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Optimization cost. GDOP values are calculated using STK, And to estimate costs,

GDOP a combination of USCMS8 and SSCM cost models was used. The

Cost design parameters include Walker constellation characteristics,
orbital elements, and transmitter power. The results demonstrate that
the proposed tool is capable of generating realistic solutions and
ultimately provides a comprehensive analysis for the design of LEO
navigation satellite constellations.
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4. Global Navigation Satellite System(GNSS). .
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1.Necklace Constellation
2.Radio Navigation Satellite System (RNSS)
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Table 3. The values of S according to the number of satellites
in the system [26].
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Table 1. USCMS non-recurring subsystem [23].

CER |
n-recurring costin |

FY2010 thousands.of dollars
for development plus one
qualification unit |

1.1 Spacecraft

SME-SMAD WBS Element Cost Driver Input
(Non-recurring subsystem) Cost Driver(s) Range

1.1 Spacecraft Bus (lllamale CER[Y =108 X1 liu':' Spacecraft Weight (kg) | 114-5,127 kg | 47% |
when no compones
information is avau.blo) |
1.1.4/1.1.2 Structure and Thermal | Y = 646 X 10654 ~ | XT=Stucture + Thermal | 59-501 kg 2% |
Control Weight (kg)
1.1.3 Attitude Determination & | Y = 324 X1 XT=ADCS Weight (kg) | 35-524kg | 44% |
Control System (ADCS) l
1.1.4 Electrical Power System Y =643 X1 X1=EPS Weight (kg) __ |47-1,065kg | 41%
(EPS) |
1.5 Propulsion (Reaction | Y =200 X10485 ! =Tolal RCS tank volume | Notgiven | 35% |
trol) ubic centimeters) |
1.16 Telemelry Tracking, & [Y=26916 I erage TT&C Cost Not_
Command (TT&C) | G e tical given
[CE for this elemel
o 1.2 Payload
1.2 Communications Payload Y =339 X1 +5127 X2 X1 40%
(based on weight and number Su
of channels) | 2-32 channels
1.2 Communications Pa Payload T [Y=618X1 160-395 kg 38%
(alternate CER based o/
weight alone)

"~ 1.3 Spacecraft Integration, Assembly, and Test
1.3 Integration, Assembly, & Test | Y = 0.195 X1 X1 = Spacecraft Bu 545,000 $K ‘ 42%
(of bus and payload into Payload Non-recurring C
spacecraft) ($K) ]

4.0 Program Level
[x1= Space Vehic L\e and AT | 7,850-353,804 SK \ 2%
5K)

4.0 Program Level (for a Y =0.236 X1

Communications Satellite) Non-recurring
40 ngmm Level (for an other | Y = 0.357 X1 [X1=Space Vehicle am 1AZT | 7,850-353,804 SK | 50% |
in Communications | Non-recurring Cost
Soveli ite) |

6.0 Aerospace Ground Equlpmenl (AGE)

6.0 Aerospace Ground Equipment | Y = 0.432 X10.907 « 2 244X2 X1 = Spacecraft Bus
(AGE) Non-recurring Cost ($K);

[7,850-353,804 SK | 37%

X2 =0 for comm sats and |
X2 = 1 for non-comm sats |

1 e L BN

[YYTUSCMB Jus odigds 1,55 slapiamms 15 =Y Jgd>

Table 2. USCMS spacecraft recurring subsystem [23].

CER
¥ = Recurring T1 cost in
FY2

SME-SMAD WBS Element 010 thousands of Cost Driver Input
Range

(Recurring subsystem T1) Cost Drivers SEE
1.1 Spacecraft
1.1 Spacecraft Bus (alternate CER | Y = 283.5 X10716 X1 = Spacecraft Weight (kg) | 288-7,398 kg 21%
when o component |
Iinformation is available) |
11.1/1.1.2 Structure and Thermal | Y = 22.6 X1 X1 = Structure + Thermal Weight | 59-501 kg [21%
) {kg)
,,,,, = J e LY . 1
11.3 Attitude Detormination & | Y = 795 X105 X1 = ADCS Weight (kg) | 27-524 kg %%
Control System (ADCS) | |
1.1.4 Electrical Power Supply (EPS) | Y = 32.4 X1 ['x1=EPS Weight (kg) [111-1.479kg [31%
1 vstpulsian Apogee Kick | Y=20X1+0024X2 | X1=AKMWeight(kg) | 81-966 kg 2%
tor (AKM)

| X2 = Burn-time (seconds)

12-76 kg for Sband | 18%

11.6 Telemetry, Tracking, & | Y = 883.7 X10491 + 1.13 %2 \xw TT&C weight (kg)
Command (TT&C) ‘ O Tr
(1'
[ s (-
1.2 Payload |
1.2 Communications Payload Y =189 X1 x1 inications Payload | 38-928 kg 39% |

X1
Weight (kg)

1.3 Spacecraft Integration, Assembly, and Test

1.3 Integration, Assembly, & Test " Y=0.124 X1
(IA&T) of bus and payload into
space vehicle

tBus + Payload | 35,367-142,044 5K | 34%
$K)

[13.287-2682255K | 12%

40 Program Level (for a
Communication Satellite)

4 Program Level (for an otherthan | Y = 0.320 X1 1= Spacecraft (Spacecraft Bus | 13,287-268,225 SK_| 409

communication satellite) ( + Payload + IA&T) Recurring

Cost ($K)
e S "'5 o thm Support

50Launch Operations & Orbital | Y =5850 Y= Average LOOS costin SK | Notgiven Not |

Support (LOOS) given |

et iondss SN [ = . it

2) Current version of USCMB pmvmcs a combined structure/thermal CER.

SME) Oibgh ol 3 el 3ygly A et b b
NS e USCMBS icuwlosds ooy isles ) <jawds (SMAD
agie JS p; OYolee SSCM g i ) ,SG USCMB8 coiguis
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Table 5. Payload mass and transmitter power values of
operational satellite systems.

4 go0w
xa (Watt) oo 38 4l | 5,lsk
(kg)
345 145 GPS
299 135 oobsls
224 120 Pl
256 130 9
MaSSpayload (")
= 15.61.exp(0.02154. Powerr ansmiter)
Masspayioad
Spacecraftyry mass = # oY)
Spacecraft,,ss = Masspayioad (\7)

+ Spacecraftdry_mass
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5Wge cpledl aiy 5o CoStipgT oo 4o COStpayiad dlowylad

4‘-’J)-"’ COStAGE ‘4"1’.)’. GE-“’ d-‘“’)—"’ COStProgram_Level Cowd 9
}‘9)5. @w 4o COStﬂight_support "‘JLQK 229 () QIM
Cawlods 0313 au.oy (\c) J9.—\> PR g oS ‘)“‘“’L’Ls"

COStNon_Recurring = COSts/c_bus + COStPayload
+ CostiagT ")
+ COStProgram_Level
+ Costage

COStrecurring = COSts/c_bus + COStPayload
+ CostjagT ()
+ COStProgram_Level
+ COStﬂight_support

Costssem = COSts/c_bus + COStPayload
+ COStIA&T
+ COStProgram_Level (\ ')

+ COStﬂight_support
+ COStAGE

IYY] SME-SMAD 458 Jdo colys = Joua

Table 4. Coefficients of SME-SMAD cost model [23].

SME-SMAD Cost Models, FY20108
USCMS Non-recurring Subsystem CERs in FY2010 Thousands of Dollars

Element Equation ‘Variable
1 Spacecraft Bus 110.2*X X=Spacecraft weight (k) Table 11-8
2 Payload 618K é:f“mm“mm"“s subsystem weight | 1 11
3 Integration, Assembly, and 0.195¢% X:Spii:ecraﬂ bus + Payload non- Table 11-8
Test recurring cost (SK)
4 Program Level 0.414%X X=Space vehicle and IA&T non- Table 11-8

il recurring cost (SK)
X1=Spacecraft bus non-recurring cost
5 Aerospace Ground " 05074 544 | (SK)
Equipment (AGE) 042KT224 X2=0 for comm sats Table 11-8
X2=1 for non-comm sats

USCMS8 Spacecraft Bus Recurring T1 CERs in FY2010 Thousands of Dollars

Element Equation ‘Variable Reference
1 Spacecraft Bus 289.5¥K X=Spacecraft weight (kg) Table 11-9
2 Payload 189°% éz)(lommum:muns payload weight Table 119
3 Integration, Assembly, and 4% X=Spacecraft Bus + Payload Recurring :
Test 0.124*X Cost ($5K) Table 11-9
4 Program Level 0.320X X=Spacecraft Recurring Cost (SK) Table 11-9
5 Flight Support 5850 - Table 11-9

SSCM Total Non-recurring Cost (development plus one protoflight unit)

Element Equation ‘Variable Ref:
1 Spacecraft Bus 1064+35.5*X %! | X=Spacccraft weight (k) Tabiel 1
2 Payload 04%X X= Spacecraft Bus Total Cost (SK) Tﬂbﬁ -
i_:sn:em"m Assembly, and 0.139*X X=Spacectaft Bus Total Cost (SK) Tﬂbﬁ 11-
4 Program Level 0.229°X X=Spacecraft Bus Total Cost (SK) Tﬂbﬁ 11
5 Flight Support 0.061°X X=Spacecraft Bus Total Cost (SK) Tﬂbﬁ -
6 Aerospace Ground " _ Table 11-
Equipment (AGE) 0.066%X. X=Spacecraft Bus Total Cost (SK) 1
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f, = 1525.42 MHz, f, = 1227.60 MHz, f, (0)
= 1176.45 MHz
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Table 7. Gain and power specifications of Global Positioning
System antennas [27].
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nn 5yled NN 5,95 YYYy Jlo

Cly dtun gagie oS & Kby F L eylgale (Y
Long March 5 Long March 3B Falcon9) .:5,5 .
(Long March 4B
Pl o)y symeS anje a5 ol Sy L laojlale (¥
(Falcon9) g o
(F) Jgi slaosls 4y i b by (slagyjliws 51 (S Sl Sl e
dl) Jgl p 5 gillae 9335 o0 dpuslome (5 e dxiio yo Uy Al 50
Gy abie U208 o b (gylhe Olxio s )0 cules jo (¥)
dwle (2l Ao daily I (isu e deglaie slaojlgale JS
23,5

Satellite at 5° IY0] Gimgs oyl o oas ool slo Kol Slasetio =& Joda
Elevation o
Power at Satellite Antenna Input Table 6. Specifications of the launchers used in this research
pub, 14.3 [25].
dBW
Range (km) 25200 .
Satellite Antenna Gain, dB 12.1 _ . e o 4 Fi9 Cud )b
Effective Isotropic Radiated Powe 26.4 AUy b o] e} (kg)
Path L(.)ss, dB -159.4 ($/kg)
Atmospheric Loss, dB 0.5 Soyuz-2 17900 8200
Received Power Density, dBW/m? -133.1 Falcon9 2600 16700
Effective Area of an 53 Long March 4B 7600 4200
Omnidirectional Antenna, dBm? ’ Zenit3 8900 7000
Receive Power Available from an 1585 Atlas IV 8100 18850
Isotropic Antenna, dBW ' Long March 3B 6200 11500
Gain of a Typical Patch Receive 4 Long March 2D 9100 3500
Antenna, dBic Long March 2C 8300 3850
C/A Code Received Power PSLV 8500 3800
Available to a Typical Antenna, -162.5 H-TIA 10500 10000
dBW Long March 3A 11500 6000
GSLV MK 9400 5000
sl ol Cariyn s i (o S ol s 405 —A Jg LVM3 8000 10020
o o o Ariane 5G 10200 21000
;l‘aslt);; 8Sl hI/l[;?Slmum power level of civilian global positioning Long March 5 7900 25000
ySTem SIgnats: Proton-M 8200 23000
P : : Atlas V 25300 8200
. Minimum specified receiver power
Signal (dBW)
S dils S lule
o 1585 alee (Si) bl o 5 o3l b ottt ogs aloye ol 3
ly 20y o pudg 'yl A e lelasy) ) ooliiwl b .ogud
L2C “160(IIR-M/IIF) , -158.5(I1I) S T ARGR O 3 008 Ry SRR 03 R g0t
Lad Ol oy pans 5l s 33,5 o duwlre a3 B 15wyl
Ls 2154.9(11F) , -154(111) < T 0§l PP 200 %0
Jobs JuilS 3 f g odgazme gladd 1 a8 Sl g o duwleo Lg 13l
L1C -157 ]
(dB) o (w3 com pp JG) ol podlie ol 51 oliusl b aseis , Ly = 92.45 4+ 201og;0(r) + 201log;(H) (V¥)

:)9.\:3@ dw.ul?t.a

Ptx =C—- GTx + LTX - GRX + Ls + Latm + LRX (\;>
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2. Multi Objective Particle Swarm Optimization (MOPSO)
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Fig. 5. Optimum LEO navigation constellations at 500 km

altitude with Walker Delta configuration and the combined cost
function.
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Fig. 6. Optimum LEO navigation constellations at 700 km
altitude with Walker Delta configuration and the combined cost
function.
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Fig. 3. Comparison of GDP of the optimized system calculated
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Fig. 9. Optimum LEO navigation constellations at 500 km
altitude with Walker Star configuration and the combined cost
function.
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Fig. 10. Optimum LEO navigation constellations at 700 km

altitude with Walker Star configuration and the combined cost
function.
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Fig. 18. Optimum LEO navigation constellations with Launch
Scenario 2 and the combined cost function.
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