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Why long wavelength planetary radar
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▶ Longer wavelengths penetrate deeper into the subsurface
▶ Probes Bragg wavelength scale irregularities
▶ Polarization orthogonal to the polarization of the specular

reflection tells us about the subsurface scatter
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Why Jicamarca?

▶ Jicamarca is the lowest frequency incoherent scatter radar
▶ Interferometry is available for disambiguating Doppler

north-south
▶ Full polarization diversity, necessary for separating specular

vacuum-surface boundary echoes from subsurface volume
scattering

▶ Polarimetric radar maps exist for 3.8 cm, 12.6 cm, and 70 cm
(Campbell et.al., 2007). No polarimetric observations existed
for 6-meter wavelength.

▶ With 6-meter wavelength penetration up to 1 km below the
lunar surface is possible.
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Lunar synthetic aperture radar
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Range
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Doppler shift

6 / 23



Signal processing
In discrete time, the radar measurement equation for a moving
range-spread target with no Doppler spread during a single IPP can
be represented as

mt =
RM∑

r=r0

ϵt−r σr eiτω(t−r) + ξt . (1)

Inverse filtered:

σr + ξ′
r = eiτωr ∑

t
hr−te−iτωtmt , (2)

Inverse filter obtained using

ht = F−1
D

{ 1
FD{ϵt}

}
, (3)

which represents division in frequency domain. The a posteriori
error is ξ′

r , which is a convolution of the inverse filter with receiver
noise ξ′

r =
∑

hr−tξt , which is to first order independently
distributed Gaussian random noise.
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Radar coding

▶ Kroenecker self-product of 13-bit barker code (169-bits)
▶ 10 µs bit length, 1.5 km resolution
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Jicamarca experiment
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Ionospheric radio propagation mitigation: variation in
ionospheric delay
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Ionospheric radio propagation mitigation: ray-bending
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Radar-optical comparison
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Radar-optical comparison
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Polarized radar image
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Depolarized
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Doppler north-south disambiguation

Angular difference between Doppler north and south

Annulus of constant 
delay

⟨z0z∗
1 ⟩ = pneiϕn + pseiϕs (4)

⟨z0z∗
0 ⟩ = pn + ps + ν (5)

⟨z1z∗
1 ⟩ = pn + ps + ν (6)
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Doppler north-south disambiguation

The contributions to the real and imaginary parts of the cross- and
self correlation estimates between signals z0 and z1 can be written
as a system of linear equations in matrix form:

Re
{

⟨z0z∗
1 ⟩e−iθ

}
Im

{
⟨z0z∗

1 ⟩e−iθ
}

⟨z0z∗
0 ⟩ − ν

⟨z1z∗
1 ⟩ − ν

 =


cos(φ) cos(φ)
sin(φ) − sin(φ)

1 1
1 1


[
PN
PS

]
+


ξ1
ξ2
ξ3
ξ4

 (7)

Here θ = 1
2(ϕn + ϕs) and φ = 1

2(ϕs − ϕn).
Rogers & Ingalls (1969) and Thompson (1970).
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Doppler North-South disambiguation

m = Ax + ξ (8)
To estimate the power originating from the northern hemisphere pn
and the southern hemisphere ps a maximum likelihood estimate is
used:

x̂ML =
(
AT Σ−1A

)−1
AT Σ−1m, (9)

where the error covariance matrix Σ = ⟨ξξT ⟩ is defined as

Σ =


1

2Nm
(pn + ps)2 0 0 0

0 1
2Nm

(pn + ps)2 0 0
0 0 1

Nm
(pn + ps)2 0

0 0 0 1
Nm

(pn + ps)2


Here Nm is the number of measurements that are averaged
together. We have calculated these using Isserlis’ theorem for
fourth moments of normal distributed random variables. We
assume that the receiver noise is much smaller than the lunar echo
power, and does not contribute to the error budget.
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Doppler North-South disambiguation
To estimate cross-talk between hemispheres, we calculate the
covariance of the estimated power in the north and south
hemispheres, which is given by

C =
(
AT Σ−1A

)−1
. (10)

We make the assumption that there is power originating only from
one of the hemispheres (pn = 0, and ps = 1) and compare the a
posteriori standard deviation of the northern hemisphere power to
the power of the southern hemisphere to obtain an estimate of
interhemisphere cross-talk

µ =
√

C1,1
ps

. (11)

The cross-talk µ measures the ratio of the standard deviation of
the power estimate of the northern hemisphere pn, which is
assumed to have no power, to the power eminating from the
opposite hemisphere ps . For most of the lunar surface, the
interhemispheric cross-talk is about -11 dB.
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