
63,800 kg (140,700 lb). The maximum payload is
achieved when the rocket flies a fully expendable
launch profile, without recovering any of three first-

stage boosters.[31]

With the expendable core booster and recoverable
two side-boosters, it is estimated that the payload
penalty could be around 10%, and still yield over 57
metric tons of lift capability to LEO.[29] Returning
all three boosters to the launch site rather than
landing on drone ships would yield about 30 metric

tons of payload to LEO.[30]

4. SME-SMAD Cost Models.

This paper explains the specific equations used for
the spacecraft cost. Using Equation (1), the cost
function calculates cost in 2010 thousands of dollars
for the entire system. The three cost models included
in the cost function are detailed in Table 5 [1].
Figure 8
developed by SME-SMAD and shows how they are

is Diagram of three cost modules

combined as a system cost model.

Equation (6) represents the USCM8 NRE model in
Table 5.

Costypg = Costs/c_bus + Costpayload +
COStIA&T + COStprogram_level + COStAGE

(6)

where,

Costs)c pus = cost of the spacecraft bus
Costpayioaa = oSt of the payload

Costiagr

= cost of integration, assembly, and test

Costprogram_tevet = €OSt of the program level

E-ISSN: 2224-3496

1171

Saeid Kohani, Peng Zong, Fengfan Yang

Costyck

= cost of the aerospace ground equipment

Each component seen above is defined respectively
in Table 5.

Equation 7 illustrates the USCMS recurring cost in
Table 5.

COStrecurring = COSts/c_bus + COStPayload +

COStIA&T + COStprogram_level + COStflight_support

(7)
where, the same notation is used from above.

Equation (8) represents the SSCM NRE cost in
Table 5.

Costgsem = COSts/c_bus + COStPayload +

Costyper + COStprogram_level +

Costrlight_support + COStage
(8)
Where, each component is defined respectively in

Table 5.

Let's take current GPS constellation as a realistic
example to compare the cost model's results. The
cost value is compared with the cost of GPS Block
IIT satellites. To compare the cost produced by the
algorithm with the price per unit of GPS Block III
satellites, the launch cost was subtracted from the
total cost on the basis of MOGA. The total GPS cost
is $4.21 billion and according to the unit cost of
GPS Block III [32], the cost on the basis of MOGA
is within 22% of total launch cost computed by other

methods value.
5. Cost Function for Availability

There are three test cases conducted within the LEO

altitude simulations. Each test case results in Pareto
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fronts that demonstrate a higher cost for
improvement on performance. The LEO test cases
get better performance as altitude increased. The
LEO constellation optimized by MOGA is expected
on tradeoffs between PDOP and cost, and the results

are also dominated in the MEO constellation.

Figure 9 illustrates the three LEO Pareto front's
comparison. The design solutions for different
altitude constellations are compared by the PDOP
and cost values. The most desirable solution is
around the concave portion of the Pareto front.
These solutions are chosen from the individual
Pareto fronts rather than values in Figure 9 since the
scaling for result comparison makes it difficult to

display the concave portion. See Appendix C for the

Pareto fronts of the individual test cases.

LEO Test Cases

B 725km

9 ¢ 1150km
1575km
8 ]
7
6 "
5 .
8 5
o
- | - —
4 L4
3 L4
. |
2 . L —
' ¢ L3 "
1 * -
0
4 5 6 7 8 9 10 1 12 13
Cost (FY 2010 thousands of dollars) x 10

Figure 9: PDOP and cost of LEO Pareto fronts

The lowest altitude constellation resulted in lower
PDOP (Position solution Dilution of Precision)
values and higher cost. This trend continued as the
middle altitude constellation has higher PDOP and
cost values than the highest altitude. The points
selected as the desirable solutions show that the
highest altitude constellation completely dominated

the Pareto fronts at lower altitudes. Table 6
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illustrates that when PDOP remains close to two, the
cost decreases dramatically as altitude increases.
Table 7 demonstrates that when cost remains
relatively the same, PDOP decreases as altitude
increases, but not as dramatically as the cost.
Therefore, as altitude increases, there is more benefit
in the cost than in the performance of the
constellation designs produced within the LEO
altitude range.

Table 6: Cost Tradeoff for LEO Test Cases

PDOP Cost ($B)
725 km 2 0.99
1150 km 2 0.55
1575 km 2 0.45

Table 7: PDOP Tradeoff for LEO Test Cases

1172

PDOP Cost ($B)
725 km 3.34 0.6
1150 km 1.82 0.6
1575 km 1.51 0.6
MEO Test Cases
5 -
4 1-@ 2000km
4.5 2-m  10447km
3- 18893km
4 4- 27340km
3.5 5
a3
2 252 :
2b-
1.5k R,
)
0.5 L L
0 0.5 1 1.5 2 25
Cost (FY 2010 thousands of dollars) 7

x 10
Figure 10: PDOP and cost of MEO Pareto fronts

Within the MEO altitude range, there are four test
cases. Each test case illustrates an increase in cost
for better PDOP The MEO

values. simulation
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produces lower PDOP values than those in the LEO
constellations. The results verify the consistent trend
of PDOP and cost. To determine the difference of
results in the MEO test cases, the four Pareto fronts
are compared in Figure 10. The number of MEO
constellation satellites required for the PDOP values
decreases as the altitude increases. Unlike the LEO
test cases, there was a large difference in cost for
MEO test cases when PDOP remained constant. The
cost trend of MEO constellation firstly drops down
then turns up along with the altitude raises. It can be
seen in Table 8 that PDOP remains constant around
1.5, the first case or altitude constellation results in a
higher cost than two middle altitude constellations.
The last three altitude constellations show an
increase in cost along with altitude increases. The
variations in cost as altitude increases are larger than

in the LEO test cases.

Table 8: Cost Tradeoff for MEO Test Cases

PDOP Cost ($B)
2000 km 1.5 4.9
10447 km 1.5 1.3
18893 km 1.5 2.5
27340 km 1.5 12.4

Table 9: PDOP Tradeoff for MEO Test Cases

Saeid Kohani, Peng Zong, Fengfan Yang

10447 km 0.78 39
18893 km 1.14 39
27340 km None 3.9

When the cost remains at $3.9 billion dollars, Table

9 illustrates that the second MEOQO altitude
constellation possesses the lowest PDOP value. The
fourth case or altitude constellation does not have a
PDOP value related to the cost because it is too
much for this altitude. The changes in PDOP as
altitude increases are similar to the results of the
LEO constellation. To explain the unique trend of
the system cost in MEO range, spacecraft cost and
launch cost of the design solution for each test case
are determined. The solutions that PDOP wvalue
equals 1.5 are selected from each altitude case for
the comparison of cost. Due to the larger difference
in altitude used for the MEO range, there is a larger
difference in the number of satellites for each test
case. To determine whether the cost is quantity
driven or size driven, Table 10 illustrates the

different cost values against the same performance

in four test cases of the MEO constellations.

The fourth test case or altitude constellation, results
in the most highest cost as seen in Table 9. This is

because large size satellites are required for the orbit

PDOP Cost ($B) altitude. With comparing the other test cases, the
2000 km 2.37 39
Table 10
Cost Comparisons of MEO Test cases

MEO Altitude PDOP #Planes # Satellites | # Launch Cost Per Total Total
Test (km) Vehicles Satellite Satellite Launch
Case (SB) Cost (SB) | Cost (SB)

1 2000 1.5 8 88 0.42 36.80 0.45

2 10447 1.5 4 32 4 0.85 27.30 0.23

3 18893 1.5 5 25 1.92 48.00 0.28

4 27340 1.5 4 24 20 11.30 271.00 1.14
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first test case or the lowest altitude MEO
constellation also possessed the expensive results,
thus the spacecraft cost for this altitude owns the
primary prices for the high cost reason. Table 10
shows that the price for this test case is driven by the
large amount of satellites as 88. This altitude
requires large number of satellites to produce PDOP
value less than six; consequently it requires more
number of launch vehicles. The third test case
produces more expensive results than the second test
case, this is driven by the satellite size. After
comparing the MEO cost results, the second test
case possesses the lowest cost when PDOP (Position
solution Dilution of Precision) is set at 1.5 and the
least PDOP value when cost remained constant. The
last test case of altitude is HEO simulation. An
altitude range of 35786-35796 km is used for this
test case. There are fewer design solutions that can
make PDOP values less than six. Therefore, very
few Pareto fronts are obtained. The solutions
continue to follow the expected trend of an inverse

relationship between PDOP and cost.

LEO, MEO, GEO Comparison

1 3

1-® 1575km
2- 10447km |-
3-@  35786km

w

it N

—

0.5
0

1.5 2 25 3
Cost (FY2010 thousands of dollars) 7

Figure 11: PDOP and cost of Pareto fronts in LEO, MEO,
and GEO constellations

Since there is so much difference in cost among

LEO, MEO, and HEO constellations, only

dominating Pareto fronts of LEO and MEO
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simulations are used to compare with the GEO
designs. Figure 11 shows the comparison of the
Pareto fronts for different altitudes. The cost of the
designs increases dramatically from LEO to HEO
altitude when PDOP is held by constant value 1.5
(Table 11). The LEO design resulted in a lower cost
than the MEO and GEO designs when PDOP equals
1.5. At the same cost of $1.3 billion, the LEO design
produces a lower PDOP value than MEO results that
are listed in Table 12. The price comparison is only
available for LEO and MEO cases. There are no
common performance between GEO and the lower

altitudes at this cost.

Table 11: Cost Tradeoff for LEO, MEQO, and HEO

constellations
PDOP Cost ($B)
LEO 1.5 0.61
MEO 1.5 131
GEO 1.5 23.10

Table 12: PDOP Tradeoff for LEO, MEO, and GEO

constellations
PDOP Cost ($B)
LEO 0.90 1.3
MEO 1.53 1.3
GEO None 1.3

To compare the cost of designs at different altitude
ranges, Figure 12 illustrates cost against altitude
increases, and Figure 13 shows cost against the
number of satellites increases. Figure 12
demonstrates that the GEO constellation designs are

more expensive than the MEO and LEO designs.
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Altitude vs. Cost
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Figure 12: Altitude vs. Cost Comparison for LEO, MEO
and HEO constellations
Some of the MEO designs are more expensive than
the LEO designs but some are not. There are some
solutions that overlap with the LEO results. The
number of LEO satellites is greater than HEO for the
same propose but some LEO constellations possess
the same number of satellites as the MEO
constellations. For each altitude constellation, the
number of satellites increases along with the cost
increases. The trend of altitude versus cost is shown

in Figure 13.
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Figure 13: Cost vs. Total Satellites for LEO, MEO and HEO
constellations

PDOP (Position solution Dilution of Precision) is

used for evaluating performance of different altitude

constellations respecting to number of satellites.

E-ISSN: 2224-3496 1175

Saeid Kohani, Peng Zong, Fengfan Yang

PDOP vs. Altitude
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Figure 14: PDOP vs. Altitude for LEO, MEO and HEO
constellations
Figure 14 illustrates PDOP with respect to altitude,
and it shows that each altitude constellation may
have different the PDOP wvalues. All altitude
constellations can produce similar PDOP values
around two. Figure 15 shows the relations between
PDOP values and the number of satellites in each
altitude range of constellation. The LEO
constellations generate higher PDOP values than
MEO and HEO. This figure also illustrates that the
constellations in three altitude ranges may produce
similar PDOP values, but LEO constellation requires

more satellites to reach those values.
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Figure 15: PDOP vs. Total Satellites for LEO, MEO and
HEO constellations
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The design tool introduced in this research has the
ability to analyze multiple satellite types. Therefore,
three hybrid constellations are analyzed by LEO-
MEO hybrid, LEO-HEO hybrid, and MEO-HEO
hybrid. Figure 16 demonstrates the Pareto front of
the LEO-MEO hybrid designs and individual LEO
or MEO altitude designs. The Pareto front of hybrid
constellation falls very close to the MEO Pareto
front. For a given PDOP value, the LEO results still
possess lower cost than MEO and LEO-MEO hybrid
constellations. The hybrid cost value is much similar
to the MEO value but not to the LEO (as Table 13).
When setting the lower and upper bounds of design
parameters for the test cases, both MEO and hybrid
altitudes possess a lower bound that MOGA value
equals two for determining number of planes and
number of satellites per plane. MOGA do not have
the option of setting only for MEO or LEO satellite

constellations.

LEO, MEOQ, and LEO-MEQ Hybrid Comparison

1e 1- ® LEO
4.5 2- ® MEO
3- © LEO-MEO Hybrid

05 i i
0 0.5 1 15 2 2.5 3 3.5 4 4.5
Cost (FY2010 thousands of dollars) 6

Figure 16: Comparison of LEO, MEO, and LEO-MEO

Hybrid constellations

The cost of hybrid design is close to the individual
MEO cost and MOGA value could be same in the
LEO constellation design, but MEO constellations

require at least four satellites. This is a possible
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reason that the cost of hybrid design is greater than

the individual LEO designs.

Table 13: Cost Tradeoff for LEO, MEO, and LEO-MEO

Hybrid
PDOP Cost ($B)
LEO 1 1.27
MEO 1 2.08
LEO-MEO Hybrid 1 2.44

For a required cost of $1.3 billion, the PDOP values
show an increase from LEO to MEO and hybrid,
LEO constellation possesses the lowest value and
the hybrid constellation possess the highest value.
As demonstrated in Table 14, the PDOP value of the
hybrid design is much closer to the MEO value. It
means that there is no additional benefit of utilizing

LEO-MEO hybrid constellation.

Table 14: PDOP Tradeoff for LEO, MEO, and LEO-MEO

Hybrid

PDOP Cost ($B)
LEO 0.90 1.3
MEO 1.49 1.3
LEO-MEO Hybrid 1.53 1.3

1176

Figure 17 compares the trends of PDOP and total
number of satellites in each altitude range along
with the LEO-MEO hybrid constellation designs.
The hybrid design falls right in the LEO and MEO
designs. The hybrid PDOP values are lower than
LEO, but it requires the same number of satellites as
MEO when PDOP is greater than one and the same
number of satellites as LEO for PDOP less than one.
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PDOP vs. Total Satellites
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Figure 17: PDOP vs. Total Satellites for LEO-MEO Hybrid
constellations
Table 15 illustrates the separate number of LEO and
MEO satellites within the LEO-MEO hybrid
designs. Along whit PDOP increases, the number of
required satellites decreases. If one type of
constellation is applied, only the same numbers of
LEO satellites are required or using fewer MEO
satellites. This could be a result of the LEO satellites

costing less than the MEO due to their smaller size.

Table 15: Number of LEO and MEO Satellites in the Hybrid

Designs
PDOP Total LEO Total MEO
Satellites Satellites

0.64 100 100
0.67 90 90
0.71 90 80
0.80 72 70
0.90 42 54
1.00 56 40
1.13 45 40
1.13 56 32
1.33 32 32
1.48 35 24
1.60 28 24

Saeid Kohani, Peng Zong, Fengfan Yang

Pareto front, and showed some overlap in cost.
Table 16 and Table 17 show the cost and PDOP
tradeoffs.

LEO, GEO, and LEO-GEO Hybrid Comparison
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Figure 18: PODP vs cost of LEO, GEO, and LEO-GEO
Hybrid Constellations
When PDOP values take one, the individual LEO
design has the lowest cost as 1.27 billion USD, and
the individual HEO design has the highest cost as
41.13 billion USD (Table 16). The LEO-HEO
hybrid cost is close to the cost value of HEO. This is
attributed to the same issue mentioned in the LEO-
MEO hybrid. Figure 18 illustrates the number of
satellites at the HEO altitude and LEO altitude
within the hybrid designs. The number of HEO
satellites is never larger than the number of LEO

satellites.

Table 16: Cost Tradeoff for LEO, GEO, and LEO-HEO

Figure 18 illustrates the individual LEO and HEO
Pareto fronts compared to the LEO-HEO hybrid
Pareto front. The hybrid front falls close to the HEO
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Hybrid
PDOP Cost ($B)
LEO 1 1.27
GEO 1 41.13
LEO-GEO Hybrid 1 30.69
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Table 17: PDOP Tradeoff for LEO, GEO, and LEO-GEO

Hybrid
PDOP Cost ($B)
LEO None 30
GEO 1.16 30
LEO-GEO Hybrid 0.91 30

The MOGA is applied to select satellites for both
altitudes, so the hybrid constellation cost would
automatically be driven to higher cost than LEO. In
Table 17, when PDOP is analyzed for a constant
cost as $30 billion, the LEO altitude does not have a
design result because it has a much lower cost value.
The LEO-MEO hybrid produces in a slightly lower
PDOP value than HEO. The cost and PDOP values
of the hybrid designs remain closer to the higher
individual altitude just as was shown in Figure 19.
The LEO-MEO hybrid result shows the change in
the number of satellites for each altitude
constellation along with the PDOP decreases. The
hybrid design shows a similar number of satellites
required by LEO when the PDOP is equal to one.
The MEO-HEO hybrid constellation is compared to
two individuals of MEO and HEO designs in Figure
20. The hybrid constellation’s Pareto front falls in

between the MEO and HEO Pareto fronts.
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Figure 19: PDOP vs. Total Satellites for LEO, GEO, and
LEO-HEO Hybrid constellations

Table 18: Cost Tradeoff for MEO, HEO, and MEO-HEO
Hybrid constellations

PDOP Total LEO Total GEO
Satellites Satellites

0.58 100 100

0.65 81 81

0.71 81 64

0.90 80 35

3.83 40 8

Table 19: PDOP Tradeoff for MEO, HEO, and MEO-HEO

Hybrid constellations

PDOP Cost ($B)
MEO 1 2.44
GEO 1 41.13
MEO-GEO Hybrid 1 18.10

Table 18 and Table 19 demonstrate cost and PDOP
tradeoffs. When PDOP value takes one, the MEO
results possess the lowest cost, and HEO results are
the highest cost. The difference between hybrid
MEO-HEO cost and HEO cost is larger than
discussed in the other hybrid constellation results.

The MEO-HEO cost is similarly higher than the
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MEDO results for the same reason in the other hybrid
cases. For a cost of $30 billion, there is not a MEO
design available because the MEO designs possess a
much less cost value. The MEO-HEO hybrid
produces less PDOP value than the HEO results but

they are relatively close each other.

MEO, GEO, and MEQ-GEQO Hybrid Comparison
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Figure 20: PDOP vs cost of MEO, GEO, and MEO-GEO
Hybrid Constellations

PDOP vs. Total Satellites
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Figure 21: PDOP vs. Total Satellites for MEO-HEO Hybrid
constellation

The relations between PDOP values and number of

required satellites in MEO, HEO and MEO-HEO

hybrid constellations are displayed in Figure 21. For

PDOP value near one, MEO constellation needs

more satellites than the HEO and MEO-HEO
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constellations need that both require the same
number of satellites. The same trend continues that
there are fewer satellites required for high altitude

constellation than the hybrid one.

6. PDOP vs. Constellation

Parameters

The results from each of the test cases demonstrate
similar trends that the number of planes and
satellites per plane change along with PDOP
(Position solution Dilution of Precision) decrease.
The inclination of constellation remains almost
unchanged for most of the altitudes. The following
graphs are directed against LEO, MEO and HEO
trends. The MEO and HEO results can be combined
since they are relatively similar. Figure 22 illustrates
the relationship between PDOP and the number of
orbit planes for different altitude LEO
constellations. As expected, the PDOP values
decrease when the number of orbit planes increases.
For the same number of orbit planes, there are
multiple PDOP points on this account that some
solutions possessing more satellites per plane. For
PDOP value above two, the number of planes

decreases as the altitude increases.
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PDOP vs. Number of Planes for LEO
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Figure 22: PDOP vs. Number of Planes for LEO
constellation

In Figure 23 PDOP value decreases when the
number of satellites per orbit plane increases for
different altitude constellations. This is the same
trend seen as the number of orbit planes due to the
total number of satellites has impact on PDOP value.
For the same number of satellites per plane, these
points show that show a decrease of PDOP as the
altitude increases. This is attribute to the points
possessing more orbital planes. Some solutions
possess the same number of orbit planes and
satellites per plane, but still demonstrate different
PDOP values. This will be analyzed later with the

effects of inclination.
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PDOP vs. Satellites per Plane for LEO
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Figure 23: PDOP vs. number of Satellites per Plane for LEO

Figure 24 demonstrates the relationship between the
number of satellites per plane and the number of
orbit planes. The difference between the number of
orbit planes and the number of satellites per plane is
always less than three. For the upper lever altitude
constellation, the trend of relation between satellites
per plane and orbit planes appears a staircase effect.
As the number of orbit planes increases with altitude
level goes up, the number of satellites per plane

either remains the same or increases as well.

Satellites per Plane vs Number of Planes for LEO
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1- ® 725km
2-® 1150km |
3. ® 1575km

10 " 12

Number of Planes

Figure 24: Satellites per Plane vs. Number of Orbit Planes
for LEO

The third test case that results in dominating Pareto

front in LEO constellations, illustrates a roughly
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linear trend of relation between the number of
satellite per plane and the number of planes.

Equation (9) represents the trend.

spp=0.9757*planes+0.5951
(€))

where R?=0.91. The inclination results are not
demonstrated as the same trend as seen with the
previous two parameters. The inclination do not
decrease or increase against PDOP values of the
lower level altitude constellations, but for the upper
level altitude constellations, the inclination showed
an increase along with increase of PDOP value. This
is the only case when inclination shows this specific
trend. For all the LEO constellations, the inclination
remains within a 10 degree range. In Figure 25, For
725 km altitude, the inclination takes 54 to 58
degrees. The results of altitude at 1150 km take 48
to 58 degrees, and lastly, for 1575 km altitude, the
inclination remains between 36 and 46 degrees.

Suppose PDOP value equals two, the inclination is

roughly equal for the lower level altitude
constellations, but the upper level altitude
constellations have the lowest inclination.
PDOP ws. Inclination for LEQ
7h | 1-e 725kn.1 .
2- 1150km
3-e 1575km

PDOP

45 50

Inclination, degrees

55 80

Figure 25: PDOP vs. Inclination for LEO
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Since each altitude constellation possesses some
solutions for the specific number of orbit planes and
satellites per plane, which can be represented by the
relationship between PDOP and the inclination of
LEO constellations. Inclination is the only design
parameter than could affect PDOP if the number of

orbit planes and satellites per plane keep constant.

Figure 26 illustrates the design results of inclinations

and PDOP wvalues as solutions of the LEO
constellations, in which number of orbit planes and
satellites per plane are combined as group
parameters. For some of the solutions, if the group
parameter that number satellite per plane is larger
than the number of orbit plane, the constellation may
provide the solution with lower PDOP value, for
example 11planes/13spp and 10planes/12spp cases.
However, for equal number of orbit plane and
number satellite per plane, the PDOP value maybe

very large, such as 10planes/10spp case.

PDOP vs. Inclination for Similar LEO Designs

1-@ 11planes/13spp
2- 10planes/12spp
3- @ 10planes/10spp
4- o 9planes/Sspp
5- @ gplanes/8spp

™

PDOP

!

42

g l—"'ll

44 46 48 50 52 54

Inclination, degrees

56 58 60 62

Figure 26: PDOP vs. Inclination for combined LEO
parameters
The couple parameters analyzed in MEO and HEO
design are number of orbit planes and PDOP values.
The simulation results for different altitude of MEO

and HEO constellation are shown in Figure 27. The
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results display that the number of orbit planes are

increased along with smoothly decreased PDOP.

PDOP vs. Number of Planes for MEO & GEO

1- ® 2000km
2-© 10447km
3-® 18893km |
4-© 27340km
5- @ 35786km

b3

PDOP

%

Number of Planes

Figure 27: PDOP vs. Number of orbit Planes for MEO and
GEO design

Figure 28 illustrates the relationship between
number of satellites per plane and PDOP values in
different MEO altitude constellations. It can be seen
that the results are much different from the similar
cases of the LEO constellations in Figure 23 as the
trends are not smooth. With the same number
satellites, different PDOP could require different
number of orbit planes. For a PDOP value around
one, the number of satellites decreases as the altitude
increases from 10447 km to 18893 km, but the

number of satellite per plane for both altitudes are

equal. This is consistent with the LEO results.
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PDOP vs. Satellites per Plane for MEO & GEO

1- @ 2000km

10447km
- ® 18893km
27340km
5- @ 35786km

PDOP

. | {
7 8
Number of Satellites per Plane

Figure 28: PDOP vs. Satellites per Plane for MEO

Figure 29 shows the relationship between number of
satellites per plane and number of orbit planes for
the MEO and HEO test cases. For each altitude, in
pace with the number of orbit planes increases, the
number of satellites per plane either remains
constant or increases. The largest difference between
two values is six as 3planes/9spp. The first and
second lowest altitude results do not illustrate much
difference in number of satellites per plane when the
number of orbit planes increase. This could be
attributed to the lower altitude constellations
requiring more satellites in each plane to produce
PDOP values less than six. It is more evident when
the altitudes increase. The variety of satellites per
plane for the higher altitudes provides better
coverage. Therefore, the number of satellites per
plane does not remain at the upper bound values.
The other dominating results illustrate that a roughly

linear trend between the number of satellites per

plane and the number of planes could be
implemented by integrating different altitude
constellations.
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Satellites per Plane vs. Number of Planes for MEO & GEO

Satellites per Plane

1- ® 2000km |
2- ® 10447km
3- ® 18893km
8- & 27340km |
5- @ 35786km

3 i
6 7 8 10
Number of Planes

Figure 29: Satellites per Plane vs. Number of Planes for
MEO

Equations (10) and (11) represent the respective

trends between these parameters.
spp=0.2471+planes+7.3817
(10)
where R?=0.83.

spp=0.7623*planes+1.827

an
where R?=0.79. Figure 30 shows relation between
the inclination of different altitude MEO and the
PDOP values. The first three altitudes demonstrate a
10 degree range of inclination, which matches the
results of LEO in Figure 25. The higher altitude
MEO and HEO do not illustrate the same range in
inclination. Both altitude results are more sporadic,
but stay within a 20 degree range. Ignoring the
higher altitude MEO and HEO results, the
performances of two lower altitude MEO 1in a larger
inclination range are better than high altitude of
18893 km results. A similar trend can be seen in the
LEO results. This makes sense that more inclination
is needed at lower altitudes to make PDOP values

less than six.
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PDOP vs. Inclination for MEO & GEQ

1- @ 2000km
2-® 10447km
3-@ 18893km
4- & 27340km
5- @ 35786km
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v
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Inclination, degrees
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Figure 30: PDOP vs. Inclination for MEO

To analyze the effects on PDOP (Position solution
Dilution of Precision) for different solutions with
the same number of orbit planes and number of
satellites per plane, Figure 31 shows the solutions
for MEO and HEO with equal number of orbit

planes and number of satellites per plane.

PDOP vs. Inclination for Similar MEO Designs

1-e 11planes/11spp
2- ® Bplanes/10spp |
3- @ 3planes/8spp
4- 4planes/4spp

PDOP

e

45 50 55

Inclination, degrees

60 65 70

Figure 31: PDOP vs. Inclination for Similar MEO Designs

The higher altitude MEO and HEO do not have any
solutions with equal orbit planes and satellites per
plane. The results shown here are taken from the
first three altitudes MEO. For each set of solutions,
the inclination is slightly larger for a smaller PDOP
value. This is consistent with results of the LEO in

Figure 26. Although inclination do not demonstrate
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a clear increase or decrease as PDOP changing for
the overall solutions, the similar solutions illustrate
that it is possible to decrease PDOP with a larger

inclination.

7. Results

The same examples are taken as the current GPS
constellation, The concave portion of respective
Pareto fronts in design results is used to analyze how
PDOP (Position solution Dilution of Precision)
value changes with the latitude. Figure 32 illustrates
the PDOP values change with latitudes for both GPS
and the optimal design of LEO constellations. The
GPS constellation possesses lower PDOP values,
and there are no major outliers. The optimal LEO
design possesses PDOP values that are greater than
2 when latitude is less than -45 degrees or greater
than 45 degrees. The LEO design shows increase of
PDOP at latitudes less than -30 degrees or greater
than 30 degrees. The GPS constellation shows the
opposite trend for those latitudes as it decreases at
latitude less than -30 degrees or greater than 30
degrees. Since the GPS constellation is at a higher
altitude, it is able to provide better geometry globe

coverage especially at higher latitudes.

LEO and GPS Comparison

Maximum PDOP

1-

LEO Design

2- GPS
T n

! ' I I I 1 L 1
40 -30 -20 -10 o] 10 20 30 40 50
Latitude, deg

Figure 32: LEO and GPS Comparison
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Figure 33 shows the comparison of the optimal
design for MEO and the GPS with varying of PDOP
values against the latitude changes. The MEO
design produced lower values of PDOP for all

latitudes.
MEO and GPS Comparison
1.5 T T
1451 2 —
1.4F —
1- MEO Design
o 1.35F 2- -
% GPS
Q
o
g 1.3+ -
E
E} 1
= 1.25F 1
121 B
1.15F a
1 s ‘ ! ‘ s ‘
-680 40 -20 0 20 40 80 80

Latitude, deg
Figure 33: MEO and GPS Comparison

The MEO altitude is approximately 10,000 km
lower than the GPS and possesses 21 extra satellites.
Both constellations show peaks at around latitude of
-30 degrees and 30 degrees. This is because of both
constellations have similar inclinations (around 55
degrees). The MEO design shows lower value of
PDOP at latitude of 0 degrees for the reason that it is
difficult to have multiple satellites in view over the
equator for inclined constellations.

GEO and GPS Comparison
T T

1.45F i

GEO Design
GPS

Maximum PDOP

1.25 ! L ! L ! !
-60 -40 -20 0 20 40 60 80
Latitude, deg

Figure 34: GEO and GPS Comparison
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Figure 34 illustrates the comparison of deigned HEO
and GPS constellations. The designed HEO
produces lower PDOP values than GPS constellation
with excluding latitudes less than -60 degrees or
greater than 60 degrees. Both PDOP values drop to
the valley at 50 degree latitude. For designed HEO,
the peak values of PDOP occur around -7 to 5
degree latitudes. However, the PDOP values of GPS
at latitude -7 to 5 degrees are lower than the others.

Both constellations maintain PDOP values less than

six for all latitudes.

The MOGA is not applied in the current GPS
constellation and optimal designed constellation.
The results of this paper are obtained by a smaller
range between the lower and upper bounds of the
design parameters used for promoting GPS case. As
supposed and defined early, the main advantage of
utilizing the MOGA is determining the RAAN
increment, inclination, and the relationship between
number of orbit planes and satellites per plane. The
altitude and transmit power are kept relatively
constant, so the design space is mostly consisted of
the number of orbit planes, satellites per plane,
RAAN increment, and inclination. The number of
orbit planes and satellites per plane illustrate an
obvious relationship between PDOP and cost.
However, the inclination and RAAN increments are
more random and do not illustrate an obvious
relationship. Thus, it would be difficult to directly
determine points on the Pareto front when these
parameters are varying. The MOGA would provide
more of an advantage if the other design variables
are analyzed with respect to this problem because

the design space would increase.

For each altitude constellation design, parameter

sweep can be completed by searching optimal
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number of orbit planes and satellites per plane. A
point of the Pareto fronts can be selected by keeping
one of the parameters constant and varying the
other. Figure 35 illustrates the parameter sweep for
the number of orbit planes using the LEO 3 test
case. As the number of orbit planes varying, the
points remain relatively close to the Pareto front.
The points generated by the parameter sweep do not
result in a better PDOP for a lower cost.

Parameter Sweep for LEO 3 Number of Planes

1-@ Original Pareto

2-e 13planes

3-® 12planes
11planes

® 10planes
8planes

4-
5-
6-

9planes/10spp

4

L L ! I L
7 ] 9 10 1
Cost (FY2010 thousands of dollars)

Figure 35: Parameter Sweep for LEO 3 Number of Orbit Planes
Is PDOP

Figure 36 illustrates a parameter sweep of the

satellites per plane in the LEO 3 test case. The

points generated from the parameter sweep remain

close to the Pareto front. Both Figure 35 and Figure

36 show an intense relationship between the number

of orbit planes and satellites per plane.
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Parameter Sweep for LEO 3 Satellites per Plane

1- ® Original Pareto
2- ® 13spp

3- ® 12spp

4-  11spp

5- ® gspp

6- © 8spp

PDOP

4 5 6 7 8 9 10 " 12 13
Cost (FY2010 thousands of dollars)

Figure 36: Parameter Sweep for LEO 3 Satellites per Plane

By varying these parameters, additional points are
determined; this is a result of using a small
generation number for the simulations. If a larger
generation number are used, it is possible that the
MOGA would determine these points as well.
Figure 37 illustrates the parameter sweep for the
number of orbit planes in the MEO 2 test case.
These results are similar to the LEO altitude test
case. Most of the points generated from the
parameter sweep fall in among between points on

the Pareto front.

Parameter Sweep for MEO 2 Number of Planes

26
1 1- ® Original Pareto
241 2- ® gplanes
3- ® 7planes
22r 4-  Bplanes
5-@
2k 5planes
1.8
% 4planes/8spp
9 16f
a
1.4
1.2 3
2
1F [}
B \\\\\.
1 1 1 1 1 1 ]
0.5 1 1.5 2 2.5 3 3.5 4

Cost (FY2010 thousands of dollars) % 10°

Figure 37: Parameter Sweep for MEO 2 Number of Orbit

Planes
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In Figure 38 the number of satellites per plane was
varied for the MEO 2 test case. The parameter
sweep produced a smooth curve along Pareto front
points as the previous results. The relationship
between PDOP and cost remains the same as the

number of satellites per plane varies.

Parameter Sweep for MEO 2 Satellites per Plane

4r
1- @ Original Pareto
6 2-9 10s
35| .
3-® 9spp
4-  Tspp
3f 5-® 6spp
6-© 5spp
2.5
&
E 5
2 -
4planes/8spp
1.5F -
3@
2
T 1
05 1 L 1 1 1 1 ]
0.5 1 15 2 2.5 3 3.5 4
Cost (FY2010 thousands of dollars) x 105

Figure 38: Parameter Sweep for MEO 2 Satellites per Plane

Figure 39 shows the parameter sweep for the
number of orbit planes in the GEO test case. The
parameter sweep generated points among the points
of the Pareto front. This is also a result of the low
generation number used for the simulations. The
point produces by six planes is almost exactly equal

to one of the points of the Pareto front.

Parameter Sweep for GEO Number of Planes

1 3planes/5spp 1- @ original Parsto
45+ 2- @ 4planes
3- ® 5planes
4- @ 6planes
4 5. 2
planes
6- © 8planes
35F
3k
o
o
o
& 25
2k
151
5
4 g
T 6 Y
0.5 L L L L L I |
1 15 2 25 3 3.5 4 45
Cost (FY2010 thousands of dollars) 7

x 10

Figure 39: Parameter Sweep for GEO Number of Orbit Planes
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Figure 40 illustrates number of satellite per plane in
parameter sweep for the HEO test case. These
results are similar to above two altitude cases. All
parameter sweeps show that it is possible to
determine the points close to Pareto front generated
by the MOGA. None of the points generated by the
parameter sweeps can produce better PDOP
(Position solution Dilution of Precision) values for a
lower cost. Utilizing the MOGA for this problem is
benefit for determining the relationship between the
number of orbit planes and the number of satellites
per plane. The MOGA is also benefit for
determining the range of inclinations that are
associated with the different orbital altitudes.
Understanding these trends will allow for further
research into the constellation design. Whether
increasing the design space and continuing to use
the MOGA for optimization or using a different
optimization method, the trends and relationships

will be necessary and determined from these results.

Parameter Sweep for GEO Satellites per Plane

35
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Figure 40: Parameter Sweep for HEO Satellites per Plane
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8. Conclusions and further discussions
This paper results demonstrate using the tools of

MATLAB, MOGA and STK in the optimization of
constellation designs. There are several limitations
in the simulations of optimal constellations. There
are eleven design parameters used in the simulation,
and four of them as the eccentricity, argument of
perigee, RAAN, and mean anomaly are set to zero.
Therefore, the effects of these parameters on a
constellation system at different altitudes are
omitted. There is not discussion of the difference in
performance between circular orbits and elliptical
orbits either. The median of the optimal PDOP
values is used to determine the central tendency of
PDOP wvalues across the latitudes. There is no
distribution in PDOP values that are input to the
MOGA. Although threshold could be easily
implemented, extensive sweeps are outside the
scope of this work. The variation of PDOP over
latitude is shown in several constellation designs,
but the specific trend of PDOP values for all
altitudes is not analyzed. Transmit power is
calculated specifically for each altitude to ensure the
proper size of satellite and link closure. Therefore,

the MOGA do not have the option of selecting

cheaper satellites for higher altitude orbits.

The spacecraft cost increases as the altitude
increasing to account for more transmit power
required. This limits the options for spacecraft
design of constellations at higher altitudes. Walker
constellations are taken as example in this thesis, so
all the satellites in a constellation are the same size.
As consequence, the performance and cost of
constellations are not analyzed by mixed size
satellites. ~ This

presented  possible

paper
constellation designs at different orbital altitudes. As

expected, the PDOP values are improved by

Volume 17, 2021



WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT

DOI: 10.37394/232015.2021.17.107

designing higher altitude constellations, since the
required number of satellites decreases as altitude
increases. The cost of the design results varies along
with the altitude, but in general, the LEO design
results illustrate less expensive options. Several of
the design results are compared to the GPS
constellation, and both the MEO and HEO

constellation designs maintain PDOP values less

than the GPS system.
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