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Figure 1 (a) The ice cream antenna for the Hongmeng Project’s high-frequency satellite. (b) A blade-type antenna with low chromaticity in ground-
based simulations, shown for comparison.
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Figure 2 Transverse cross-sectional distribution of the power beam at 50 MHz (blue dashed line), 85 MHz (orange dash-dotted line), and 120 MHz
(vermilion dotted line). (a) shows the gain of the ice-cream-cone antenna at different zenith angles ®, where values in the range of 180° —360° represent
the opposite direction of ®. (b) and (c) illustrate the gain of the blade-type antenna at different zenith angles (with fixed azimuth angles ® = 0° and
@ = 180°) and at different azimuth angles (with fixed zenith angle ® = 30°), respectively. It can be seen that the ice-cream-cone antenna exhibits low
chromaticity in the target frequency band. Due to the differences between the space environment and the ground environment, the blade-type antenna,
which performed well in ground-based simulations, shows high chromaticity in the space environment.
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Figure 3 When the Moon is at four different positions relative to the
sub-satellite (0° (a), 90° (b), 180° (c), 270° (d)), the sky images observ-
able by the sub-satellite are presented, where the darker regions represent
the Moon. Additionally, the reflected image of the sky can be seen in the
darker regions.
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Figure 4 The figure shows the performance of the VZOP algorithm in
fitting the 21 cm signal, considering lunar reflection, with a Sth-order
polynomial and 10 elevation bins. The solid yellow line represents the
input signal; the solid black line represents the best-fit signal; the orange
dash-dotted line represents the residual after foreground subtraction; the
purple dashed line represents the residual after foreground subtraction
and signal fitting; the gradient color band indicates the error ranges at
different confidence levels (see color bar on the right); the black dashed
line marks the 1o error boundary. It can be seen that the algorithm can
effectively extract the 21 cm signal.
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Figure 5 Signal extraction results of traditional forward modeling and chromaticity-robust forward modeling under different scenarios. The top row
shows the extraction performance of the traditional model for different antenna types when dividing the sky into 20 regions. From (a) to (c), the
chromaticity of the antennas gradually increases. It can be seen that the traditional model can achieve stable signal extraction results, indicating its
capability to handle antenna chromaticity to some extent, but the results are all biased. The middle row tests the dependence of the error correlation
model on the number of foreground parameters, using 10 (d), 15 (e), and 20 (f) sky regions for signal extraction. Subsequently, the robustness of the
new model to different antenna types is tested with the same number of sky regions (d, g, h). Finally, the extraction capability of the new model for
weak signals is tested (i). The blue, green, and gray shaded regions in the figures represent the recovered signals with amplitudes of 0.2, 0.15, and
0.1 K, respectively; the orange lines in panels (a)—(h) represent the input signal of 0.2 K, and the dark blue, dark green, and black lines in panel (i)
represent the input signals of 0.2, 0.15, and 0.1 K, respectively. In virtually all cases, the 10 range of the parameters of the signal recovered after error
correlation modeling encompasses the true input signal, indicating that this method can reliably address the antenna chromaticity problem under various
circumstances.
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Figure 6 PI-AstroDeconv architecture. The left half of the network represents the downsampling path, and the right half represents the upsampling
path. The number at the bottom of each block indicates the number of channels. The arrows above the image illustrate the connections between different
layers of the network. The numbers below each layer denote the number of convolution kernels in that layer, while the letters indicate the change in
image dimensions, where “I” represents the size of the input image. The output of the UNet (denoted as “Prediction” in the figure) is convolved with
the beam and then compared with the label (ground truth) to compute the loss function. Both the input to the network and the ground truth labels are

derived from telescope observational data.
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Figure 7 Visualization of the FD+PCA+UNet network architecture. Both the input and output of the network are three-dimensional data cubes of size
643. The input is a combination of the FD-preprocessed data and the target signal, namely the frequency-difference (denoted as v — (v + Av)) and the HI
brightness temperature map, while the output is the target HI brightness temperature map. The architecture consists of a total of 13 layers, including 6
encoder layers, 6 decoder layers, and 1 bottleneck layer. Each layer (except the output layer) comprises 3 convolution operations, accompanied by batch
normalization and activation functions. The dark red and blue boxes indicate the input and output, respectively, with the number of channels and spatial
dimensions annotated. The down arrow, right arrow, and up arrow represent max pooling, skip connection, and transposed convolution, respectively.
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Target truth

0.0

Bl 8 fEJC AN 26 A R, 1110 MHzMR T BUHLS It B R B 45 RO B, B 2 204 KON 1 SEHIE 5 & (Target truth),
FD+UNet & & 45 . PCA+UNet 45 R, UL KPCA-only (PCA-3)H # 45 . PCA-only J5 72 BE 5 45 2022 B i 5%, 5 [F]i™ E410
1 T R .45 TTFD+ UNeURIPCA-+UNet /732 T A 5 58 At RIS 5 80k R 5 /08 R PR

Figure 8 Comparison of HI brightness temperature image reconstruction results at 1110 MHz under the condition of no beam effects. From left
to right: the true HI signal map (Target truth), the FD+UNet reconstruction result, the PCA+UNet reconstruction result, and the PCA-only (PCA-3)
reconstruction result. The PCA-only method can effectively remove foregrounds, but at the same time severely suppresses large-scale cosmological
structures. In contrast, the FD+UNet and PCA+UNet methods are able to better preserve both large-scale and small-scale features simultaneously.
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Figure 9 Simulation results of the “Reconvolution algorithm”. In the
simulated data, the foreground contamination intensity is approximately
4-5 orders of magnitude higher than the 21 cm signal. After applying the
“Reconvolution algorithm” to process the dirty map and progressively
subtracting the number of principal components N, the 21 cm signal
can be successfully reconstructed at an accuracy of one part in ten thou-
sand when N, = 20, significantly suppressing the strong foreground in-
terference. This validates the effectiveness of the method under extreme
foreground conditions.
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Figure 10 Thermal noise level after 100 d of lunar orbit. The blue line
represents the thermal noise, and the green dashed line is the simulated
Gaussian 21 cm signal, whose amplitude represents the maximum signal
value under the current cosmological model. It can be seen that after 100
d in lunar orbit, the thermal noise will not significantly affect signal ex-
traction, theoretically enabling the extraction of the global 21 cm signal
from the Cosmic Dawn.
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Foreground removal and 21 cm signal extraction from Cosmic
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Detecting the global 21 cm power spectrum from the Cosmic Dawn is a crucial window for unveiling the evolution of
the early universe. However, it faces challenges such as Galactic foreground radiation being 4-5 orders of magnitude
stronger than the target signal and complex instrumental systematics. The Hongmeng Project aims to overcome the limita-
tions of ground-based observations—such as ionospheric interference and radio frequency contamination—by deploying a
lunar-orbiting satellite platform (conducting high-frequency observations at 30—120 MHz), enabling full-sky coverage. In
recent years, the research team has proposed a series of innovative methods to address foreground subtraction and signal
extraction, specifically investigating beam convolution effects, lunar influence, antenna chromaticity, dipole detection, and
related issues. In summary, the foreground subtraction and signal extraction methods can extract 21 cm signal from Cosmic
Dawn in the simulation.

Cosmic Dawn, 21 cm, radio astronomy
PACS: 98.80.-k, 98.62.Py, 95.75.Pq, 98.58.-w, 95.85.Bh
doi: 10.1360/SSPMA-2026-0025
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