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Understanding the electrical properties of lunar regolith

is vital to modeling radiofrequency (RF) propagation on

the lunar surface.

Landing site regolith properties vary; partially due to

impact events[1].



Proving Ground Features: Variable Regolith 
Characterization
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Site-to-site variation is expected and can significantly impact
propagation models and system design. Variations in permittivity, loss
tangent, depth, clutter (rocks/boulders) may be expected based on the
unique geological history of each region. From the Connecting Ridge, a
DTE link to Earth, which grazes Malapert Massif 125 km away,
propagates across at least six distinct geological regions. [1]

Data from Chang’e-3 (near side, Mare Imbrium) and Chang’e-4 (far
side, South Pole Aitken Basin) have demonstrated such variations in
permittivity and regolith depth. [2]

Lofted and suspended clouds of charged regolith may also present
challenges for the novel mission architectures of Artemis with
numerous surface-to-surface and low elevation angle links.
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Frequency Ranges Tested with Lunar Simulants

RF Data missing from 
key bands



Multiple simulants are accessible, but not 
all are created with RF in mind.
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Methodology

Preliminary Simulant 
Chemical 
Composition
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Methodology

The dielectric properties of a material, such as its permittivity and loss tangent, affect its RF transmission and

reflection. Electrical characteristics of a material are described by the dielectric constant, K, permittivity, ε, and

conductivity, 𝜎. The dielectric constant is related to the complex permittivity, defined relative to values at vacuum:

𝐾 =
𝜀

𝜀0
= 𝜀𝑟 = 𝜀𝑟

′ −  𝑗 𝜀𝑟
′′ =

𝜀𝑟
′

𝜀0
− 𝑗

𝜎

𝜔𝜀0

where the real and imaginary parts of the complex relative permittivity, εr are given by εr′ and εr′′, respectively. The

vacuum permittivity is given by ε0 and 𝜔 is the radial frequency. The loss tangent is defined as the ratio of the energy

lost to the energy stored, which is the ratio of the imaginary part of the permittivity to the real part:

tan 𝛿 =
𝜀𝑟
′′

𝜀𝑟
′

For RF propagation modeling, the real and imaginary parts of the relative permittivity (and therefore the loss tangent)

are essential parameters. Dielectric impedance measurement or dielectric spectroscopy is the process of measuring

these electrical properties of materials over a range of frequencies.
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Parameter Accuracy/Precision

Real Dielectric 

Permittivity (isolated)

-Range: 1 to 80 where 1 = air, 80 = Distilled 

Water

-Accuracy: < ± 0.5% Or ± 0.25 dielectric units

Imaginary Permittivity -Range: 0 to 80

-Accuracy: ± 0.1 up to 0.25 S/m and ± 7 at or 

above 0.5 S/m

Soil Moisture for 

Inorganic Mineral 

Soils

-Range: completely dry to Full saturation

-Accuracy: ±0.01 WFV for most soils (θ m3, m-3)

± ≤0.03 for fine textured soils

Bulk Electrical 

Conductivity

-Accuracy: ±2.0% or 0.02 S/m (whichever is 

greater)

-Range: 0 to 1.5 S/m

Temperature Accuracy: ±0.3°C

Range: -10 to 60°C

50 MHz Time Domain Reflectometry measurement device
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Experimental Setup (Temperature measurements)

Temperature sweep from 60°C - 24°C

The simulant was baked at 130 °C 
for a minimum of 2.5 hours

The testing apparatus was covered in
aluminum foil for moisture isolation &
performed under a fume hood

Required a thermocouple for accurate
time-dependent temperature 
measurements

Thermocouple

HydraProbe

Beaker of
LHT-2M Simulant
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Experimental Setup (Moisture measurements)

The simulant was baked at 130 °C 
for a minimum of 2.5 hours

The testing was performed under a 
fume hood

Water volume fraction was increased
to 40% in roughly 10mL increments

Thermocouple

HydraProbe

Beaker of
LHT-2M Simulant

Following the polynomial curve fitting calibration, using the

Topp equation [7] (below), a polynomial fit of εr′ from soil

moisture content was calibrated for the sensor. Where θ is the

moisture volume fraction:

𝜃 = 𝐴 + 𝐵𝜀𝑟
′ + 𝐶𝜀𝑟

′ 2 + 𝐷𝜀𝑟
′ 3
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Results

Parameter Mean
Standard 

Deviation

Temperature (°C) 23.84 0.089

Soil Moisture (%) 0.16 0.376

Real Permittivity εr' 2.75 0.115

Imaginary Permittivity εr" 0.13 0.047

Loss Tangent [tan δ] 0.047 0.015

Measurement results for dry simulant at 

room temperature
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Figure 4: The real permittivity of the simulant as a function 

of temperature.
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Figure 3: Plots of (a) real permittivity, (b) imaginary permittivity, and                                               

(c) loss tangent of the simulant as a function of moisture level.

𝜃 =  9 × 10−6  𝜀𝑟
′  3  −  0.0007 𝜀𝑟

′  2  +  0.0287𝜀𝑟
′  −  0.0611 
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SiO2 Al2O3 CaO MgO FeO Na2O

εr 3.9 [9] 9-10 [10] 11.95 [11] 9.1-11.2 [12]–

[14]

~25 [15], [16] 7.57 [17]

f 47.93 24.57 13.2 8.55 4.33 1.41

The Maxwell Garnett equation is utilized as an approximation for the effective permittivity, εeff, of a given 

heterogenous medium [8]. The volume fraction contributed by each species in a mixed system influences the effective 

permittivity in a proportional manner. For the case of the simulant, a multiphase mixture (those that include more than 

one ‘inclusion’ constituent with an associated permittivity in a prevailing environmental species with a permittivity of its 

own), the equation takes the following form if spheroid particles are assumed

𝜀𝑒𝑓𝑓 = ε𝑒 + 3ε𝑒

σ𝑘=1
𝑘 𝑓𝑘

ε𝑘 − ε𝑒
ε𝑘 + 2ε𝑒

1 − σ𝑘=1
𝑘 𝑓𝑘

ε𝑘 − ε𝑒
ε𝑘 + 2ε𝑒

where εk is the permittivity of the k-th component, fk is the volume fractional percent and εe is the permittivity of the 

surrounding medium, which in this case is assumed to be air.  The fractional percentage and corresponding permittivity 

for each of the components in the NU-LHT-2M (NASA/USGS-Lunar Highlands type) simulant is given below

Permittivity of NU-LHT-2M components and corresponding fractional percents
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Ground Penetrating Radar slide placeholder

Table 1: Measurement results for dry simulant at room temperature 

Parameter Mean 
Standard 
Deviation 

Temperature (°C) 23.84 0.089 

Soil Moisture (%) 0.16 0.376 

Real Permittivity εr' 2.75 0.115 

Imaginary Permittivity εr" 0.13 0.047 

Loss Tangent [tan δ] 0.047 0.015 

 



16

Methodology

Figure 5: (a) (left) Curve fit to Barmatz 2023 lunar simulant data [22] with curve fit intercept value 

of one. (b) (right) Relative permittivity models as a function of density. The value of the relative 

permittivity as measured by the probe in this work is depicted as the “Measured” value.
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Measurement Maxwell-Garnett 𝜀𝑟
′ = 𝐴𝜌 𝜀𝑟

′ = 𝑐  +  𝑏𝜌 + 𝑎𝜌2

Parameters HydraProbe Table 4 A = 1.919 A = 2.11

c = 0.9334

b = 0.91

a = 0.3621

c = 1.0

b = 0.835

a = 0.3761

Permittivity 𝜀𝑟
′

2.75

std=0.115
2.920 2.833 3.298 3.312 3.295

Modeled 

Material
NU-LHT-2M NU-LHT-2M

Apollo 

Regolith

Multiple 

Simulants

Multiple 

Simulants

Multiple 

Simulants

Table 5: Modeled relative permittivity compared to measured value using ρ = 1.598 g/cm3



Concluding Remarks

KPLO image of Tsiolkovskiy Crater
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Fabrication of Cavity 
Resonators

Testing Methods

Current Method: 
Waveguide [Ka Band]



Transition to Lunar Surface Propagation

Beginning FY24, LunarLiTES transition into Lunar Surface Propagation, capitalizing on the
modeling and emulation capabilities developed under LunarLiTES, while expanding beyond
the initial IM-2/3GPP focus for relevancy to any Lunar surface RF propagation. Standardization
of models and coordination with the international community/ITU will be emphasized.
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