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Abstract: Detecting primordial fluctuations from the cosmic dark ages requires extremely large low-frequency radio
telescope arrays deployed on the far side of the Moon. The antenna of such an array must be lightweight, easily
storable and transportable, deployable on a large scale, durable, and capable of good electrical performance. A
membrane antenna is an excellent candidate to meet these criteria. We study the design of a low-frequency membrane
antenna for a lunar-based low-frequency (<30 MHz) radio telescope constructed from polyimide film widely used in
aerospace applications, owing to its excellent dielectric properties and high stability as a substrate material. We first
design and optimize an antenna in free space through dipole deformation and coupling principles, then simulate an
antenna on the lunar surface with a simple lunar soil model, yielding an efficiency greater than 90% in the range of
12-19 MHz and greater than 10% in the range of 5-35 MHz. The antenna inherits the omni-directional radiation
pattern of a simple dipole antenna in the 5-30 MHz frequency band, giving a large field of view and allowing
detection of the 21 cm global signal when used alone. A demonstration prototype is constructed, and its measured
electrical property is found to be consistent with simulated results using |S|;| measurements. This membrane antenna
can potentially fulfill the requirements of a lunar low-frequency array, establishing a solid technical foundation for
future large-scale arrays for exploring the cosmic dark ages.

Keywords: Membrane antenna; Lunar-based radio array; Cosmic dark ages

The concept of building a radio astronomical observa-
tory on the far side of the moon has been considered
since as early as 196501, This is especially vital for the fre-
quency band below 30 MHz, which remains largely unex-
plored because ground-based observations are severely
affected by the strong reflection and absorption of Earth’s
ionosphere, together with ubiquitous radio frequency inter-

ference (RFI). Conducting low-frequency radio observa-
tions on the lunar far side or in lunar orbit not only
avoids the influence of Earth's ionosphere but also lever-
ages the moon's shielding to block the otherwise substan-
tial terrestrial electromagnetic interferencel?l. The open-
ing up of this new window of astronomical observation
holds wvast potential for new discoveries and promises
great scientific value. One of the most fascinating poten-
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tial uses of such a telescope is the observation of the cos-
mic dark ages. This is the era after recombination of the
hot plasma following the Big Bang, and before the forma-
tion of first generation stars and galaxiesl’]. The explo-
ration and study of the cosmic dark ages may give
insights into the early evolution of the universe and the
nature of dark matter and offer the opportunity to observe
primordial fluctuations generated during the inflationary
era before their non-linear evolution, elucidating the ori-
gin of the universel*®l. Additionally, the ultra-long wave
band can also be used for researching solar radio emis-
sions, exoplanet radio emissions, the solar system’s local
environment in the galaxy, galaxy medium distribution,
and the origins of cosmic rays, among other subjects(’l.

In 1972, the US RAE-2 satellite, equipped with a
low-frequency inverted-V antenna, carried out observa-
tions of ultra-long wave signals in lunar orbit, confirm-
ing extreme electromagnetic quietness on the lunar far
sidel®]. Subsequently, a number of spacecraft have car-
ried low-frequency payloads to make space-based obser-
vations, primarily aimed at solar or planetary sources
(e.g., [2,6,7] for further discussions). During the Chinese
Chang'e 4 mission, low-frequency radio experiments have
also been carried out by the lander®], the relay
satellitel!0], and the Longjiang 2 lunar micro-satellitel!!].

Currently, a number of lunar radio astronomy mis-
sion concepts are under development, including lunar
orbit single satellites such as The Dark Ages Polarimeter
Pathfinder (DAPPER)(!2], or satellite arrays like Discover-
ing Sky at the Longest Wavelength (DSL)!3-16], 1t is also
a consideration in lunar surface project concepts, such as
the Lunar Surface Electromagnetics Experiment
(LuSEE)'7],  the Lunar Crater Radio Telescope
(LCRT)!8], and the Farside Array for Radio Science Investi-
gations of the Dark ages and Exoplanets (FARSIDE)!'2! pro-
posed by the USA, the Astronomical Lunar Observatory
(ALO) projectl®], and the Large Array for Radio Astron-
omy on the Farside (LARAF) proposed by Chinall%l.
Projects based in lunar orbit are typically simpler in terms
of space engineering, but the lunar surface provides cer-
tain advantages; telescopes can be deployed on solid
ground, making control, communication, and data analy-
sis simpler, especially if they include a large number of
array elements.

Constructing a radio telescope with a large receiving
area and a large number of elements on the lunar far side
surface is a great engineering challenge due to the pro-
hibitive expense of shipping the material to the Moon and
the severely restricted amount of labor and tools avail-
able for deployment and construction. A logical way to alle-
viate these problems is to construct the antenna using thin
films, which are lightweight and easy to fold and store
for shipping?l. Unlike on Earth, where a film needs to
be fastened against the wind, lunar deployment is simpli-
fied by the lack of a significant lunar atmosphere. This is
therefore considered as a major design option for most cur-
rent lunar surface low-frequency radio astronomy
projects(?123]. Membrane antennas have previously also
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been used on Earth for other applications (e.g., cellphone
antennas or biomedical antennas), though typically on a
much smaller scalel24],

In this paper, we conduct a preliminary study on the
electrical design and performance of a membrane antenna
in the context of constructing a lunar surface low-fre-
quency array. The paper is organized as follows: in Sec-
tion 2, we present the design of the membrane antenna; in
Section 3, we describe our electromagnetic simulation and
experiment test. We summarize and conclude in Section 4.

A lunar surface radio telescope can either be a reflec-
tor, such as the LCRTI!8], an array of dipoles, or any varia-
tion or combination of these. A membrane can be applied
in the construction of any type. Here we primarily con-
sider the dipole array type, which is simpler to deploy
and construct and is more flexible for large-scale applica-
tions. The membrane itself can be made with printed con-
ducting layers, which can function as the antenna or connec-
tion wire. Being lightweight, a relatively large geometric
size can be achieved, at least along one dimension.
Before deployment, the membrane can be rolled to reduce
its size for storage. It can then be carried by a lunar rover
to the desired site, before being unrolled onto the lunar sur-
face. A number of materials can be used for making such
a membrane. Polyimide film, for example, exhibits excel-
lent electrical properties (¢ from 3.1 to 3.5, tand from
0.001 to 0.01) and has good stability in the ambient temper-
ature extremes of the lunar surfacel?3]. Consequently, we
selected it as the antenna substrate considered in this
study.

In the design of membrane antennas, apart from seek-
ing a larger impedance-matched bandwidth, some engineer-
ing and technical specifications must also be satisfied.
Here, we assume that for the convenience of rapid deploy-
ment on the far side of the moon, using a reel on the
lunar rover, the width of the antenna is limited, i.e., we
assume the film is a long strip. Wider films will require
special design to fold and deploy, which we do not con-
sider here.

We start with a simple dipole antenna made with the
membrane, as shown in Fig. 1A, with a length of 20 m,
and a thickness of less than 1 mm, and a feed port
impedance of 50 Q. We consider a number of different
widths, including 0.01 m, 0.25 m, 0.5 m, 0.75 m, and
1 m. On each, we perform an electromagnetic simulation
of its electric performance, first in free space, then with a
lunar surface model (described in Section 3.2) to investi-
gate its impact on the dipole antenna.

The simulation results of the |Sj;| parameter, shown
in Fig. 2, demonstrate that simple dipoles exhibit narrow
resonances in free space. Fig. 2A compares dipoles with di-
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Fig. 1. Several designs of membrane antennas. (A) Dipole. (B) Logarithmic spiral. (C) Square spiral dipole. (D) Helical dipole. (E)
Planar-coupled dipole. The red arrows show the feed port of each antenna.
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Fig. 2. |Sy;| of the dipole membrane antenna. (A) Different width in free space. (B) Comparison of the 0.25 m width dipole in free

space and with lunar ground.

fferent widths in free space. The thinnest has the narrow-
est resonances, with the fundamental frequency occurring
where the total length is equal to 4/2 (for 4/2 = 20 m, the
corresponding frequency is 7.5 MHz). Higher resonances
are observed at odd multiples of the fundamental fre-
quency, with the next falling at 3 x 7.5 MHz = 22.5 MHz.
For dipoles with larger widths, resonance frequencies are
lower, with broader widths. We select the 0.25 m width
model as our reference model, with its resonance occur-
ring at approximately 7 MHz.

We observe that under the influence of the lunar sur-
face (Fig. 2B), the resonance points of the dipole antenna
shift to lower frequencies than those in free space. This is
because the lunar surface environment increases the effec-
tive permittivity of the environment in which the dipole is
located, compared with free space.

Simulated antenna beam patterns are shown in Fig. 3
for free space, and Fig. 4 for the lunar surface. In free
space, the antenna maintains a broad dipole pattern. As
the frequency increases, the two-lobed beam pattern splits
into four lobes, due to the reverse currents on the antenna
at shorter wavelengths. The presence of the lunar surface
causes the antenna pattern under the lunar surface almost
disappear. Owing to the effect of surface loss, the peak
gain of the dipole antenna on the lunar surface is usually
below 0 dBi. At higher frequencies, the antenna pattern
will split further, giving more lobes.

A simple dipole has a narrow working band which

requires a small |S};|, making it not very suitable for the
purpose of observing low frequencies in a range of astro-
nomical applications. This is a general problem in the
design of low-frequency receivers. These have a large rela-
tive variation of frequencies, making it difficult to main-
tain well-matched impedance of the antenna and receiver
over a wide frequency range. Here, we try to design a sys-
tem to achieve good impedance matching over a rela-
tively wide bandwidth.

In the design process, we first improve and optimize
the antenna structure with various design patterns. We ini-
tially considered adopting the logarithmic spiral structure
(Fig. 1B), with a feed port impedance of 200 €, capable
of achieving ultra-wide band matching. However, for stor-
age and deployment on the Moon by a single rover, a
long strip of film wrapped around a spool is the most con-
venient form to use. With this in mind, we devote most
of this study to designs in this form, such as the dipole
square spiral and helical dipole, as shown in Fig. 1C, D.
However, these still require a large width to work effec-
tively.

We find that the planar-coupled design can effec-
tively expand the bandwidth of the antenna. Planar cou-
pling refers to certain conductive layer portions of the
antenna that are not directly connected, but are designed
around the antenna to change its impedance through interac-
tion of the electromagnetic field. The additional radiation
paths and effective electromagnetic modes are signifi-
cantly increased by the planar-coupled structure, thereby
expanding the bandwidth of the antennal?¢]. By using a

Astronomical Techniques and Instruments, 1(4): 227-238, 2024 229



270°

B 90°

180°

270°

Fig. 3. The beam patterns of the dipole model on the E-plane (A) and H-plane (B), simulated in free space.

A 90°

180°

270°

B 90°

180°

270°

Fig. 4. The beam patterns of the dipole model on the E-plane (A) and H-plane (B), simulated on a modeled lunar surface.

balun for impedance transformation, a planar-coupled
wide-band dipole membrane antenna can be a good candi-
date. A possible design is shown in Fig. 1E. Two triangu-
lar regions at the bottom of the center are radiation
blades, and other areas are planar-coupled structure which
are not connected with each other. The feed port
impedance is 300 Q.

To simplify the simulation process and reduce simula-
tion time, we first consider the free space background for
the membrane antenna design and parameter optimization.
Performance and optimization of the membrane antenna
are then discussed and optimized with a simple lunar soil
model, based on current lunar measurement data.

After extensive simulations using the Computer Simula-
tion Technology (CST) and FEKO (FEldberechnung bei
Ko&rpern mit beliebiger Oberfliche) software suites, on a
number of different designs, we propose a lightweight, fold-
able, planar-coupled design. The main body of the mem-
brane antenna is made up of isosceles triangular-shaped
structures of conducting area, with a connection balun
placed directly beneath the center. The remaining triangu-
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lar structures are not connected but they alter the antenna
impedance through planar coupling, thereby extending the
antenna's impedance bandwidth. This allows the mem-
brane antenna, though a geometrically narrow structure, to
have a large impedance bandwidth.

The sizes of various structures and thickness of the
membrane antenna are marked in Fig. 5 and given in
Table 1. The base material use for the bottom layer of the
membrane is polyimide. The middle layer is metallic cop-
per acting as the radiating layer, and the top layer is a coat-
ing layer used for preventing copper oxidation. Because
this top layer is very thin, it is difficult for the software
to simulate it accurately. Because the top layer of paint
has minimal impact on the thin-film antenna, it is omit-
ted from the simulation. An aerial photograph of the
actual prototype, placed on the ground, is shown in the
Fig. 6.

The size of the membrane antenna is determined by
several parameters. We focus on scanning and optimizing
a few primary parameters, with the impedance bandwidth
serving as the principal criterion, to achieve a larger
impedance bandwidth below 30 MHz, and employ the
CST simulation software for parameter scanning. Fig. 7 dis-



Fig. 5. Geometric structure of the membrane antenna.

Table 1. Dimensions of the membrane antenna

Parameters Size/cm Parameters Size/cm
L 20000 w 25
Ly 400 W, 20
L, 499.5 W, 1
L 499 W5 4.6
Ly 1 H, 1.2x1073
Ls 1 H, 1.2x1073
Lg 1 Hy <0.1

plays the |Sy;| result of the different L,, W, W, L,, and L,
parameters. We find that for the optimal parameter set,
L; =400 cm, W; =20 cm, L, = 499.5 cm, and L; = 499 cm.
For this parameter set, the bandwidth for which |Sj;] <
—10 dB is the widest ranging from 15 MHz to 27 MHz.
In addition, the simulation results show that increasing
the width of the membrane antenna, W, improves |S};|, fur-
ther broadening the bandwidth. However, the width is nec-
essarily constrained by practical engineering specifica-
tions, and the antenna therefore cannot be overly wide.

The membrane antenna requires a balun structure for
balanced-to-unbalanced conversion, as well as impedance
transformation. With many types of balun structures avail-
able, choosing a suitable design is crucial to the perfor-
mance of the antenna. A transformer balun exhibits supe-
rior performance in this band and can achieve an ultra-
large bandwidth, so choose this variety of balun for the
membrane antenna and use impedance transformation to
widen the impedance bandwidth.

The test model of transformer used here is a MABA-
011040, manufactured by MACOM, with an impedance
transformation ratio of 1:6. Fig. 8 shows a photograph of
the transformer balun, with dimensions L; = 2.4 cm and

W, = 3.1 cm. The size of the balun was minimized to
reduce insertion loss and lessen the impact on the mechani-
cal structure of the membrane antenna. Measurement of
the balun's S-parameters was performed using a back-to-
back cascade approach with a Copper Mountain
TR1300/1 vector network analyzer (VNA). Fig. 9 shows
that |S};| < —18 dB, and |S,;| > —0.55 dB across the entire
frequency band. The 1:6 transformer balun exhibits excel-
lent impedance matching and low transmission loss, meet-
ing the requirements of the membrane antenna for an
ultra-wide band.

Here, we consider simulations of our antenna models.
We first make a validation test by simulating a mem-
brane antenna model on the terrestrial ground, which can
be compared with the measurement data. We then
describe the model for the lunar soil and use it to simu-
late the performance of the antenna on the lunar surface.

We first validate our simulation by using terrestrial
measurements of the membrane antenna. A membrane
antenna with a feed port impedance of 300 Q is con-
nected via a 1:6 impedance-transforming balun trans-
former and tested in an open field near the Hongliuxia
Observatory in Balikun County, Xinjiang, where the Tian-
lai experiment is located?’]. The |S,| parameter is mea-
sured with a portable VNA. The relative permittivity and
conductivity of the ground at the site are also measured.
The measurement of the relative dielectric constant is con-
ducted using the Time Domain Reflectometry method(28],
and the conductivity measurement is performed using the
Four-point probe method originally developed for semi-con-
ductor material [2°1. We model the testing site ground as

q

Fig. 6. Aerial photograph of a membrane prototype antenna, taken by a drone.
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Fig. 8. Illustration of the impedance-transforming balun,
showing physical dimensions, and a photograph of the balun
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an infinitely large ground plane, with the underground
filled by a media with a relative permittivity of 3.60 and
a conductivity of 0.064 S/m, per our measurements.

Fig. 10 shows terrestrial measurement and simula-
tion results, showing that the measured |Sj;| is below
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—5 dB in the 10-35 MHz frequency band, with a reso-
nance point at around 13 MHz. This is generally consis-
tent with the simulation, though there is still some differ-
ence in the magnitude of |S}|, probably due to the simplifi-
cation of the ground model. Real soil may have different
conductivity and permittivity at different depths, leading
to some discrepancy between the simulation and real mea-
surements. This general agreement between the ground mea-
surement and simulation gives us confidence that we can
use the simulation for our design, provided we use a reason-
ably good lunar surface model.

0
_5 L
m —10+
2
g 15t
-20
— Simulation
— Measurement
_25 1 1 1 1 1
5 10 15 20 25 30 35
Frequency/MHz

Fig. 10. The measured |S;;| on the ground.

3.2. The Lunar Surface Model

To use the membrane antennas on the surface of the
moon, it is necessary to understand the impact of the dielec-
tric properties of lunar soil on its performance.

The dielectric constant is a complex number
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where & is the real part of the complex dielectric con-
stant, &” is the imaginary part, & is the vacuum permittiv-
ity, &, is the relative permittivity, o is the electrical conduc-
tivity, and o is the angular frequency.

The imaginary part of the permittivity is generally char-
acterized using the loss tangent, defined as

s

tano = = @)
&

The dielectric properties of lunar surface materials
vary with different locations and depths. From existing
research on the dielectric properties of lunar samples
obtained from the Apollo and Luna missionsB0], the real
part of the permittivity of lunar soil is primarily related to
density, showing little correlation with chemical composi-
tion and mineral constituents, while the loss tangent is asso-
ciated with density and the proportion of FeO and
Ti0,[39], as

& =191%
tano = 100.440/)—2.943 ) (3)
tand = 100.038(FBO+T102)%+O.312p—3.26

Recent Chinese lunar missions, namely Chang'e 3, 4,
and 5, use ground-penetrating radar to infer the complex
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permittivity of the lunar surface, yielding similar
resultsB!-33]. Chang'e 4, in particular, was the first to land
on the far side of the moon, offering valuable reference
data for future low-frequency exploration. Chang'e 4 mea-
sured the complex dielectric constants of the lunar sur-
face down to a depth of 10 m, showing the relative permit-
tivity to be between 2.64 and 3.85, with a loss tangent
between 0.0032 and 0.00440!, Chang'e 6 is intended to
return the first soil samples from the lunar far side, poten-
tially allowing the lunar surface model to be further
improved as new data becomes available.

The permittivities of lunar samples have been mea-
sured at frequencies of 0.1 MHz, 1 MHz, and 450 MHz[301,
As shown in Fig. 11, the measured permittivities of lunar
samples at 0.1 MHz and 1 MHz are generally in line with
the above formula derived from the bulk samples, with
the relative permittivity showing a strong correlation with
density.

The loss tangent also increases with density, although
the correlation is not as strong. It is also related to the
material content, particularly the ilmenite concentration [°1.
The loss tangent also changes with frequency, with the low-
est resonant point occurring around 10 MHz, which is
also temperature-dependent [3%1. On the whole, the loss tan-
gent on the lunar surface is extremely small, indicating
excellent insulation and suggesting that the radiation effi-
ciency of membrane antennas would not be much
affected.
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Fig. 11. The relative permittivity (A) and loss tangent (B) of lunar soil as a function of density.

The lunar surface material consists of both regolith
and rocks. Here, we model it as two plane layers, using
the FEKO infinite multilayered medium simulation. The
first layer consists of weathered regolith, which typically
has an average thickness of 45 m in lunar maria and
10~15 m in highland regionst34l. Here we consider the aver-
age thickness of 8.5 m, with density increasing gradually
from 1.49 at the surface to 2.07 grem™ at a depth of
8.5 m. With depth, the corresponding relative permittiv-
ity increases from 2.64 to 3.85B1], with an average value
of 3.25. This aligns with the sample's average loss tan-
gent of 0.009 1. The second layer, the rock layer, is mod-
eled with an effectively infinite thickness. Its complex per-
mittivity is primarily derived from Chang'e 4's ground-pene-
trating radar measurements, with a density in the range of

2-2.6 g:em ™3 at depths of 10-45 m. The average relative
permittivity is taken to be 5.61, based on the data pre-
sented in Fig. 11, with a loss tangent of 0.0246 and thick-
ness taken as infinite. This structure is illustrated in
Fig. 12.

For a simulation in free space, the |S;;| parameter and
power beam pattern are shown in Fig. 13, yielding |Sy;|
below —10 dB in the 15-27 MHz frequency band with a rel-
ative bandwidth of 57%. As the membrane antenna
designed in this work is a type of dipole antenna, the direc-
tional pattern is essentially consistent with that of a
dipole, maintaining a characteristic wide beam through-
out the entire frequency band with a peak gain of about
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Fig. 12. Schematic diagram showing a simplified lunar surface
structure model, with relative permittivities and loss tangents.

2.5 dBi. The E-plane directional pattern splits slightly at
the maximum frequency of 30 MHz. This occurs because
the antenna size exceeds the half wavelength, resulting in
the splitting of the main lobe due to the presence of
reverse currents, though the direction of the lobes does
not change significantly. The H-plane directional pattern
is essentially omni-directional in the entire frequency
band.

Our simulation uses the simplified lunar surface
model described above, in Section 3.2. Fig. 14A shows
the simulated antenna impedance, including both real and
imaginary parts. For most of the frequency range, the imagi-
nary part is negative, giving a mostly capacitive
impedance. Fig. 14B shows |S|;| under different refer-
ence impedances. The widest impedance-matching band-

width with |S};] < —10 dB is achieved when the
impedance transformation ratio is 1:4 on the lunar sur-
face. |Syy| is below —10 dB within the frequency range of
11-18 MHz, yielding a relative bandwidth of 48.2%. How-
ever, as mentioned before, the maximum impedance band-
width occurs under a 1:6 impedance transformation in
free space, indicating that the optimal balun impedance
transformation ratio varies between free space and the
lunar surface.

In the simplified lunar surface model, shown in
Fig. 12, the dielectric properties of the first layer of lunar
soil (or regolith) predominantly affect the performance of
the membrane antenna. However, because the dielectric
properties of the lunar surface vary with location and
depth, we examine a range of relative permittivities and
loss tangents. Fig. 15 shows the influence of complex
dielectric properties on the performance of the membrane
antenna on the lunar surface. The relative permittivity
affects the |S};| parameter of the antenna significantly. As
it increases, the resonance points shift toward lower frequen-
cies, as expected. The influence of the loss tangent on
|S11] is less noticeable, mainly due to the very low loss tan-
gent value of the regolith. Observable changes only occur
when they reach to a threshold level.

Simulated beam patterns are shown in Fig. 16, peak-
ing in the zenith direction with a peak gain less than
1 dBi, somewhat smaller than the free space case due to
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Fig. 13. Simulation results for a membrane antenna in free space. (A) The |S};| parameter. (B) The power beam pattern in the E-

plane. (C) The power beam pattern in the H-plane.
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Fig. 15. Comparison of | S| for different relative permittivity (A) and loss tangent (B).

Ohmic loss on the lunar surface. There are some ripples
modulating on top of the dipole pattern due to apparent
chromaticity, i.e., the beam pattern changes with fre-
quency. These effects are relatively minor and can be eas-
ily accommodated in conventional astronomical observa-

A

180°

270°

tions. However, observation of 21 cm fluctuations in the
cosmic dark ages requires extremely high precision, and
such variations and ripples may introduce complications.
Further efforts will be required to compensate for these
effects.

B 90°

180°

270°

Fig. 16. The beam pattern of the membrane antenna model. (A) The E-plane. (B) H-plane.

Fig. 17 shows the impact of different permittivity val-
ues on the beam pattern at 15 MHz. An increase in rela-
tive permittivity results in increased ground loss and
decreased gain for the membrane antenna in both the E-
plane and the H-plane.

The pattern also changes with variation of the loss tan-
gent, as shown in Fig. 18, with an increase in loss tan-

gent leading to a weak decrease in antenna gain. This influ-
ence is negligible while the loss tangent is below a thresh-
old level, becoming very obvious at higher values.

Antenna efficiency here is determined primarily by
antenna Ohmic loss, ground loss, and impedance mismatch-
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Fig. 18. Effects of the loss tangent on beam pattern. (A) The E-plane. (B) H-plane.

ing. For a membrane antenna on the lunar surface, Ohmic
loss and ground loss are both small, making impedance mis-
matching the dominant consideration for antenna effi-
ciency. Efficiency from impedance mismatching is calcu-
lated using the relationship

n=1-|r?, )

where # is the antenna efficiency and I is the reflection
coefficient.

For frequency bands below 35 MHz, the sky signal
mostly comes from the synchrotron radiation of the Milky
Way. The brightness temperature of this synchrotron radia-
tion exceeds ~10* K at 30 MHz and can be in excess of
~107 K at a few MHz, so it is the dominant component
of system temperature. For an antenna efficiency of 10%,
the signal-induced antenna temperature still far exceeds
the environment temperature of the system, so a good sig-
nal-to-noise ratio can still be obtained. We take the band-
width at 10% antenna efficiency as a workable band-
width for the lunar antenna.

Fig. 19 shows a comparison between the efficiency in
free space and on the lunar surface, indicating that this
membrane antenna can achieve an efficiency greater than
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Fig. 19. Comparison of antenna efficiency of membrane
antennas in free space and on the lunar surface.

10% in free space at 7.4-35 MHz and an efficiency
greater than 90% at 15-27 MHz. The lunar surface simula-
tion results show that the membrane antenna's efficiency
exceeds 10% at 5-35 MHz and 90% at 12-19 MHz.

Lunar-based radio astronomy, as an important astronom-



ical goal, is crucial for studying the epochs of the Cos-
mic Dark Ages and Cosmic Dawn. In such projects, the
membrane antenna could play an important role. It has a
number of favorable properties, such as light weight, com-
pact collection volume, easy deployment, and no need to
be fastened against wind in the lunar environment, mak-
ing it well suited for use on a lunar mission. The receiv-
ing circuit can be directly mounted on the membrane
antenna, forming an integrated receiver.

In this study, we investigate the electrical design of
membrane antennas, noting that polyimide films have
been used for previous space-based applications. How-
ever, in using this material for an antenna on the lunar sur-
face, performance and durability still need to be investi-
gated under the extreme variations in temperature and radia-
tion exposure present on the surface of the moon. The
goal is to construct a large radio interferometer array for
ultra-long-wavelength astronomy, i.e., at frequencies
below 30 MHz. The antenna unit must have a wide beam
and a broad working bandwidth, in order for the array to
achieve a large field of view with the potential to be used
in a wide variety of astronomical research, including observ-
ing the early universe. Here, we primarily consider
designs in the form of a long, narrow strip, as the most
practical form to store, transport, and deploy.

Our antenna adopts a planar-coupling broadband
dipole design, capable of achieving an antenna efficiency
greater than 10% in free space from 7.4-35 MHz and
greater than 90% antenna efficiency from 15-27 MHz
while maintaining a very wide radiation pattern in fre-
quency bands below 30 MHz. Informed by results from pre-
vious lunar missions, we create a simplified lunar soil
model and simulate the membrane antenna performance
when successfully deployed. On the lunar surface, the
antenna efficiency is predicted to be greater than 10% at
5-35 MHz and greater than 90% at 12-19 MHz, with the
radiation pattern maintaining a dipole form at 5-30 MHz.
As noted in Section 3.3, for observations at such low fre-
quencies, the sky temperature is very high, meaning that a
10% antenna efficiency is sufficient for astronomical obser-
vations with a good signal-to-noise ratio.

This study still has a number of limitations. It
assumes the antenna membrane to be laid on a perfectly
flat and uniform ground plane and adopts a highly simpli-
fied model for the lunar ground. In reality, it is unlikely
to be deployed on a flat surface, and a more complex distri-
bution of subsurface material may be present. While we
vary our ground model parameters, such more compli-
cated cases are not considered here. Additionally, the mem-
brane antenna itself may also have bends and folds. Such
issues will be addressed in future work. Nevertheless, the
work presented here provides a good foundation for the
design of a lunar-based radio telescope and can be used
to aid in the design of antenna arrays on the lunar far
side.
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