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Abstract 
With an increase in Lunar exploration activity expected in the 2030s through the Artemis program as well as other 
governmental and private missions, infrastructure architectures are essential to enable ambitious robotic and human 
surface missions. Beyond the Lunar Gateway, service stations, and payload landers, high-reliability and high-accuracy 
navigation and communication (NAVCOM) services are a critical requirement for all Lunar surface assets. Such ser-
vices enable high-precision landings, guidance for robotic/human rovers exploring unknown terrain, and a reliable and 
high-throughput connection to long-term human habitats. This paper aims to explore the tradespace of a constellation 
combining NAVCOM services around the Moon. The key research question addressed in our work is the impact of 
the semi-major axis, the number of orbit planes, and the number of satellites per plane of a circular frozen orbit Walker 
constellation on the NAVCOM performance. The figures of merit (FOMs) of the analysis include the coverage with a 
Geometric Dilution of Precision (GDOP) below 6, a theoretical constellation capacity, and the power flux density 
coverage for a Lunar orbit to Lunar surface S- and Ka-Band connection. Results indicate that minimum sets of satellites 
at a minimum distance from the Moon are required to fulfill global coverage and adequate performance for the 
NAVCOM service. In addition, it is identified that certain combinations achieve a particularly poor GDOP coverage 
in the equator region. From the tradespace analysis, a set of parameters is then selected for further study based on a 
combined performance assessment of the FOMs. Based on this selection, an exemplary NAVCOM constellation is 
derived, including a concept of operations, detailed navigation and communication architectures, and a satellite bus 
design. This 21-satellite Walker constellation can provide coverage of close to 100% with a GDOP of less than 6.0. 
With a regenerative communication design, it provides close to 100% surface access time for both S-and Ka-Band and 
a Ka-Band relay to Earth, following guidelines proposed in the LunaNet standards. This work aims to serve as a basis 
for further studies into Lunar communication and navigation constellations for Lunar frozen orbit Walker constella-
tions and provides a starting point for one of the fundamental prerequisites of an extended Lunar presence. 
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Nomenclature 
 

𝛼 Scan angle 
𝐵 Bandwidth 
𝑐 Speed of light 
𝐶/𝑁 Carrier-to-noise ratio 
Δ𝑣 Orbital velocity increment 
𝑑 Distance 
𝑓 Frequency 
𝐺 Antenna gain 
𝐺/𝑇  Antenna gain-to-noise ratio  
𝐽ଶ Lunar second-order gravity harmonic 

coefficient 
𝑘 Earth-Moon CR3BP parameter 
𝑘஻ Boltzmann constant 
𝐿 Loss 
𝜇 Lunar gravitational constant 
𝑀 Link margin 
𝑛ଷ Lunar angular velocity 
𝑁் Total noise power 

𝑃 Power 
𝑅ெ Lunar radius 
𝜃  Pointing error 
𝜃ଷௗ஻  Beamwidth 
𝑇௦௬௦ System noise temperature 
(𝑋, 𝑌, 𝑍) Position 

 
Acronyms/Abbreviations 
 

BPSK Binary Phase Shift Keying 
CC Constellation Capacity 
CMCU Clock Monitoring and Control Unit 
EIRP  Effective Isotropic Radiated Power 
ES Earth Surface 
FGUU Frequency Generation Upconverter 

Unit 
FOM Figure of Merit 
GDOP  Geometric Dilution of Precision 
GNSS  Global Navigation Satellite System 
INC  Inclination 
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LS  Lunar Surface 
LO  Lunar Orbit 
NAVCOM Navigation and Communication  
NOP  Number of Planes 
NOS  Number of Satellites per Plane 
NSGU Navigation Signal Generation Unit 
PFD  Power Flux Density 
RAAN Right Ascension of the Ascending 

Node 
RAFS Rubidium Atomic Frequency Stand-

ards 
SMA  Semi-major Axis 
SNR  Signal-to-Noise Ratio 
TT&C Telemetry, Tracking, and Command 

 
1. Introduction 
 
Lunar exploration is currently seeing its most significant 
resurgence since the Apollo era. With government pro-
grams like Artemis [1], [2] aiming to establish a long-
term presence on the Moon, particularly around the Lu-
nar South Pole, several assets in the space and ground 
segment are required to enable these missions. Among 
them, navigation and communication (NAVCOM) ser-
vices are crucial to provide timing and improve rendez-
vous, docking, and proximity operations. Furthermore, 
they enable higher levels of autonomy and accuracy to 
increase mission safety for human and robotic missions. 
Therefore, previous studies have looked at suitable 
NAVCOM architectures for the Moon. The use of Global 
Navigation Satellite System (GNSS) signals in the cislu-
nar environment and on the surface has been extensively 
explored [3], [4], [5], but suffers from the lack of required 
accuracy and, crucially, coverage of the Lunar far side 
[6]. Instead, several studies propose entirely new archi-
tectures [7], [8], [9], [10], [11], where constellations 
about Earth-Moon libration points and in frozen orbits 
are particularly favored. Notably, Pereira et al. [10], [11] 
investigated the tradespace of a GNSS constellation 
around the Moon through several orbital parameters and 
figures of merit (FOMs). 
 
Similar to Pereira et al. [10], [11], this paper aims to ex-
plore the tradespace of a Lunar navigation constellation, 
however, in combination with communication services. 
While the number of input parameters has been reduced, 
introducing a communication service to the mission ar-
chitecture and tradespace expands the analyses of previ-
ous studies. The first two sections cover the tradespace 
analysis, including the assumptions and input parameters 
under investigation, and the modeling of different aspects. 
The results for the navigation, communication, and com-
bined performance are then presented and discussed. 
Based on these results, a conceptual design for a Lunar 
NAVCOM constellation from an architecture and system 
perspective is derived in Section 4. It covers the 

assumptions used for the design and shows the results for 
the constellation, including an architecture and system 
design for the satellites.  
 
2. Tradespace Analysis 
 
2.1 Assumptions, Design Vector, and Measures of Per-
formance 
 
The NAVCOM constellation investigated in the 
tradespace aims to provide a continuous navigation and 
communication service for Lunar surface (LS) operations. 
For the communication service, two downlink connec-
tions are considered in S- and Ka-Band for high reliabil-
ity and high data rate, respectively, following the stand-
ards established in the LunaNet guidelines [12]. The 
communication performance tradeoff focuses only on the 
downlink between the satellite and the LS to isolate the 
impact of the constellation parameters and simplify the 
calculation. The design space primarily considers the in-
fluence of the orbital parameters of the semi-major axis 
(SMA), the number of orbit planes (NOP), and the num-
ber of satellites per plane (NOS), with similar ranges as 
Pereira et al. [10]. The SMA is increased incrementally 
by the mean Lunar radius 𝑅ெ = 1738 km. All constella-
tions are Walker constellations with a phasing of 1 [13]. 
The analysis investigates circular orbits, choosing an in-
clination to fulfill frozen orbit conditions [14], [15]. Ta-
ble 1 summarizes the range of design parameters with a 
total of 900 different constellation combinations able to 
be constructed from the design vector.  
 
Table 1. Design Vector Definition 

Variable Min Max Increment 
SMA [km] 3476 17380 1738 
NOP [-] 1 10 1 
NOS [-] 1 10 1 

 
Three measures of performance assess the navigation and 
communication capabilities of the constellation. Similar 
to Pereira et al. [10], the coverage with a geometric dilu-
tion of precision (GDOP) below 6 assesses the navigation 
performance of the constellation. The communication 
FOMs are a measure of theoretical maximum constella-
tion capacity (CC) with a single link per satellite, as, for 
example, described by Baccelli et al. [16], and the power 
flux density (PFD) distribution on the surface of the 
Moon. Both parameters are used to indicate performance 
variation and only consider the link between the satellites 
and the Moon’s surface. They do not reflect actual per-
formance, which is considered in the conceptual design.  
 
2.2 Methodology and Modelling 
 
This section covers the methods and assumptions for 
modeling the tradespace analysis. This includes the 



75th International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.  
Copyright ©2024 by the International Astronautical Federation (IAF). All rights reserved. 

IAC-24-B2.IPB.31.84800                       Page 3 of 15 

orbital mechanics as well as the navigation and commu-
nication FOMs in the form of the CC and PFD. 
 
2.2.1 Orbital Mechanics 
 
The initial step of the tradespace analysis is the configu-
ration of the Walker constellation, assuming circular or-
bits. As pointed out before, frozen orbits are considered. 
For every SMA, the inclination (INC) to achieve this cri-
terion is calculated with [15]  

 

cos(2 𝐼𝑁𝐶) = −
ସ ௌெ஺ఱ ௞ ௡య

మ

ହ ௃మ  ஜ ோಾ
మ −

ଷ

ହ
,  (1) 

 
where 𝑘  = 0.98785 is the characteristic factor in the 
Earth-Moon Circular Restricted Three-Body Problem, 
𝑛ଷ = 2.66e-6 rad/s is the angular velocity of the Lunar 
rotation, 𝐽ଶ  = 2.03e-4 is the second-order gravity har-
monic coefficient of the Moon, μ = 4.903e3 km3/s2 is the 
gravitational constant of the Moon, and 𝑅ெ is the Lunar 
radius. The right ascension of the ascending node 
(RAAN) of the orbit planes is equally spread around the 
Moon. The true anomaly to get Walker constellations is 
calculated using NASA’s General Mission Analysis Tool 
to get the positions of all satellites for each constellation 
at an initial point. 
 
2.2.2 Navigation – Geometric Dilution of Precision 
 
The dilution of precision is a measure of the accuracy of 
position and time determination given a set of satellites 
in a constellation. One of these precision parameters is 
the GDOP, which is influenced by the position of the vis-
ible satellites with respect to the user. For the analysis in 
this paper, the GDOP coverage over 500 nearly equidis-
tant points on the LS is calculated. The subsequent mesh 
is shown in Figure 1. 
 

 
Figure 1. Surface Mesh 
 
Given a surface point (𝑋௨௦௘௥ , 𝑌௨௦௘௥, 𝑍௨௦௘௥) and four visi-
ble satellites at positions (𝑋௦௔௧,௜, 𝑌௦௔௧,௜, 𝑍௦௔௧,௜), the GDOP 

can be calculated by [17]  
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 , (2) 

 
𝐷 = [𝑆் ⋅ 𝑆]ିଵ,    (3) 

 
𝐺𝐷𝑂𝑃 =  ඥ𝐷ଵଵ + 𝐷ଶଶ + 𝐷ଷଷ + 𝐷ସସ.  (4) 

 
Satellites are assumed to be visible when their position 
has a minimum elevation of 5° from the horizon when 
viewed from the ellipsoid surface [11], [18]. As more 
than four satellites may be visible at a particular time, the 
GDOP is calculated for the best four visible satellites. 
Figure 2 shows a calculation example for this case. 
 

 
Figure 2. GDOP Calculation for More Than Four Visi-
ble Satellites (red: used, blue: also visible) 

 
In the case that less than four satellites are visible, no 
GDOP can be calculated. With this scheme, the best 
GDOP achievable is calculated for every surface point 
for all constellations under consideration. 
 
2.2.3 Communication – Reference Link 
 
A reference link is established for the S- and Ka-Band 
downlink connections as a basis for subsequent calcula-
tions and performance evaluations. The central measure 
for the link is the signal-to-noise ratio (SNR), which is 
determined by  
 

𝑆𝑁𝑅 = 𝑃ோ [ௗ஻௠] − 𝑁்[ௗ஻௠] −  𝑀[ௗ஻௠],  (5) 
 
where 𝑃ோ is the total received power, 𝑁் is the total noise 
power in the system, and 𝑀, assumed to be 3 dB, is the 
link margin. The total noise power takes the form 
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       𝑁் = 10 log 𝑘஻𝑇௦௬௦𝐵  [𝑑𝐵𝑊],  (6) 

 
where 𝑘஻ is the Boltzmann constant and 𝐵 = 5 MHz/100 
MHz is the assumed bandwidth for S- and Ka-Band, re-
spectively. 𝑇௦௬௦ is the system noise temperature, which is 
the sum of both antenna noise temperatures, assumed to 
be 𝑇௦௬௦ = 120 K/334 K for S- and Ka-Band, respectively. 
The total received power is calculated through 
 

𝑃ோ = 𝐸𝐼𝑅𝑃[ௗ஻௠] − 𝐿்[ௗ஻] + 𝐺௚௥௢௨௡ௗ[ௗ஻௜],    (7) 
 
where 𝐸𝐼𝑅𝑃 = 𝐺௦௔௧[ௗ஻௜] + 𝑃௦௔௧[ௗ஻௠] is the effective iso-
tropic radiated power (EIRP), 𝐺௦௔௧ is the satellite antenna 
gain, 𝑃௦௔௧ is the satellite input power, and 𝐺௚௥௢௨௡ௗ  is the 
ground antenna gain. The total losses 𝐿் are a sum of the 
free space loss 𝐿ிௌ , depointing loss 𝐿௣௢௜௡௧ , scan loss 
𝐿௦௖௔௡ , and a system implementation loss 𝐿௦௬௦ = 1.2 dB 
[19]. The free space loss is calculated through [20] 
 

𝐿ிௌ = 20 log
ସగௗ

௖
 [𝑑𝐵],  (8) 

 
where 𝑑 is the distance between the transmitter and re-
ceiver, 𝑓 is the frequency, and 𝑐 is the speed of light. The 
depointing loss describes the loss when deviating from 
the boresight direction and is given by [21] 
 

𝐿௣௢௜௡௧ = 12 ቀ
ఏ

ఏయ೏ಳ
ቁ

ଶ

 [𝑑𝐵],   (9) 

 
where 𝜃 is the pointing error and 𝜃ଷௗ஻ is the beamwidth 
of the antenna. For phased array antennas, a scan loss de-
scribes the reduction in antenna gain when the main an-
tenna lobe is steered with a scan angle 𝛼. The resulting 
loss takes the form of [22] 
 

       𝐿௦௖௔௡ = 10 log (cosଵ.ହ(α)) [𝑑𝐵]. (10) 
 

For the S- and Ka-Band links, reference antennas are se-
lected for further calculations. The satellite S-Band an-
tenna is a generic nadir-pointing horn antenna with a 
beamwidth of 𝜃ଷௗ஻,ௌ = 25.81°, a gain of 𝐺௦௔௧,ௌ = 16 dBi 
and an input power of 𝑃௦௔௧,ௌ = 100 W. The Ka-Band an-
tenna is an initially nadir-pointing electronically steera-
ble phased array antenna with an 𝐸𝐼𝑅𝑃 = 79 dBm [23] 
and is assumed to be steerable up to 𝛼 = 60°. For simplic-
ity and to allow comparability, a tracking parabolic dish 
antenna with a diameter of 1 m and an efficiency of 60% 
is assumed as the ground antenna for both links. 
 
2.2.4 Communication – Constellation Capacity 
 
Similar to previous studies [24], [25], this analysis uses a 
measure of constellation capacity (CC) to investigate the 

influence of different parameters on the performance of 
the constellation. However, the theoretical single channel  
CC introduced in this tradespace analysis, described sim-
ilarly by Baccelli et al. [16], is a simplified value consid-
ering only the link between the satellites and the LS and 
one active channel per satellite. It neglects the impact of 
the Earth surface (ES) to Lunar orbit (LO) connection, 
different possible Lunar surface antenna designs, and as-
pects such as frequency reuse, multiple access technique, 
and network architecture, as they are nearly independent 
of the considered tradespace parameters used in this anal-
ysis. Furthermore, the assumptions and parameters of the 
Lunar user terminal and satellite are kept constant in the 
reference link to allow for comparability of the results.  
 
The theoretical single-channel CC is calculated by multi-
plying the theoretically possible data rate per link (calcu-
lated via the Shannon-Hartley limit [26]) with the total 
number of satellites in the constellation 
  

𝐶𝐶்௛௘௢ = 𝐵 ∗ 𝑙𝑜𝑔ଶ(1 + 𝑆𝑁𝑅) ∗ 𝑁𝑂𝑆 ∗ 𝑁𝑂𝑃,     (11) 
 

using the SNR calculated for the worst-case reference 
link. For this case, a general depointing loss of 𝐿௣௢௜௡௧ = 3 
dB and the maximum free space loss (link with the fur-
thest visible satellite from any surface point) is assumed. 
Therefore, this value does not reflect the effective con-
stellation capacity or constellation throughput as de-
scribed in other studies [24], [25]. However, it illustrates 
the dependency of the constellation performance on the 
variable constellation parameters of SMA, NOS, and 
NOP.   
 
2.2.5 Communication – Power Flux Density 
 
The maximum PFD mapping is introduced to assess the 
aspect of coverage and LS performance distribution, 
which is highly dependent on the constellation design and 
not covered by the theoretical capacity. The evaluation 
maps the received maximum PFD for each of the 500 sur-
face measurement points, indicating not only the link per-
formance to a given point but also the location depend-
ency of the constellation performance on the surface of 
the Moon.  
 
For each measurement point in S-Band, the received 
power of a visible satellite (above 10° elevation) is con-
sidered if the surface point is within the nadir pointing 3 
dB-cone. For the Ka-Band electronically steerable anten-
nas, each visible satellite (above 10° elevation) is as-
sumed to be pointing at the respective surface location, 
which requires a maximum of 30° of scan angle for the 
minimum SMA considered. The received PFD for one 
point is then determined with [21] 
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    𝑃𝐹𝐷 =  
ଵ଴

ಶ಺ೃು[೏ಳೈ]షಽ೗೚ೞೞ[೏ಳ]
భబ

ସగௗమ  [W/m2]. (12) 

 
The losses 𝐿௟௢௦௦ include the actual depointing loss 𝐿௣௢௜௡௧ 
for the S-Band connection, and the scan loss 𝐿௦௖௔௡  for the 
steerable Ka-Band antenna, respectively. The theoretical 
maximum PFD for a surface point is then the summation 
of the PFD from each visible satellite. 
 
Therefore, the maximum PFD value of a surface meas-
urement point reflects the total possible PFD with all vis-
ible satellites in the 3 dB cone for S-Band or steering to-
wards the surface point for Ka-Band. It does not reflect 
the simultaneously received PFD of every measurement 
point, especially for Ka-Band, but the maximum possible 
power that could be accessed at a surface point as a sole 
sink for the constellation. This assumption is made to en-
sure the comparability of different surface points when 
considering steered spot beams. 
 
3. Tradespace Results and Discussion 
 
This section covers the results of the navigation and com-
munication performance analysis and discusses the im-
pacts of these results on the constellation architecture. 
Based on a specific weighting of the FOMs, the different 
constellations are compared, and a set of parameters is 
selected for further study. 
 
3.1 Navigation Performance 
 
Figure 3 shows the GDOP coverage averaged over the 
SMA for the different NOP and NOS considered. The re-
sults show that the GDOP coverage increases with the to-
tal number of satellites in use. This is because more sat-
ellites in more planes improve the probability of a favor-
able constellation of four satellites, giving an optimum 
GDOP. The dark areas in the plot indicate that the cover-
age is very low, a result of a low number of visible satel-
lites for these NOP-NOS combinations and, therefore, 
not enough satellites to calculate a GDOP. In addition, 
results indicate that a coverage of 100% is difficult to 
achieve and requires many satellites, although the GDOP 
coverage scales quickly when the total number of satel-
lites is low. 
 
The optimum way to distribute a given number of satel-
lites around the Moon now becomes the primary consid-
eration. Expanding the previous plot into 3D space, the 
combinations of NOP and NOS values resulting in a spe-
cific minimum coverage at a given SMA can be visual-
ized. The NOP-NOS combinations resulting in a cover-
age of over 95% with a GDOP < 6 are shown in Figure 4. 
Results indicate that a higher SMA leads to a lower num-
ber of required satellites for a given coverage. This range 
can be between NOP x NOS = 5 x 3 = 15 and 6 x 5 = 30 

satellites needed for the maximum and minimum SMA, 
respectively.  
 

 
Figure 3. Coverage with GDOP < 6 averaged over SMA 
 

 
Figure 4. Minimum NOP-NOS combinations for above 
95% coverage with GDOP < 6 
 
The results also show an unexpected behavior around the 
NOP = 6 and NOS = 5 point. This distribution of satel-
lites for the largest SMA leads to a coverage of 91.2% 
and stems from 44 points barely missing the requirement 
with GDOPs between 6 and 6.25. These points lie around 
the equator region of the Moon. Investigating this phe-
nomenon further, it is found that, e.g., the 5 NOP/4 NOS 
point has a particularly unfavorable GDOP service. With 
the chosen parameters, especially the Walker constella-
tion and frozen orbit conditions, some points in the equa-
tor region achieve very poor GDOP performance (see 
Figure 5). Because of the minimum elevation considered, 
these points only see one satellite per plane. Figure 6 
shows an example of how the proximity of these visible 
satellites then creates a particularly unfavorable combi-
nation for the GDOP calculation.  
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Figure 5. GDOP Ground Map for 9/5/4 (SMA 
[𝑅ெ]/NOP/NOS) Configuration 
 

 
Figure 6. GDOP Calculation Configuration for Exem-
plary Surface Point for 9/5/4 (SMA [𝑅ெ]/NOP/NOS) 
Configuration 
 
From an architectural perspective, increasing the naviga-
tion capability of the constellation can be achieved by an 
increment in the x, y, and z directions, which corresponds 
to (1) opening a new plane with satellites and changing 
the RAAN distribution of all planes, (2) adding new sat-
ellites to all existing planes, and (3) increasing the SMA 
of all orbit planes. As Figure 3 and Figure 4 demonstrate, 
the positive impact of a change depends on the initial 
starting point. In the bottom half of the NOP-NOS plane, 
a vertical movement is more beneficial than a horizontal 
increment. The opposite is the case for the left half of the 
plane. Increasing the SMA also has a higher impact when 
moving from lower altitudes. 
 
The impact of adding a new plane of satellites depends 
on the timing of the decision and is determined by the 
need for a new dedicated launch for the new satellites. 
Increasing the SMA for all orbit planes may be achieved 

by adding a dedicated propulsion system to the satellites. 
In contrast, adding new satellites to all existing planes 
may be difficult to achieve but can, in theory, be achieved 
with a single launch [27]. However, the initial deploy-
ment of the constellation may also be easier for a higher 
number of satellites delivered to fewer orbit planes, 
which in turn favors an initial constellation on the left 
side of the NOS-NOP plane in Figure 3. 
 
3.2 Communication Performance 
 
The communication performance evaluation is aimed at 
generating simple performance measures dependent on 
the same variable parameters as the GDOP. This is done 
to allow for the combined assessment of both navigation 
and communication services and to illustrate the effect of 
these parameters for this specific frozen orbit Walker 
constellation. Both the navigational and the communica-
tion performance are highly dependent on the SMA and 
satellite distribution in the constellation. The impact of 
SMA, NOP, and NOS on both communication and navi-
gation performance, however, differ and, with respect to 
SMA, are entirely contrary. 
 
The results for CC for both S- and Ka-Band, shown in 
Figure 7 and Figure 10, primarily illustrate that the ca-
pacity measure scales linearly with the total number of 
satellites and according to the inverse square law for the 
SMA as a result of the free space loss. This also holds for 
the average PFD for all connected measurement points, 
illustrated in Figure 8 and Figure 11. However, for very 
low SMAs and lower numbers of satellites, not all surface 
points have access to a satellite simultaneously. This re-
flects that low and small constellations cannot provide 
global coverage and 100% access time for the entire sur-
face. Figure 9 illustrates that at least 12 or 21 satellites at 
a SMA of 4/5 Lunar radii are required to achieve 100% 
access time and global coverage for the chosen S-Band 
antenna. The effect is less pronounced for the Ka-Band 
as the steerable phased array can access the visible sur-
face with only limited scan loss compared to high de-
pointing losses of the nadir-facing S-Band antenna.  
 
Figure 13 depicts the PFD measure mapped to the surface 
grid of the Moon and illustrates the performance distri-
bution for the conceptual design described in Section 4. 
As a result of the necessary relatively low inclinations for 
the frozen orbit condition, less PFD, about -3 dB com-
pared to the Lunar equator, is available in the polar re-
gion. As this region is of primary interest, the constella-
tion performance evaluation and design must compensate 
for this fact. 
 
Another aspect that needs consideration is access during 
Earth eclipse times when satellites do not have a line of 
sight to Earth. Whether a surface location on the far side 



75th International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.  
Copyright ©2024 by the International Astronautical Federation (IAF). All rights reserved. 

IAC-24-B2.IPB.31.84800                       Page 7 of 15 

has continuous access to a satellite with a line of sight to 
Earth is also dependent on the SMA, NOS, NOP, and sat-
ellite design (not considering inter-satellite links). Geo-
metric analysis can show that under the condition of 
100% access time and coverage, with a minimum SMA 
of about 4 𝑅ெ, a constellation can provide a minimum 
elevation angle of 10° to a satellite with a direct line of 
sight to Earth at all times. Therefore, inter-satellite link 
capability is not necessarily required and, therefore, not 
considered for this analysis. 
 
In conclusion, the evaluation of CC and PFD indicates 
minimal required parameters for the chosen frozen orbit 
constellation design to achieve the goal of global cover-
age and 100% access time. Furthermore, they reinforce 
the fact that a higher number of satellites is necessary to 
keep a specific performance for increasing the SMA. 
 

 
Figure 7. S-Band Constellation Capacity* 

 

 
Figure 8. S-Band Average Power Flux Density of Con-
nected Surface Points*  

 

 
* The results for configurations not covered in the 

design vector are derived with linear interpolation. 

 
Figure 9. Number of Connected Surface Points for S-
Band Connection* 
 

 
Figure 10. Ka-Band Constellation Capacity* 
 

 
Figure 11. Ka-Band Average Power Flux Density of 
Connected Surface Points* 
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3.3 Combined Performance 
 
The combined performance assessment of the navigation 
and communication performance shall select the param-
eters used for the conceptual design. For this selection, 
some wanted parameters need to be established for an ad-
equate GDOP and link performance. As mentioned in 
Section 2.1, the navigation performance is determined by 
the surface coverage with a GDOP < 6. For the S-Band 
FOMs, a CCS of 500 Mbps and a coverage with a mini-
mum theoretical PFDS of -60 dBW/m2 are selected. For 
Ka-Band, a CCKa of 10 Gbps and PFDKa of -43 dBW/m2 
are used. The coverage assigns a direct FOM from 0 to 
100%, whereas the CC assigns a value from 0 to 100% 
based on the percentage of fulfillment of the target. The 
communication performance is summarized into one 
value based on equal weighting of the four communica-
tion FOMs. This total communication value is then 
weighed equally against the navigation performance to 
yield a final combined FOM. It needs to be noted that 
these weights may shift when weighing the GDOP cov-
erage higher than the communication FOM, e.g., if com-
munication assets on the surface and in orbit may be uti-
lized to ease the required communication performance of 
this NAVCOM constellation.  
 

 
Figure 12. Combined Figure of Merit 
 
Figure 12 shows the combined navigation and communi-
cation FOM. In general, constellations with less than 12 
satellites are unable to provide enough performance for 
the NAVCOM service as they fail to achieve a FOM > 
50. In addition, constellations with the two smallest SMA 
cannot achieve global GDOP and S-Band coverage. Op-
timal performance is achieved with a minimum of 39 sat-
ellites with a SMA > 4-5 𝑅ெ . However, sending this 
number of satellites is unrealistic from an economic per-
spective of primarily scientific mission focus on the 
Moon. Therefore, when considering a combined FOM of 
90%, the number of required satellites decreases drasti-
cally, with a total as low as 20 satellites achieving this 
threshold. Therefore, a 21-satellite constellation with 

NOP = 3, NOS = 7, and a SMA of 7434.8 km [10] is 
selected and indicated with a red mark in Figure 12. This 
configuration achieves a GDOP coverage of 97.2%, a 
CCS of 658 Mbps, and PFDS > -60 dBW/m2 coverage of 
99.8% in S-Band, shown in Figure 13, where just one sur-
face point is not sufficiently covered at this time. In Ka-
Band, a CCKa of 12 Gbps and PFDKa > -43 dBW/m2 cov-
erage of 97.8% can be achieved. Therefore, its combined 
FOM of 98.3% places this configuration beyond the edge 
of the 90% FOM line.  
 

 
Figure 13. S-Band Power Flux Density Map for Concep-
tual Design 
 
4. Conceptual Design  
 
This section presents a conceptual design for a Lunar 
NAVCOM constellation based on the findings of the pre-
vious chapters. First, the underlying mission require-
ments are presented. Secondly, a mission architecture 
and a potential operations concept are presented. Finally, 
the detailed navigation and communication architectures 
are discussed further, along with a potential satellite bus 
design. 
 
4.1 Mission Requirements and Assumptions 
 
The conceptual design for a Lunar NAVCOM constella-
tion is derived based on key mission requirements. The 
architecture aims to provide navigation services with a 
GDOP < 6 for more than 95% of the LS and communi-
cation services in S- and Ka-Band at more than 97% of 
the LS. In addition, the constellation shall serve a lifetime 
of 10 years for a launch no earlier than 2031. 
 
4.2 Mission Architecture and Concept of Operations 
 
As derived from the tradespace analysis, the constellation 
is comprised of 21 satellites in a 3-plane, 7-satellites-per-
plane configuration. In addition, one extra satellite per 
plane is included to provide redundancy, resulting in a 
total of 24 satellites. The spare satellites are kept in a 
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lower parking orbit for synchronization with the opera-
tional orbit. The relevant orbit parameters are given in 
Table 2. 
 
Table 2. Orbit Parameters of Conceptual Design 

Variable Value 
SMA 7434.8 km [10] 
SMApark 6100 km 
ECC 0  
INC 39.67 deg 
RAAN 0, 120, 240 deg 

 

 
Figure 14. Concept of Operations 
 
The Concept of Operations for the constellation is de-
picted in Figure 14. Initially, 24 satellites are launched 
with a single SpaceX Starship launch vehicle. Here, the 
satellites are divided into groups of eight per delivery up-
per stage for a total of three delivery vehicles deployed 
from the Starship payload fairing. Over 25 days, the three 
batches of satellites are then delivered to the parking orbit 
in the respective plane of the operational orbit (2). After 
deploying the satellites, the delivery vehicles will imme-
diately perform another burn to achieve a heliocentric or-
bit for disposal (3). After checkouts of the satellite sys-
tems (4), each satellite will stay in the parking orbit for 
phasing with the intended position in the operational or-
bit. Then, seven of eight satellites will perform a 
Hohmann transfer to achieve the operational orbit (5). 
Nominal operations can commence with all 21 opera-
tional satellites in the correct orbit (6). After the ten-year 
lifespan, the spacecraft will be injected into a heliocentric 
orbit for disposal (7). 
 
For a derivation of the maximum mass per satellite, the 
150 t payload capability of the SpaceX Starship launch 
vehicle [28] is equally distributed among the three deliv-
ery vehicles. Assuming payload and structure coeffi-
cients of 0.366 and 0.01, respectively, paired with a spe-
cific impulse of 382 s and a total maximum Δ𝑣 of 4091 
m/s for the delivery vehicle, a maximum of 12.69 t can 

be transported to each orbit plane, resulting in a maxi-
mum mass of 1792 kg per satellite to the parking orbit. 
 
4.3 Navigation Architecture and Payload 
 
The navigation service is based on an analogous concept 
to that of existing GNSS systems. Therefore, each satel-
lite transmits a navigation message containing its respec-
tive satellite time, ephemeris, time correction data, sys-
tem status, and almanac. The format of the navigation 
message is identical to that of the GPS navigation mes-
sage [17]. The navigation signal is transmitted between 
2483.5 and 2500.0 MHz in S-Band, following the Space 
Frequency Coordination Group guidelines for satellite 
radio navigation services to the Lunar orbit and surface 
[29]. The navigation signal employs code division multi-
ple access with Binary Phase Shift Keying (BPSK) as the 
modulation scheme. This enables the utilization of exist-
ing receiver technology [30].  
 
The navigation payload design is based on the Galileo 
satellite navigation payload model [31], with the adapta-
tion that Rubidium Atomic Frequency Standards (RAFS) 
are used as atomic clocks exclusively. In addition to the 
RAFS, the navigation payload comprises a Clock Moni-
toring and Control Unit (CMCU), a Frequency Genera-
tion Upconverter Unit (FGUU), and a Navigation Signal 
Generation Unit (NSGU). Table 3 presents an overview 
of the navigation payload components, including their re-
spective mass and average power consumption. 
 
Table 3. Navigation Payload Components 

Component Unit Power Mass  Ref 
RAFS 3 ≤ 35 W 3.4 kg [32] 
CMCU 1 ≤ 21 W 5.2 kg [33] 
FGUU 1 ≤ 22 W 7.6 kg [34] 
NSGU 1 ≤ 27 W 12 kg [35] 

 
The CMCU is responsible for synthesizing the frequen-
cies of the master clock and the two additional backup 
clocks. In the event of a misalignment of the clocks, the 
CMCU initiates a switchover, designating a spare clock 
as the new master clock. The FGUU converts the signal 
into a reference clock signal for the NSGU, which re-
ceives the satellite position information from the onboard 
computer and the reference clock signal as input and 
modulates this information into the navigation message, 
which is then up-converted by the FGUU into their trans-
mission frequency. The transceiver then amplifies the 
navigation signal and transmits it via the antenna. Figure 
15 illustrates the configuration of the navigation payload. 
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Figure 15. Navigation Payload Architecture 
 
The time synchronization of the satellites' atomic clocks 
is achieved using inter-constellation cross-links. This 
method allows for the determination of a single reference 
clock time. The cross-link will permit satellites to auton-
omously identify potential clock errors as they communi-
cate their onboard time across the constellation, thereby 
enabling the detection of any clock misalignments. 
 
The determination of the satellites' orbits is conducted by 
three beacon stations situated on the LS. The precise lo-
cation of the beacon stations is known. Each beacon sys-
tem comprises an atomic clock and transmits a navigation 
signal. The satellites determine their position by receiv-
ing navigation messages from all three beacons. The dis-
persion of the beacons on the LS is not addressed in fur-
ther detail in this paper. Nevertheless, the satellites are 
required to receive all three navigation signals transmit-
ted by the beacon stations simultaneously. 
 
4.4 Communication Architecture and Payload 
 
Each satellite of the proposed concept has seven opera-
tional antennas. One parabolic 1.2 m Ka-Band antenna 
for the link towards Earth, a high gain Electronic Steera-
ble Phase Array antenna for a Ka-Band link towards the 
Moon, a fixed horn antenna for the same link in S-Band, 
and a patch antenna on each side of the satellite for the 
inter-satellite link in S-Band. The inter-satellite links are 
integrated to allow time coordination between the satel-
lites. Furthermore, two omnidirectional S-Band antennas 
are installed to transmit and receive Telemetry, Tracking, 
and Command (TT&C) data from Earth during the 
Launch and Early Operations phase. 
 
For the link calculation, S-Band 34 m ground stations 
similar to the Deep Space Network (DSN) [36] are 

assumed. For Ka-Band, 10 m parabolic antennas are as-
sumed. Regarding the LS user, a 1 m parabolic antenna 
with tracking is assumed. This assumption is made to 
simplify calculations and allow comparability. Further-
more, it is chosen to neglect the detailed analysis of var-
ious possible surface use cases and user terminal scenar-
ios described in the LunaNet standard, as well as the im-
pact of network architecture, frequency reuse, and multi-
ple access to focus on the satellite conceptual design and 
demonstrate the considerations of the tradespace analy-
sis. 
 
As required by LunaNet, Ka-Band is utilized for the link 
towards Earth because of higher possible bandwidths due 
to congestion in lower bands [12]. The Ka-Band ground 
station network on Earth is assumed to allow close to 
constant availability, requiring several distributed loca-
tions for line of sight to the Moon and redundancy, e.g., 
in case of outages or storms severely impacting Ka-Band 
capability. In general, and especially for the downside of 
high rain attenuation in the Ka frequency band, tech-
niques such as adaptive ground station switching, signal 
routing, uplink power control, and bandwidth control are 
assumed. In addition to Ka-Band, an S-Band link is uti-
lized for the LO-LS/LS-LO link as required for LunaNet 
and Lunar Search and Rescue applications [12]. As a con-
sequence, the S-Band LS-LO link will be transferred to 
Ka-Band for the LO-ES path. In contrast to the high data 
throughput Ka-Band link, the S-Band link is primarily in-
tended for low bandwidth operation, such as with 
smaller, low-power, nearly omnidirectional ground an-
tennas. 
 
As the constellation is planned to support future human 
and robotic exploration, the communication services 
must fulfill the expected needs of those missions. A pos-
sible minimum case of the system is defined similarly to 
Noreen et al. [37]: a base at the Lunar South Pole, which 
is inhabited by 12 astronauts, with 20 rovers and four 
transport vehicles nearby. The total data rate requirement 
for the up- and downlink is calculated based on the as-
sumed use cases shown in Table 4. The given use cases 
are only examples to estimate and illustrate possible data 
rate requirements. In order to account for satellite TT&C 
transmissions, 8 kbps are added to the reliability links to 
Earth [8]. For the navigation link, 250 bps are needed 
[17]. In summary, about 100 Mbps Ka-Uplink and 140 
Mbps in Ka-Downlink between Earth and Moon, 644 
kbps in S-Uplink, and 170 kbps in S-Downlink for the 
Satellite-Moon link are required. Additionally, 18.25 
kbps are required for the inter-satellite link. However, 
possible limiting maximum symbol rate scenarios for 
BPSK modulation of 2-5 Msps and a maximum of 2 Gsps 
per link are already stated for LunaNet [12]. The docu-
ment, however, does not mention in which scenarios and 
with which LS terminals these rates should be achieved. 
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This implies that significantly higher data rates than ini-
tial minimum scenarios could be required. Therefore, this 
concept aims for hundreds of Mbps in a single link and a 
constellation capacity in the gigabit range with the as-
sumed 1 m LS antennas.  
 
The link budget calculation described in the following 
section is calculated under the simplification of a single 
link per satellite utilizing full possible bandwidths still 
allowed by the LunaNet standard. 

 
Table 4. Data Rate Requirements for Different Use 
Cases 

User Data Rate per 
Channel 

# of 
Channels  

Reliable S-Band Channels 
Uplink 

Astronauts Speech 
Engineering 

10 kbps 
2 kbps 

12 
12 

Rover, 
Transport, 
Base 

Engineering 20 kbps 25 

Downlink 
Astronauts Speech 10 kbps 12 
Rover, 
Transport, 
Base 

Digital 
Commands 

2 kbps 25 

High Data Rate Ka-Band Channels 
Uplink 

Astronauts, 
Rover, 
Transport, 
Base 

Hyperspec-
tral Imaging, 
Radar, 
HDTV 

100 Mbps 1 

Downlink 
Astronauts Video 1.5 Mbps 12 
 HQ-Audio 128 kbps 12 
 HDTV 20 Mbps 1 

 
Link Budget calculations are performed equivalently to 
the reference link described in Section 2.2.3; however, 
now considering the full ES-LS forward and return link. 
A summary of the intermediate values and calculations is 
shown in Table 5. Frequencies and bandwidths are taken 
from LunaNet [12], although not the entire bandwidth is 
usable with 1 m terminals. The worst-case maximum dis-
tances for the LS-LO link are calculated with the evalua-
tion tool of the tradespace analysis, and the Earth-Moon 
distance is assumed with their average distance. G/T val-
ues are calculated for the satellite and Moon surface ter-
minals using exemplary values of noise temperatures 
from Wertz et al. [38], while the Earth ground stations 
G/T are calculated based on Schwerdtfeger [39]. For an-
tennas facing the Moon, additional noise temperatures 
because of Lunar flux are taken into account [40]. Values 
for additional losses, such as implementation loss, rain 

attenuation, and depointing losses, are calculated accord-
ing to Maral [21]. In conjunction with the simplification 
of a single channel per satellite, the bandwidth is maxim-
ized to the limit of LunaNet frequency allocation and the 
limit of link stability, for example, for BPSK of about 9.6 
C/N, assuming a bit error rate of 10-5 [38]. This is done 
under the assumption of neglecting aspects of multiple 
access, spectral efficiency, and network architecture. 
These aspects are highly dependent on specific use cases 
and network architecture, which are not the focus of this 
analysis and conceptual design. This design is meant to 
be a possible design based on the results of the tradespace 
analysis and a starting point for further necessary inves-
tigation of optimal and more detailed network architec-
tures.  
 
Table 5. Link Budget Summary 

Forward 
Parameter Ka ES-LO Ka LO-LS S LO-LS 

C-Freq. [GHz] 23  23.3 2.08 
EIRP [dBW] 95.42 49 36.01 
G/T [dB/K] 18.8 20.3 3.76 
Total Losses [dB] 242.47 201.04 183.63 
C/N0 [dBHz] 99.74 96.86 84.73 

Return 
Parameter Ka LO-ES Ka LS-LO S LS-LO 
C-Freq. [GHz]  26.25 27.25 2.245 
EIRP [dBW] 74.17 66.1 45.21 
G/T [dB/K] 42.09 12.0 -9.99 
Total Losses [dB] 245.19 210.4 184.96 
C/N0 [dBHz] 99.68 96.31 78.85 

 
The results of the individual links are then combined 

for both the concepts of a transparent and regenerative 
satellite design and the satellite throughputs multiplied 
by the number of satellites to calculate the theoretical 
maximum constellation capacity. The results of the pos-
sible throughputs are shown in Table 6. In conclusion, the 
regenerative satellite design generally allows for higher 
data rates, mission flexibility, and more sophisticated and 
efficient network architectures at the cost of system com-
plexity and development costs [21]. Considering the ben-
efits, this concept chooses a regenerative design resulting 
in estimated possible single forward data rates of 375 
Mbps in Ka-Band and 22.5 Mbps in S-Band. In the return 
link, data rates of 337 Mbps and 6 Mbps are calculated 
for Ka- and S-Band, respectively. In total, this gives a 
theoretical maximum constellation capacity of 8.35 Gbps 
and 7.21 Gbps in forward and return paths, respectively. 
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Table 6. Possible Single-Link Data Rates 
Forward 

 Transparent Regenerative Regenerative  

Parameter Ka Ka S 

Tot. C/N0 
[dBHz] 

95.05 96.86 84.73 

Bandwidth 
[MHz] 

330 500 30 

Tot. C/N [dB] 9.87 9.87 9.96 
Mod. BPSK3/4 BPSK3/4 BPSK3/4 
Rate [Mbps] 247.5 375.0 22.5 

Return  
 Transparent Regenerative Regenerative  
Parameter Ka Ka S 
Tot. C/N0 
[dBHz] 

94.66 96.31 78.85 

Bandwidth 
[MHz] 

300 450 8 

Tot. C/N [dB] 9.89 9.77 9.82 
Mod. BPSK3/4 BPSK3/4 BPSK3/4 
Rate [Mbps] 225.0 337.5 6.0 

 
4.5 Satellite Bus Design 
 
The satellite bus houses all components required for the 
operation of the satellite payloads throughout the mission. 
The pre-phase A design of the satellite includes major 
components and their placement around the satellite bus, 
but shall not be representative of a flight-ready design.  
 
The configuration of a satellite, shown in Figure 16, Fig-
ure 17, and Figure 18, features a central load-bearing 
frame inside which the heaviest components, namely pro-
pellant tanks, batteries, and reaction wheels, are placed. 
This configuration minimizes the moment of inertia and 
the loads on the main structure during launch. Most of the 
payloads and essential hardware components are 
mounted on a ”payload ring” around the midplane of the 
main structure. This allows minimal cable routing within 
the bus and outside elements. A star sensor is mounted to 
the main truss on the starboard side. Six side panels are 
mounted on all sides of the spacecraft to give a cuboid 
appearance and house smaller components, like the radi-
ators, smaller antennas, thrusters, and sun sensors. 
 
All satellites utilize a hydrazine monopropellant blow-
down propulsion system. Twelve small thrusters and two 
larger thrusters are used for reaction wheel desaturation 
and the required orbital maneuvers, respectively. For 
power generation and storage, the bus uses two 5 m2 roll-
out solar panels similar to those used on the Double As-
teroid Redirect Test mission [41] and two battery packs 
with a total storage capacity of 13940 Wh at the begin-
ning of the mission. The overall mass budget of a satellite, 
based on current best estimates and a 20% mass margin, 
is shown in Table 7.  
 

 
Figure 16. Satellite Bus Outside View 
 

 
Figure 17. Satellite Bus Inside View 
 

 
Figure 18. Satellite Bus Sliced View 
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Table 7. Satellite Mass Breakdown (all in kg) 
Component Level 2 Level 1 

1.0 Payload  42.71 
1.1 Navigation 42.71  
2.0 Spacecraft Bus (dry)  694.65 

2.1 Attitude Determination 
and Control 

78.93  

2.2 Propulsion 67.48  
2.3 Onboard Computer 10.13  
2.4 Communication 27.21  
2.5 Electrical Power System 167.12  
2.6 Structure 311.03  
2.7 Thermal 32.75  
3.0 Spacecraft Dry Mass  737.36 
4.0 Propellant  315.78 
5.0 Pressurant  8.36 
6.0 Loaded Mass  1061.50 
7.0 Launch Adapter  100.00 
8.0 Boosted Mass  1161.50 
9.0 Margin  630.50 
10.0 Launcher Capability  1792.00 

 
5. Conclusion and Future Work 
 
This paper performed a tradespace analysis on three ma-
jor design parameters for a Lunar NAVCOM constella-
tion in circular frozen orbits. The performance analysis 
for the GDOP showed that the navigation capability im-
proves with the SMA and an increase in the number of 
satellites. In contrast, the communication performance, 
assessed with the CC and PFD for the S- and Ka-Band 
downlink connection, decreases with the SMA but shows 
a similar improvement with an increase in the number of 
satellites. Furthermore, the GDOP also showed a depend-
ency on the distribution of a given number of satellites 
onto the orbit planes, while the PFD coverage in S-Band 
showed that a minimum SMA of around 4 Lunar radii is 
required to get close to 100% coverage. Based on FOMs 
of the navigation and communication performance and a 
combined performance evaluation, a 21-satellite constel-
lation with 3 NOP and 7 NOS is selected for further anal-
ysis.  
 
Based on this selection, a more detailed conceptual de-
sign is carried out for this constellation launched with a 
single SpaceX Starship. This includes the mission, navi-
gation and communication architectures as well as a more 
detailed satellite bus design sized for a Lunar South Pole 
station reference scenario. 
 
This paper should serve as a starting point for more de-
tailed investigations into Lunar NAVCOM constellations 
utilizing circular frozen orbits. Further work should 

include more architecture selections, including whether 
to include crosslinks or a relay satellite in the Lagrange 
points, as well as the incorporation of the Earth link into 
the tradespace. In addition, more orbital parameters can 
be varied, e.g., to obtain elliptical orbits. A more detailed 
analysis should be conducted on the impact of the 
tradespace variables on the spacecraft design, including 
the power and mass budget. Lastly, a thorough cost anal-
ysis is not performed in this paper. Still, it can give more 
insights into the profitability and feasibility of a com-
bined Lunar NAVCOM constellation from an economic 
point of view. 
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