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Introduction

• Radar is a versatile remote sensing technology that has unique capabilities for
determining geophysical information often not obtainable by other remote
sensing methods.
– Radar operates in day or night and thus can be deployed at anytime
– Radar operates in all weather conditions

• Weather impact on radar signals depends on wavelength – generally as
the wavelength gets smaller the impact is greater

– Resolution is independent of distance, for a SAR, so fine resolution can be
obtained from large distances with a moderately sized sensor.

– Microwave radar signals of different wavelengths interact uniquely with
the environment and provide information not obtainable by optical sensors.

– Radar measurements use all aspects of electro-magnetic waves, frequency
or wavelength, amplitude, polarization and phase coupled with varied
measurement modalities to acquire information.

• Venus is ideally suited to radar observation owing to its optically opaque cloud
cover that limits other remote sensing techniques from obtaining high
resolution information about the surface.



Introduction to Microwaves – Frequency  

Frequency Band
(MHz)

Wavelength Range
(cm)

Band 
Identification

26500-40000 1.13-0.75 Ka
18000-26500 1.66-1.13 K
12500-18000 2.4-1.66 Ku
8000-12500 3.75-2.4 X
4000-8000 7.5-3.75 C
2000-4000 15-7.5 S
1000-2000 30-15 L
300-900 100-33 P or UHF

• Microwaves are a form of 
electromagnetic radiation. 
Electromagnetic waves are 
comprised of oscillating 
electric and magnetic fields 
that propagate at the speed of 
light or 299792458 m/sec. 

• Mircowaves have wavelengths that
are 100,000 to 1,000,000 times
larger than visible light.

• Wavelength or frequency strongly
influences how microwaves interact
with objects.



Radar

• Radar is an acronym for Radio Detection and Ranging.
• Radars transmit a form of electromagnetic radiation (microwaves) and:

– Record the time it takes for the wave to propagate to an object an back
providing a measure of the distance or range,

– Record the strength of the signal returned from the object or “detection” of
the object.

• Electromagnetic waves propagate at the speed of light and all echoes from points
equidistant from the radar (a sphere centered at the radar) arrive at the same time.

Points on the ground of 
equal distance or range 
from the radar.

⇢⇢

Left/Right Ambiguity

2-D Perspective



Radar Imaging
• Radars are basically clocks that record the round trip time from

electromagnetic waves to propagate to and from the receiver.

Radar = Radio Detection and Ranging

D = Distance or Range

D

Distance determined from round-
trip time it takes microwaves to 

travel from antenna to object  

Radars emit microwaves, a form of
light with wavelengths about 100000
times longer than visible light, and
measure the reflected signal.

24 cm

Reflected 
Signal at an
Image Pixel

Strength of reflected signal
&

“phase” - encodes sub-
wavelength range information

08.4 µs16.6 µs25.0 µs

Echo Travel Time

33.0 µs41.6 µs50.0 µs58.3 µs66.7 µs75.0 µs83.3 µs



Types 
of

Radars



Types of Radars

• Altimeters: Used to determine
elevation by measuring the round trip
time of a radar echo.

• Scatterometers: Measures backscatter
to determine a geophysical quantity
such as dielectric constant, wind
speed, soil moisture or sea surface
salinity based on radar backscatter at
particular or varied incidence angles.

• Sounders: Measure the vertical
backscatter profile by penetrating into
the subsurface.

• SARs: Synthetic Aperture Radar
forms imagery of scene and is used for
a wide variety of applications.

Magellan Mapped Venus Topography

QuickScat Measured Sea Surface Wind Speed

Cassini Image of Titan Hydrocarbon Lakes

Sharad Profile of Martian Polar Ice Cap



Types of SAR Systems

• Polarimetric Systems: Measures
backscatter for multiple polarizations.

• Radar Stereo: Uses radar imagery collected
from two vantages to measure topography
from radar parallax (image offsets).

• Radar Interferometry for Topography:
Uses the phase encoding of the relative range
between two observations to measure
topography.

• Radar Interferometry for Deformation:
Uses the phase encoding of the relative range
change between two observations to measure
surface deformation at the millimeter scale.

UAVSAR L-band Polarimetric Image

Magellan Stereo Maps of Venus

Sentinel Deformation of California Earthquake 

GLISTIN Ka-band Topography of Ice Sheets



SAR Imaging Concept

Cross-Track resolution
achieved by short pulse lengths 
(High Bandwitdth)
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Synthesized Along 
Track Beam

Real Along Track Beam
Synthesized Along Track Beam

Along-Track resolution achieved by coherently combining 
echoes from multiple pulses along-track (Synthesize a long 
antenna)

• Resolution proportional to antenna length
• Independent of Range/Frequency

Real Beam Imaging



Radar Provides its Own Light

Radar views of an area near the Moon’s north pole collected on different
days. In the left image, the Moon’s wobble has brought more of the polar
region into view, so the shadows of the large mountain at center are shorter.



Altimeters

• Microwave or radar altimeters are downward or nadir pointing sensors that
measure terrain elevation.

• Although the basic concept of altimeter operation is very simple, in practice
understanding the measurement is complex due to the fact that the terrain
elevation is not constant within the footprint of the antenna beam on the
ground and the manner in which microwaves backscatter from the terrain.

hp



Pulse and Beam Limited Systems
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Echo Profile For a Flat Surface

• Simulated echo profile 
from a 2.1 cm 
wavelength Cassini like 
altimeter at an altitude 
of 5000 km. 
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Echo Profile for Sinusoidal Hills
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Compressed	Echo	Profile	
• Simulated echo profile 

over a sinusoidal hills 
oriented perpendicular 
to the flight direction 
with a elevation with a 
wavelength of 2 km an 
amplitude of 100 m.



Radar Sounders
• Radar sounders usually operate in a nadir looking geometry like an

altimeter but use a wavelength that allows penetration into the subsurface.
• Radar sounders have been used for studying the interior of ice sheets,

glaciers, and icy planetary bodies.
• Sounders can provide broad coverage and deep penetration to measure ice

thickness, basal topography, and englacial radio stratigraphy.

https://astrobiology.nasa.gov/news/large-reservoir-of-liquid-water-found-deep-below-the-surface-of-mars/



Marsis/Sharad

• Long wavelength radars are used to get to the bottom of things.



Radar Backscatter and 
Surface Properties



Physical Characteristics of Electromagnetic Waves

• The four basic physical characteristics of an EM wave than can be measured
are
– Wavelength of frequency. The wavelength used by remote sensing

radars depends on the application. Since EM waves tend to interact most
strongly with features that are ~1/10th a wavelength and longer there is a
significant affect on the signal when changing the wavelength.

– Amplitude or Intensity. The is the strength of the EM wave. The
amplitude or intensity of a signal depends on the propagation path and the
objects it interacts with.

– Polarization. The refers to the direction of the electric field. Because the
interaction of an EM with an object can be polarization dependent this
can be exploited to infer information about an object or scene being
observed.

– Phase. The is always a relative measurement that can be very sensitive to
differential propagation or scattering properties.

• All of the physical characteristics are exploited by radar remote sensing
instruments.



What Are We Seeing?

Bright areas have more surface or
subsurface rocks, or are tilted
toward the radar.

Darker areas have fewer rocks, are
tilted away from the radar, or
have minerals that absorb the
radio signal.

For 70-cm radar, rocks must be 10
cm and larger.

For 12.6-cm radar, rocks must be 2
cm and larger.

Depending on the wavelength and the composition and roughness of 
the material, radar waves may scatter only from the surface, or may 
penetrate to some depth and scatter from rocks and buried interfaces



Radar Cross Section
• The amount of signal returned by the radar depends on the physics of the

interaction of microwaves with the surface.
• The physics of the scattered field is encoded in the scattering matrix that

relates the scattered and incident fields.

• Related Quantities:
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Introduction to Backscatter
• The amount of energy reflected from a given surface type is characterized

through the backscatter function, so(qi), which is normally parameterized in
terms of the incidence angle.

• Backscatter is a function of the dielectric constant of the surface (parameter
that governs the amount of reflection and absorption) and the surface
roughness at wavelength scales and is wavelength dependent.

• Backscatter depends on polarization.
• Many empirical and theoretical models exist for predicting backscatter levels.
• Normally, the backscatter falls off as a function of incidence angle.

Backscatter Curve for a 
Gaussian Scattering Law

• Factors affecting backscatter
levels include:

• Surface wetness
• Surface roughness
• Vegetation level (e.g.,

biomass)
• Urban structures
• Wind speed



Generic Surface Scattering Properties

• Near Nadir
– As roughness increases, the

backscattering cross section decreases.
– As the radar frequency increases, the

backscattering cross section decreases.
• Off Nadir

– As roughness increases, the
backscattering cross section increases.

– As the radar frequency increases, the
backscattering cross section increases.

• Multiple Incidence Angles
– It is often desired to have multiple

incidence angle observations to separate
scattering affects.

– Incidence angles for observation are
selected to optimize sensitivity to the
quantity of interest subject to imaging
constraints.

C. Elachi, Spaceborne Radar Remote Sensing: Applications 
and Techniques, IEEE Press, New York, 1988



Wavelengths - A Measure of Surface Scale Sizes

L (24 cm) C (6 cm) X (3 cm)

Forest: Leaves reflect X-band 
wavelengths but not L-band 

Light interacts most strongly 
with objects on the size of 
the wavelength

Dry soils: Surface looks rough to 
X-band but not L-band

Ice: Surface and layering look 
rough to X-band but not L-band



Multi-Wavelength Images

AIRSAR 3-Wavelength
Image of Kilauea Volcano,
Hawaii

Halemaumau Crater (1 km diameter)

6 cm (red), 24 cm (green), and 68cm 
(blue) signals combine to form bright 
signatures from rugged lava flows

Very smooth flows have 
only 6-cm echoes



Polarization
• From Maxwell�s Equations electromagnetic waves have an electric field
that is varying sinusoidally in time and place that is perpendicular to the
direction of propagation.

• The path of the electric field traces in the plane perpendicular to the
direction of motion is in general an ellipse with equation given by
�
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Polarimetric SAR
• By acquiring horizontal (H) and vertical (V) polarized data on alternate

pulses it is possible to synthesize any desired transmit and receive
polarization mathematically.

• Polarization diversity is a powerful tool for understanding the scattering
mechanisms of the surface and for extracting quantitative information about
the surface.

• Surface classification using polarimetry have proved very effective at
discriminating and classifying land cover types.



Death Valley Polarimetric SAR 

(HH-Red, HV – Green, VV – Blue)



Radar Interferometry



What is Radar Interferometry?
• Radar interferometry can be broadly defined by use of phase measurements

to precisely measure the relative distance to an object when imaged by
synthetic aperture radar from two or more observations separated either in
time or space.

– Interferometric phase is simply another means of measuring distance.

1 l 2 l

Dr
2p 4p

• Phase measurements in interferometric 
systems can be made with degree level
accuracy, and with typical radar
wavelengths in 3-80 cm range
this corresponds to relative range 
measurements having millimeter
accuracy. 

• Because range differences can be 
measured so precisely the range of 
useful multiple vantage observations is 
greatly expanded.
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Pixels Values in Radar Imagery are Complex Numbers
• Unlike optical images where pixel values are

represented by magnitudes – pixels in radar
imagery are complex valued – they have both
a magnitude and phase.
– The magnitude is the amount of energy

reflected by a pixel on the ground to the
radar and depends on surface roughness
at the wavelength scale, surface slope,
and surface dielectric (electrical)
properties.

– The phase in a radar image is a function
of the range to the pixel from the
platform, the wavelength, the
arrangement of scatterers within a
resolution element and electrical
properties.

• Phase in a single radar image is
random from pixel to pixel.

A
zi
m
u
th

Range

ρ = ρo + jΔρ

Δρ

ρo 

•

Aei�

�

z = x+ iy = Aei�

A
x

y

�⇡
⇡

� =

8
<

:

tan�1
� y
x

�
x > 0

tan�1
� y
x

�
+ ⇡

2 x < 0, y � 0
tan�1

� y
x

�
� ⇡

2 x < 0, y  0



Interferometry and Polarimetry - Decoding the Phase

Aei�

Polarimetry Interferometry

Removes
Geometric Phase

Removes
Scattering Phase

Aei�geomAei�scat

Aei�scatei�geom

Provides Information on
Scattering Mechanisms

Provides Information on
Differential Ranges



Radar Interferometry

• Radar has a coherent source much like a laser
• The two radar (SAR) antennas act as coherent point sources

• When imaging a surface, the phase 
fronts from the two sources 
interfere. 

• The surface topography slices the 
interference pattern.

• The measured phase differences record the topographic information.



Interferometry for Topography - 2 Dimensional

Measured phase difference:

Triangulation:

Critical Interferometer Knowledge:
- Baseline, (b,a),to mm’s
- System phase differences, to deg’s
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InSAR DEM Differencing on Lava Flows

• DEM differences using the NASA/JPL GLISTIN Ka-band airborne
interferometric mapping radar was used to track of surface lava flow deposits
during the May 2018 eruption of Kilauea.

DEM difference from Monday May 21 DEM difference from Friday May 25



Second Pass

D1 D2

D1
D2

Surface Deformation Causes 
Range to Change

Repeat Pass Radar Interferometry

Using synthetic aperture radar to measure surface deformation, for example from a
volcano, the radar measures the distance D1 to a point on the volcano on the first pass and
it measures the distance D2 on a second pass taken after the volcano has undergone some
deformation of the surface. The difference in the distances can be measured to the
millimeter level using radar interferometric techniques.

First Pass
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Volcanoes in the Galapagos

Evolution of volcanic magma chambers

Zebker, et al

• ERS differential interferometry used to observe time vary behavior of 
volcanoes in the Galapagos Islands.



Magellan Interferometric Fringes 
• Interferometric fringes formed from bursts 874 and 894 of orbits 380 and 2171

respectively.
• Fringes are compared with simulated fringes based on the corrected interferometric

baseline geometry.

Radar 
Image

Radar image in 
the overlap 
region of 
images from 
bursts 874 of 
orbit 380 and 
894 of orbit 
2171.

Interferogram Simulated 
Interferogram

Simulated interferometric
phase for a spherical 
surface that was adjusted 
by a constant to match 
actual interferogram. 

Note excellent agreement 
between observed and 
simulated fringes. 

Flattened
Interferogram
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Radar Stereo



SAR Stereo

• The basic principle of stereo SAR is to use multiple image
vantages to extract topographic information.

• The same object when viewed from two different incidence
angles will appear shifted in the image when its height is
different from the projection surface.
– The image shift is called parallax or image disparity.

• Radar stereo works well when there is sufficient scene contrast
for automated matching algorithms to find corresponding points
in the stereo image pair.



SAR Stereo Height Sensitivity

• Parallel-Track Stereo - involves two spatially
separated observations, that is the stereo baseline,

is not the zero vector. 

h

q1

q2

q1q2

• Classically, the height for parallel track
stereo is derived from the parallax, Dp,
or apparent cross track shift in position,
when a point is at a height, h, above
some reference surface.

x1x2

Dp = x2 – x1 = h cot q2 – h 
cot q1



Radar Stereometric Observables

• For radar stereo the basic radar observables are the ranges, ri, Doppler
frequencies, fi, which are related to the platform position vectors, , velocity
vectors, , and wavelength, l, via

• Solutions to the stereo equations are the intersection of two range spheres and
two Doppler cones (note this constitutes an over-determined system of
equations).

• By using a well chosen coordinate system the three dimensional SAR stereo
solution vector is given by:



Raw
Data

Image 1

Raw
Data

Image 2

SAR Image
Formation

Geocode

Scene
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Match
Filtering
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Formation

Geocode
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SAR Stereo Processing Flow

• Radar stereo processing consists of four main steps:
• The radar data from two distinct incidence angles must be processed and

mapped into some ground projection.
• Register or match the two SAR images to measure the cross and along

track disparities.
• Solve the stereo intersection problem using either geometric methods

(parallax based) or analytic methods (stereo equations) for the scatterer
position vector.

• Resample the irregularly spaced position vectors to a uniform grid in a
specified projection.



Western Ovda Regio Regio on Venus 
• Ovda Regio is a crustal plateau located in the western highland region of Aphrodite

Terra. It is the largest crustal plateau in Venus and covers an area of approximately
15x106 km2.

45



Earth Based
Radar Observations

of 
Venus



Earth-Based Radar for Venus

Mapping in 2012, 
2015, 2017, and soon 
2020.

Dual radar 
polarizations for 
surface studies

We study surface properties, search for surface change, and 
measure the spin rate to fine accuracy



Overview of Arecibo Venus Data

• The Arecibo S-band system can produce a single-look map with about 1.5 km spatial resolution
over a 5-minute receive interval (after 5 min Tx).

• Big difference from Magellan is dual-circular polarization:
– OCP much like Magellan HH, sensitive to radar-facing slopes
– SCP a very different view, sensitive to wavelength-scale roughness more than slopes
– For high-latitude targets, incidence angle >> Magellan (e.g., 65o versus 35o)

OCP SCP



Multi-Look, Multi-Year

• The first 1-2 km resolution images
were collected in 1988

• The transmitter is upgraded to ~2X
power (3 dB SNR)

• We produce maps that sum over
looks across observing years

• SNR improves by root of number
of looks, so 100 looks = +10 dB

• Tremendous value in having SCP
polarization (like HV in airborne
SAR) for surface roughness
mapping

1988 SCP 2012+2015+2017 SCP



Rotation Rate

Earth-based image showing surface feature 
used for tracking the rotation rate over time.

• Venus has a very slow (~243d) rotation rate

• Knowing fine-scale rate crucial to predict locations of future landing sites

• The thick atmosphere prevents visual tracking of surface features

• Earth-based radar can follow features over long time scales to refine spin rate

• Data from 1988, 1999, 2001, 2012, 2015, and 2017 provide best-constrained spin rate: 243.0212d

• Rate is different from 243.0185d estimate from Magellan data, leading to east-west offsets >20 km



Radar Role in the 
Continuing 

Exploration of Venus



Radar Observations Looking Forward

• Given the optically opaque Venusian atmosphere fine resolution exploration of
the surface of Venus from orbit will require radar observations.

• Advances in radar technology and imaging techniques since Magellan offer
greater opportunities and enhanced capabilities for extracting information
about Venus.

• Techniques pioneered and refined since Magellan including radar
interferometric and polarimetric methods are well suited for application to
Venus exploration.

• The wealth of information radar can provide to Venus scientists has spawned
and will continue to spawn ideas for missions and observations using radar.


