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Difficulties of low frequency Ground Observation

Vedantham & Koopermans (2015）, 
Shen et al. (2021)

Refraction and Absorption affects
measurement precision

Reflection of RFI

Space--avoid the ionosphere, RFI,  ground reflection, 
and open up the last EM window 

conducting layer

standing 
wave

antenna
soil

Ground Reflection may
generate false signal

A blank part of 
EM spectrum

Bradley et al. (2019)



Low Frequency Radio – the last blank in EM spectrum

Haslam Map (408 MHz)

Due to ionosphere absorption, the sky below 30MHz is still largely unknown. 
Compared with other frequencies, the map at this band is very crude 

RAE-2 map (4.7 MHz)



The Light in the Dark Ages—21cm line

Cosmic Dawn signal
(XC& J. Miralda-Escude 2004, 2008)

EDGES



EDGES vs. SARAS Results

Figure 1: Spectrum of the radio sky. The tim e-averaged spectrum of the radio sky as m easured by
the SA R A S 3 radiom eter is show n in panel (a). Panel (b) show s residuals on subtracting outa best-
fit6th-order polynom ial m odel. Panel (c) show s the R M S value of m easurem ent noise, atthe native
spectralresolution of 61 kH z,versus frequency. Panel(d) show s the residuals w ith the value in each
channelnorm alised by the R M S value of m easurem entnoise in thatchannel,thus giving the residuals
units ofstandard deviation.The histogram in panel(e)show s the distribution ofnorm alised residuals in
logarithm ic scale;a best-fitparabola is overlaid.Forreference,panel(f)show s the best-fitprofile found
by B ow m an etal.7;the shaded region represents the frequency band ofthe SA R A S 3 data and analysis
described here.

8

S. Singh et al. 2022

J. Bowman et al. 2018 see the talks in the global spectrum session



The Moon can shield RFI and provide ideal site

Longjiang-2 microsatellite

CE-4 lander
with low frequency radio

Yutu-2 rover

Queqiao relay satellite

low frequency radio experiments 
during Chang’e-4 mission

RAE-2 satellite
RAE-2 spectrum

Longjiang-2 spectrum

farside

nearside



Low frequeny needs Interferometer

For the wavelength (10m~300m) of our interest, it is impractical to 
achieve good angular resolution with single antenna. 
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• Interferometer produce cross-
correlations (visibilities)  of 
electrical signal at different 
space points, roughly 
corresponding to Fourier 
components of sky intensity 



Science Case for low-frequency:  Observing the Sun and Planets

Discovering the Sky at the Longest Wavelengths (DSL) 

 

Date: March 16th, 2015    15 

 

Figure 2-7.Solar, planetary, and exoplanetary radio emission spectra (Zarka et al. 2008). 

Exoplanets - Coherent planetary emissions such as Jupiter’s are nearly as intense as the radio bursts 
from the solar corona. It may be possible that hot Jupiter exo-planets (orbiting at a few stellar radii 
from their parent star) have radio emissions up to 105-106

 times the flux of Jupiter if they are strongly 
magnetized or orbit a strongly magnetic star or are bombarded by Coronal Mass Ejections from their 
parent star (Griessmeier et al. 2007; Chian et al. 2010). That may make them detectable for DSL out to 
possibly a few 10’s of parsecs. (Hess & Zarka 2011). Conservative emission levels are indicated in 
Figure 2-7 

2.5.3 Pulsars 

 
Pulsar Studies – Pulsars are among the best-studied cosmic radio sources. They are, however, 

intrinsically dim below 30 MHz, and their 
impulsive signals are strongly affected by 
interstellar dispersion and scattering. The DSL 
could detect the roughly 1% strongest of the 
2000 currently known pulsars. Detection of 
these sources will allow for groundbreaking 
research into low-frequency pulsar emission and 
its intrinsic emission bandwidth, which are not 
understood. Because of the atmospheric cutoff 
at ~10 MHz, only space-based observations can 
shed light on this low-frequency behavior. These 
would be a valuable complement to the detailed 
work currently produced by LOFAR (e.g. 
Kondratiev et al. 2015). The data collected in the 
course of the DSL mission life can produce 
folded, coherently de-dispersed profiles for the 
dozen or so brightest nearby pulsars in the sky, 
very similar to the highly successful Fermi 
gamma-ray mission Figure 2-8. Such 

observations will also provide insight into the scattering properties of the ISM at low frequencies, 

Figure 2-8: Dynamic spectrum of a powerful nearby 
pulsar PSR0809+74 at Kharkov UTR2 in the 18-32 
MHz band. The individual pulse signals (dark lines) 
display the f2 dispersion and a low-frequency 
cutoff. DSL will detect pulsars using multiple pulse 
tracks at much l 

hamish.reid@glasgow.ac.uk 
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Type III radio bursts are created by electrons and can be observed 

in space and/or at Earth (e.g. see Reid & Ratcliffe 2014 RAA).    

Type III Radio Bursts 

H.A.S. Reid (2015)
Mimoun et al.(2012)

• Lower frequency observation traces solar burst emission at larger distance from the Sun
• low frequency emission from giant planets reveal magnetospheric dynamics, solar wind - magnetosphere 

coupling, and electrodynamic coupling of the magnetosphere with planet’s moons. 
• A number of spacecrafts carried low frequency detectors



Science Case: Open Up A New Observational Window 

What new objects will we see in the ultralong wavelength? What secret of the 
Nature will this observation reveal?

supernova remnants

radio galaxies



Science Case of low frequency: Dark ages and Cosmic Dawn

• The 21cm global specrtrum could be measured 
with single antenna and probe cosmic dawn and 
dark ages

• In a lunar orbit global spectrum, ionosphere & 
external RFI can all be avoided, and ground 
reflection will not producing features at the 
relevant delay space

Cohen et al. (2018)



Lunar-based Ultralong wavelength Astronomy

Observing 21cm fluctuations in the dark age requires extremely 
high sensitivity and large receiving area. Before that is realized, 
we need to first observe the 21cm global spectrum, and make 
some less demanding astronomical observations at ultralong 
wavelength. 

Koopmans et al., arxiv:1908.04296



Low Frequency Radio—Project Ideas

Lunar Orbit:  
Engineeringly simpler, no need to land, and can use solar 
power
• single satellite: Dare/Dapper (USA), Pratush/SEAM (India), 

CosmoCube (UK)
• satellite array: DSL (China), MOIRE (Europe)

Lunar Surface:
Engineeringly more complex, but have stable platform
• small scale experiment: LuSee (USA)
• Farside: ALO (Europe), FARSIDE/FARVIEW (Europe), LARAF 

(China), LCRT (USA)

The Spectrom eterD evelopm entofC osm oC ube to D etect21-cm Signal 3

(a)C osm oC ube w ith deployed antenna

Stow ed A ntenna

SolarPanels
Electronic Stack

B attery

C osm oC ube C ontroller

C om m unication B ox

Patch A ntenna
Thrusters

(b)C osm oC ube in stow ed configuration

Figure 2.C osm oC ube configurations:(a) show cases the C osm oC ube w ith its antenna deployed for the 21-cm signaldetection,illustrating its readiness for

operationalm ode in space.(b)presents the C osm oC ube in itsstow ed configuration,highlighting the com pactdesign w ith integrated solarpanels and thrusters,

indicating itstransitand deploym entefficiency.N ote:The scale ofindividualinstrum ents m ay vary.

constraints, aim ing for significant im provem ents in data precision
K oopm ans etal.(2021).

The study by M ondaletal.(2023) provides a precise m ethodol-
ogy for probing exotic dark m atter m odels through the analysis of
the 21-cm signal from the dark ages,focusing on variations such
as m illicharged dark m atter,dark m atter w ith non-gravitationalin-
teractions,and dark m atter decay.These m odels have the potential
to significantly alter the therm aland ionization history ofthe early
U niverse.B y analyzing the pow erspectrum and globalsignalvari-
ations athigh redshifts,m odels can be constrained,revealing how
dark m atterinteractsw ith baryonic m atterand im pactscosm ic struc-
ture form ation before the appearance ofthe firststars and galaxies.
A lthough pow er spectrum analysis provides detailed insights into
spatialvariations and could revealsubtle dark m atter influences,it
requires com plex observationalsetups.D ue to sim plerexperim ental
needs,focusing on the global21-cm signalism ore practicalinitially,
allow ing m easurem entsw ith a single antenna and paving the w ay for
future,m ore detailed pow erspectrum studies.

The C osm oC ube consists of various novelsystem s to generate a
robust satellite described in the com ing chapter.The experim ents
outlined in this paper extend to the characterization of a com pact
spectrom eter w ith X ilinx R FSoC ZC U 111, w hich accom m odates
X C ZU 28D R-2FFV G 1517E. The selection of this R FSoC for the
C osm oC ube project’s spectrom eter represents a strategic decision,
leveraging the device’s integration ofR F D ata C onverters,A nalog-
to-D igital C onverters (A D C s), and D igital-to-A nalog C onverters
(D A C s) w ithin R FSoC FPG A architecture for precise and efficient
spectralanalysis forisolating the 21-cm signalfrom the foreground
noises.The com pactR FSoC technology suits the cube satellite for-
m at,reducing size and pow errequirem ents,sim plifying operational
com plexity, and low ering m ission costs. B y m inim izing size and
pow errequirem ents,the m ission can utilize sm aller,less expensive
launch vehiclesand extend operationallife,thereby low ering overall
m ission costs.

The R FSoC’s com m ercial availability and its broad adoption
w ithin engineering and research com m unities offeraccess to shared
know ledge and resources,enhancing developm entprocesses.H ow -
ever,reliance on com m ercially available technology and com m unity
resources introduces dependencies on external developm ents, po-
tentially constraining project-specific innovations.A dditionally,the

absence ofa radiation-hardened package forthisproductposeschal-
lenges for space applications,necessitating carefulm anagem entof
theselim itations.H ow ever,D avisetal.(2019)successfully character-
ized the radiation hardnessofthe ZC U 111,focusing on itsresistance
to single-eventupsets (SEU ) and single-eventlatch-up (SEL) in a
proton irradiation environm ent,using protons w ith energiesranging
from 60 M eV to 200 M eV.Thefindingsconfirm thedevice’spotential
for applications in space,particularly in low Earth orbit,highlight-
ing itsresilience to radiation-induced errors and the effectivenessof
itsdesign m odifications in m anaging latch-up events,w ith latch-ups
occurring atan im pressively low rate of approxim ately once every
90 years.Furthertesting is advised to fully understand the radiation
effectson itshigh-speed analog com ponents.
Section 2 outlines the C osm oC ube fram ew ork and lunar farside
observations.Section 3 detailsthe spectrom etercharacterization ex-
perim ents.Section 4 evaluates FPG A capabilities form ission appli-
cability.Section 5 concludes w ith finalrem arks.

2 T H E FA R SID E O F T H E M O O N

D eploying a radio telescope on the M oon’ssurface involvesm ultiple
challenges,such asuncertain lunarground conditionsand theground
spillovereffect,w hich com plicatessignaldetection.U sing the Finite
D ifference Tim e D om ain (FD TD ) technique,B assett etal.(2020)
effectively characterized low -frequency radio w ave propagation on
the lunarfarside.B uilding on this,B urnsetal.(2021b)m apped the
radio-quietregions,enhancing the potentialforprecise observations
from lunar m issions and m itigating R FI from Earth.D espite these
advancem ents,R FI from other lunar landers and orbiting satellites
continues to pose significantchallenges,as the effects ofsuch inter-
ference are notfully understood due to the lim ited exploration ofthe
M oon’s farside.The com plexity ofachieving a softlanding further
com plicates surface-based m issions.
G iven thesechallenges,spaceagencies’plansto return to theM oon
m ake lunarm issions increasingly advantageous and popularam ong
researchers.Leveraging the interestand resources directed tow ards
lunarexploration can facilitate the deploym entofadvanced scientific
instrum ents.
D eploying an orbiting satellite offers considerable advantages.
Satellites provide enhanced m obility and flexibility, allow ing for

R A STI000,1–13 (2022)

CosmoCube

DARE

DAPPER



Low Frequency Radio--antennas

dish antenna (all frequencies) dipole antenna (low frequency) membrane antenna 
(lunar low frequency)

To minimize the weight to be carried, may need new antenna designs

Maybe even antenna manufactured in site (e.g. FarView project, Polidan et al. 2024)

S. Bandyopadhya (2021) Prof. Huilong Zheng (private communication)



But: the membrane antenna remains to be tested

a piece of polyimide-based membrane test sample on ground

106 A ST R O N O M IC A L T E C H N IQ U E S & IN ST R U M E N T S

F ig.9:S-param eter m easurem ent ofthe B alun.

3.1 T errestrial V alidation T est

W e first validate our sim ulation by using terrestrial

m easurem ents ofthe m em brane antenna.A m em brane an-

tenna w ith a feed port im pedance of300 Ω w as connected

via a 1:6 im pedance-transform ing balun transform er,and

tested in an open field near the H ongliuxia observatory in

B alikun C ounty, X injiang, w here the T ianlai experim ent

is located [27]. T he |S 11| param eter is m easured w ith a

portable V N A .T he relative perm ittivity and conductivity

of the ground at the site is also m easured. T he m ea-

surem ent of the relative dielectric constant is conducted

using the T im e D om ain R eflectom etry m ethod [28], and

the conductivity m easurem ent is perform ed using the

Four-point probe m ethod w hich w as originally developed

for sem i-conductor m aterial [29]. W e m odel the testing

site ground as an infinitely large ground plane, and the

underground filled by a m edia w ith a relative perm ittivity

of 3.60, and a conductivity 0.064 S/m , as given by our

m easurem ent results.

F ig.10:T he m easured |S 11|on the ground

F igure 10 show s the terrestrialm easurem ent and sim -

ulation results.A s can be seen in the figure,the m easured

|S 11|isbelow -5 dB in the 10-35 M H z frequency band,w ith

a resonance point at around 13 M H z,generally consistent

w ith the sim ulation, though there is still som e difference

in the m agnitude of |S 11|. T his is probably due to the

sim plification ofthe ground m odel,for the soilat different

depths m ay have different conductivity and perm ittivity,

leading to som e discrepancy betw een the sim ulation and

actual m easurem ent results. T his general agreem ent be-

tw een the ground m easurem ent and sim ulation give us

confidence that w e can use the sim ulation for our design,

provided that w e have a reasonably good lunar surface

m odel.

3.2 T he L unar Surface M odel

To use the m em brane antennas on the surface of the

m oon, it is necessary to understand the im pact of the

dielectric properties oflunar soilon its perform ance.T he

dielectric constant is a com plex num ber:

Á = ÁÕ≠iÁÕÕ = Á0(Ár ≠i
‡

Ê Á0
) (1)

w here Á0 is the vacuum perm ittivity,Ár is the relative

perm ittivity, ‡ is the electrical conductivity, Ê is the

angular frequency.T he im aginary part ofthe perm ittivity

is generally characterized using the loss tangent, defined

as:

tan”=
ÁÕÕ

ÁÕ
(2)

T he dielectric properties of lunar surface m aterials

vary w ith different locations and depths.B ased on earlier

researches on the dielectric properties of lunar sam ples

obtained from the A pollo and Luna m issions[30],the real

part of the perm ittivity of lunar soil is prim arily related

to density,w ith little correlation to chem icalcom position

and m ineralconstituents,w hile the loss tangent is associ-

ated w ith density and the proportion ofFeO and T iO 2[30]:

Ár = 1.919
fl (3)

tan”= 100.440fl≠2.943 (4)

tan”= 100.038(F eO + T iO 2 )% + 0.312fl≠3.26 (5)

R ecent C hinese lunar m issions, nam ely C hang’e 3,

4, and 5, utilizing ground-penetrating radar to infer the

com plex perm ittivity of the lunar surface, give sim ilar

results [31–33]. C hang’e 4, in particular, w as the first to

land on the farside ofthe m oon,offering valuable reference

data for future low -frequency exploration.C hang’e 4 m ea-

sured lunar surface com plex dielectric constants w ithin

a thickness of 0-10 m eters, show ed relative perm ittivity

110 A ST R O N O M IC A L T E C H N IQ U E S & IN ST R U M E N T S

F ig.16:T he beam pattern ofthe m em brane antenna m odel.Left:E -plane,R ight:H -plane.

F ig.17:E ffects of relative perm ittivity on beam pattern.Left:E -plane,R ight:H -plane.

Fig.18:E ffects ofthe loss tangent on beam patter.Left:E -plane,R ight:H -plane.

90% antenna efficiency betw een 15-27M H z,and m aintain

a very w ide radiation pattern w ithin frequency bands

below 30M H z. Inform ed by results from previous lunar

m issions, w e set up a sim plified lunar soil m odel, and

sim ulated the m em brane antenna perform ance on lunar

surface. T he results show that the antenna efficiency is

greater than 10% at 5-35M H z, greater than 90% at 12-

19M H z, and the radiation pattern rem ains to be of the

E-plane H-plane

Suonanben et al. 2024, to appear on ATI



Lunar Surface Arrays

ALO

LARAF (Chen et al. 2023)

M. Klein-Woit (2023)

J. O. Burns et al. (2023)



lunar orbit array （DSL--Hongmeng）

1 mother satellite (communication & data processing)
+ 8 daughter satellite (0.1-30 MHz interferometry & global spectrum)
+ 1 daughter satellite (30-120 MHz global spectrum) 

⚫ lunar satellite: engineeringly simpler, no need for landing & 
deployment 

⚫ Lunar orbit period is about 2 hours, can use solar power

⚫ Observe in the far side of the Moon, and transmit data back in 
the front side

⚫ Launched by one rocket, all flying on the same orbit, easy to 
maintain and communicate

鸿蒙 DSL

1 x high freq. 

daughter
mother-daughter 
combo at launchmother satellite

DSL:

x

Y

z

8 x low freq. 

daughter 



Collecting Baselines

instantaneous position & baseline for 8 units

one orbit cycle

orbital plane precession

300km altitude, 30 degree inclination is chosen



Equal propellant; consumption for all daughter satellites

1 2 3 4 5 6 7 8

mother

low freq. daughters

flying direction

0 9

10km 10km

high freq 
daughter

Improving baseline distribution: breathing motion

initial position

compress

extend

compress

extend

to improve uvw coverage:



Requirements and Parameters Summary

Science Observable Measurement Parameter Payload

cosmic dawn 
and dark ages

21cm global 
spectrum (high 
precision 30-120 MHz, 
good precision 0.1-30 
MHz)

30MHz–120MHz single 
antenna measurement

frequency band：30-120MHz

1 daughter satellite

sensitivity：<0.1K@80MHz
（1MHz channel, 10 min integral）

spectral resolution：<100kHz
Antenna Beam non-chromatic: 

no sidelobe

High Resolution 
whole sky 
survey, open up 
last window in 
EM spectum

1-30MHz whole sky 
map and source 
catalogue

multi-satellite 
interferometry taken 
with daughter satellites, 
data communication 
and processing on 
mother satellite, 
Position determination 
by ranging and angular 
measurement. 
Downlink to Ground

band：0.1-30MHz

8 daighter satellites with 
interferometric 
spectrometer, inter-sat 
communication, ranging 
and synchronization, star 
sensor; 1 mother satellite 
for communication 
system, correlator, 
calibration source 

spatial resolution：<0.18∘ 
@1MHz，0.012∘ @30MHz

antenna: 3 polarization
Tsys：＜120% Tsky（1-30MHz）
gain  stability < 0.02dB/°C
Amplitude Error：0.5dB
Phase error：50°
baselines：100m–100km
ranging error：≤1m
angular error：≤2"
clock synchronization error：

3.3ns
communication range：10km-

120km

solar and planet 
ultralong wave 
radiation

monitoring of  
continuum spectrum 
for solar radio burst 
and planetary radio 

Time Allocation or 
Event triggering 

frequency band：0.1-30MHz
dynamic range：60dB
time resolution ：second
spectral resolution：≥8192



Noise & Sensitivities

5 𝛔 limitHuang et al. 2018, AJ 156, 43), Y. Shi et al. 2021, MNRAS 510, 3046

reconstructed map

relative error

no noise with noise with noise & 
moon blocking

VLSS model (Jester & Falck 2009)

GLEAM model (Franzen et al. 2019)

SSM model (Huang et al. 2019)

Detectable source 
(5𝜎, 8kHz)



Subtle Issues

⚫ Doppler Effect: affect phase
rotation around Sun: 30 km/s

rotation around Earth: 1 km/s

rotation around Moon: 1.7 km/s

⚫ Aliasing Effect (Moire pattern)

⚫ Reflections from the Moon

⚫ Impact of Variable Sources

Direction-dependent correction needs to be 
applied while doing reconstruction

D SL 7

(a) T he pixel-center m ethod (b) T he pixel-averaging m ethod.

F igu re 4. T he com parison betw een the pixel-averaging m ethod and pixel-center m ethod. T he real part of fringe term
exp −2⇡ i⌫c n̂ β ·r↵ are show n w ith N sid e = 64. T he baseline is assum ed to be aligned w ith y-axis, w ith a length of ⇡ 250.2λ,
corresponding to b ⇡ 4bp .

F igu re 5. T he com parison of the real parts of B s betw een the high-resolution B w ith N sid e = 1024 and B given by pixel-
averaging m ethod and pixel-center m ethod for N sid e = 64. T he baseline length is b ⇡ bp for N sid e = 64 and the tim e is relative
to the first tim e point.

.

is com putationally m uch m ore efficient than an exact

convolution,so w e adopt this m ethod.

W e generate visibilities w ith N side = 1024,w hich has
sufficient resolution to ensure that the m ock visibility is

close to the real data, then reconstruct the m ap from

the visibility data. To suppress the discontinuity caused

by the pixelization in the reconstructed m ap, w e first

m ake an upgraded m ap w ith N side = 256 (resolution
⇠ 13.7 arcm in) by splitting one pixelinto 16 sub-pixels,
then convolve it w ith a G uassian w indow w ith Full-

W idth-H alf-M axim um (FW H M ) of 1 deg in the im age

space to produce the final N side = 64 m ap.

4. M A P R E C O N ST R U C T IO N

4.1. A lgorithm

T he full-sky m ap s(n̂ ) can be reconstructed by solv-
ing the linear equation (8) (H uang et al.2018;Shiet al.

2022), though due to the incom plete uvw coverage, a
pseudo-inverse or regularization procedure is often nec-

essary. In thispaper,w e use the T ikhonov regularization

in the solution of E q. (8) (Zheng et al. 2017; Y u et al.

2024),w hich is obtained by m inim izing

L = (B ŝ−V )T N − 1(B ŝ−V )+ (̂s−sp)
T R (̂s−sp), (10)

w here N = h⌘†⌘i is the covariance m atrix of the noise,
w hich is assum ed to be a diagonal m atrix in our sim u-

lation,R is the regularization m atrix,and sp is a prior

sky m ap. T he solution is given by

ŝ = (B T N − 1B + R )− 1B T N − 1(V − B sp)+ sp, (11)

w here B T N − 1V gives the so-called dirty m ap, and

B T N − 1B is the direction-dependent dirty beam , this



Global Spectrum Measurement (HF) 

see Fengquan Wu’s talk

The satellite body (thick box) affect beam 
pattern

design the antenna as the satellite



Simulation & Error propagation analysis

Calibration Error in 21-

centimeter Global Spectrum 

Experiments

Shijie Sun et.al. Universe

2024, 10(6), 236

We use the error parameters given by VNA manufactures (e.g. Keysight) to estimate the error



Antenna Chromaticity

Fitting with a smooth foreground model

Y. Shi et al. (2022), ApJ 929, 32



Field Tests

EDGES type, with hexgonal antenna

Radiation patterns



Antarctica Experiment

Shijie Sun with the solar panels



Field Test Result

Spectrum

Residuals

Sky average spectrum（18 hr, RFI removed）



DSL Project Status

Chief Scientist: Xuelei Chen (NAOC)

Chief Engineer (payload): Jingye Yan (NSSC)

Satellite Platform: Xiaofeng Zhang (IAMC)

⚫ First proposed in 2015 as a China-Europe 
joint project

⚫ Intensive Study (2018-2020) successfuly 
completed

⚫Aiming for a mission launch in 2027

X. Chen et al. arxiv:1907.10853

Chen et al., arxiv:2007.15794



Summary

first step 
experiments with  

100 ∽101 antennas 

array with 102 antennas 
to make astrophysical 

observations

array with 103 ～104 
antennas on the farside, 

detect primordial 
fluctuations

2020-2030

2030-2040

2040-2050
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