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Microwave Remote Sensing VO Chapter 1

Questionary

Chapter 1

Give first an overview of different spectral regions over the entire electromagnetic spectrum.
Then describe in more detail the microwave region (wavelength range, band designations, ..).

The most popular parts of the electromagnetic spectrum used for remote sensing are (bold):

• Gamma, X-Rays (∼ pm 1017 − 1022Hz)

• Ultraviolett (∼ 0.1µm 1015 − 1016Hz)

• Visible (∼ 0.4− 0.7µm 4 ∗ 1014 − 8 ∗ 1014Hz)

• Near-Infrared (∼ 0.7− 1.3µm 1014Hz)

• Mid-Infrared (∼ 1.3− 3µm 1013Hz)

• Thermal-Infrared (∼ 3− 14µm 1012 − 1013Hz)

• Microwave (∼ 1mm− 1m 108 − 1011Hz)

The microwave domain can be grouped into sub-domains, each assigned to a specific band (the arbitrary letters
categorisation is a remaining from their military usage):

Figure 1: Frequency bands in the microwave region.

Discuss and illustrate the three basic types of radiation used in remote sensing with a particular
view on how these relate to different microwave sensor types.

• Radiation emitted by the object itself due to its material properties and physical conditions (e.g. gamma-
rays emitted by radioactive substances and the thermal radiation in the infrared and microwave region
emitted by materials due to their temperature). Radiometers are mainly used to sense this kind of
radiation.

• Diffuse scattering of natural illumination originating from a source of incoherent radiation like the sun.
Spectrometers or sensors working in the visible/NIR spectrum can be used for sensing.

• Backscattered radiation originating from an artificial coherent source. (In this coherent case, different
contributions from the reflection by different elementary scatterers may suffer from strong interference-
effects, while with reflection of incoherent radiation (albedo), interference occurs only on a very small
scale). Radars are an example for an artificial coherent source/sensor.
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Figure 2: Different sources of radiation.

Discuss atmospheric effects (incl. clouds and rain) on microwave radiation.

The Atmosphere (including rain and clouds) is nearly transparent medium for microwaves with lower fre-
quencies (up to 20 GHz)/higher wavelengths (higher than ∼ 1cm). Because of weaker dielectric properties ice
clouds have no effect on microwaves at any wavelength. Water clouds have a higher influence. Strong/intense
rain has in general a greater influence (negligible above λ ∼ 4cm) than clouds.

Figure 3: Transmission of water and ice clouds (l.) and intense rain (r.).

Name and discuss three reasons for using microwave sensors in earth observation.

The first important reason to use microwave sensors for earth observation is their possibility to penetrate
the atmosphere including rain and clouds. The second reason is that microwaves can penetrate more deeply
into vegetation/subsurface than optical waves (depending on wavelength and moisture content). A higher pen-
etration depth results for longer wavelengths and dry soil, whereas a lower penetration depth is caused by
shorter wavelengths and wet soil (∼ cm). Finally, the last and third reason is that microwaves provide com-
pletely different information than for instance optical waves (molecular-resonance). They are mainly influenced
by geometric and dielectric properties of the surface or volume.
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Chapter 2

What is polarisation? How is it defined in remote sensing? What is a linear and a circular
polarisation?

In general, assuming transversal waves, polarization defines the direction in which the oscillation takes place on
a plane perpendicular to the direction of propagation. Conventionally the direction of the electric field vector
E is chosen to be the direction of polarization. Longitudinal waves can be fully described with the wave-vector,
amplitude and frequency. Depending on different states of the phase difference (∆φ = φx − φy) and amplitude
state (E0x, E0y) of the decomposed wave in x- and y-direction, various types of polarization occur. Linear
polarization is present if E oscillates only in one specific direction. Assuming equal amplitudes (E0x = E0y), a
phase difference of ∆φ = π

2 or ∆φ = 3π
2 results in a left/right-handed circular polarization, i.e. the peak of E

describes a circle while propagating. A a phase difference of ∆φ = 0 or ∆φ = π leads to a linearly polarized
wave (45 and 75◦ respectively). In remote sensing it is not common to split up E in x- and y-direction. It
is more conventional to use the vertical component Ev (perpendicular to earth’s surface) and the horizontal
component Eh (parallel to earth’s surface) to describe the polarization.

What is the definition and meaning of coherence?

Coherence (spatial and temporal) is present if two waves have a constant phase difference. Then it is pos-
sible to observe interference-phenomenons. It is necessary that they have the same frequency (in a temporal
context) and the same wave fronts (in a spatial context - different sources in space need a fixed phase-relationship
(e.g. true for a radar antenna, false for a light bulb)). In general it can be stated, that the more separated
the waves are in space or in time the less coherent they are. Coherence can be also seen as a measure of
predictability - the higher the coherence of two waves, the easier it is to predict the properties of one of those
waves given the knowledge of the other. Mathematically, coherence can be described by using a normalized
cross-correlation function for the given measurements:

γ12(τ) =

∑

n E1(tn)E
∗
2 (tn + τ)

√

(
∑

i |E1(ti)|2)(
∑

i |E2(ti + τ)|2)

If the waves are perfectly correlated in phase γ12 = 1 or out of phase γ12 = −1, otherwise if they are not
correlated γ12 = 0.

Can the phase be used as a relative distance measurement? If yes, explain how.

Yes, by using two detectors which are measuring the phase and are separated less than the wavelength λ
to ensure that no ambiguities occur:

d = x1 − x2 =
λ

2π
(φ1 − φ2)
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Figure 4: Principle of phase-difference measurement.

Discuss and illustrate the interference of two sources. What are the conditions for constructive
and destructive interference in the far field?

A general condition to observe interference-phenomena is that the waves have to be coherent. A combination/-
superposition of two (for instance vertically polarized) waves leads to constructive and destructive interference,
depending on the phase difference ∆φ (distance difference ∆x of point of interest from both sources). The
pattern in 2D is complicated in the near-field and is continuously easier to describe it mathematically with an
increasing distance from the sources. In the far field wave fronts can be approximated as plane wave fronts
(straight lines). The Fraunhofer-Criterion, which takes the combined effect of distance from source and the
extent of the region of interest into account, can be used as distinction between the far and the near field. In
the far field, assuming plane wave fronts, it is possible to use a rectangular triangle to create a relation between
the direction of the source α, the distance difference ∆x, the phase difference ∆φ and the distance between
both sources d:

∆φ =
2π

λ
dsin(α)

Since a phase difference of an integer multiple of 2π gives constructive interference while an odd integer multiple
of π gives destructive interference, one can see that:

dsin(α) = nλ → Constructive interference

dsin(α) =
2n− 1

2
λ → Destructive interference

Figure 5: 2D interference pattern.
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Discuss interference patterns for the passive case with two receivers. Why is this example impor-
tant for mammals (incl. humans)? Discuss the monochromatic case and the use of frequencies
over a wide band.

It is also possible to get an interference-pattern if the received signals of two or more detectors are combined in
a coherent way. The same relation holds true:

∆φ =
2π

λ
dsin(α)

Therefore phase information of the total phase difference (no ambiguities) can be used to derive the direction
of the source. Otherwise if the the total phase difference is unknown, only ambiguous directions α can be
calculated. This technique can be found in nature and is used by mammals including humans. By using the two
ears as detectors it is possible to get information about the direction of the source (assuming low frequencies
between 2kHz and 20kHz). For these low frequency the wavelenght is larger than the distance between the
two ears. This phase difference is called the Interaural Phase Difference (IPD). To overcome the problem
of ambiguities, multiple interference patterns with different frequencies/wavelengths can be used to find the di-
rection by searching for the maximum and minimum, which coincide in all interference-patterns. By measuring
across a wide range of frequencies, one can in principle distinguish the direction to any source using only two
coherent sensors.

What is a wavepacket? How does the resulting wave look like? How does it depend on the
bandwidth?

A wavepacket is defined as an infinite superposition of monochromatic waves. A wavepacket can be derived
from known bandwidth distribution. Mathematically it can be described with the following equation (equal
amplitude E0):

E(x, t) = E0cos
(

ω0

(x

c
− t

))

sinc

(

∆ω

2

(x

c
− t

)

)

The left part is a monochromatic wave with its centre frequency ω0 and the right part is an amplitude-modulation
(envelope of the wavepacket). By having a closer look at the equation, we can see that a larger bandwidth results
in smaller/more narrow peak of the envelope. The first nulls of the wavepacket/envelope are defined as:

x1± = ± c

∆f
+ ct

Figure 6: Wavepacket.
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What is the uncertainty principle of communication? How is it derived? What are its implica-
tions for earth observation?

The uncertainty principle of communication states that higher rate of information needs more bandwidth.
It can be derived by using the a Fourier Transformation of a known pulse with |t| ≤ τ

2 at a given centre
frequency ω0:

E(t) = E0e
−iω0t

The corresponding frequency spectrum is given by (using sin(x) = 1
2i (e

ix − e−ix)):

E(ω) =
E0

2π

∫ τ
2

− τ
2

ei(ω−ω0)tdt =
1

−i(ω − ω0)

(

ei(ω−ω0)
τ
2 − e−i(ω−ω0)

τ
2

)

= E0
2

ω − ω0
sin

(τ

2
(ω − ω0)

)

= E0τsinc
(τ

2
(ω − ω0)

)

In this case the first nulls are given by:

ω1± = ω0 ±
2π

τ
A shorter pulse leads to a finer resolution of the distance and consequently more information per unit time. This
means that in earth observation we need a wider spectrum to generate or receive the pulse for a finer resolution.

Figure 7: Amplitude spectrum in the frequency domain.

What is the Doppler effect? On which variables does the Doppler shift fD depend? Why is
this effect important in microwave remote sensing?

If the source and the receiver change their position relative to each other in time (propagation at the speed
vrel) a change in frequency and thus in phase can be observed. This is known as the Doppler Effect. The
Doppler-shift refers to the shift in frequency included by the motion of either the detector or the receiver. It
is given by:

fD =
vrel
λ
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λ is the wavelength of the centre frequency. The resulting frequency can then be calculated with:

fv = f0 + fD

The frequency of a source approaching the detector is higher than its real frequency (blue-shifted), while the
frequency of a departing source is lower than its real frequency (red-shifted). The most popular technique using
the Doppler Effect is Synthetic Aperture Radar (SAR). By measuring phase/frequency shifts of a moving
platform and a fixed source for a specific time, a high along-track resolution can be achieved.

Chapter 3

Discuss and illustrate Planck’s blackbody radiation law and laws that can be derived from the
former. What are key insights from these laws?

As it is too complicated to find an analytic solution for the brightness emitted by a general material-distribution
at a certain temperature, a reference material is used to describe the brightness for other materials. This ref-
erence material is called a blackbody. A blackbody is a body that is in thermodynamic equilibrium with its
environment, and absorbs all incident radiation (i.e. reflecting none). In other words, it emits the same of
amount of radiation it absorbs. Plancks radiation law states the blackbody radiation (spectral brightness) in
the following formula:

Lf =
2hf3

c2
1

e
hf
kT − 1

The same equation can be also expressed in terms of the wavelength:

Lλ =
2hc2

λ5

1

e
hc

λkT − 1

As the temperature raises, the overall level of the spectral brightness curve increases and the frequency/wave-
length at which Lf/Lλ reaches its maximum increases/decreases with T . For each given temperature T the
frequency/wavelength distribution of the spectral brightness can be calculated. Other laws can be derived from
the Plancks law:

• The Stephan-Boltzmann law calculates the total brightness of a blackbody at a temperature T , by inte-
grating over all frequencies/wavelengths. σ is the Stephan-Boltzmann constant.

L =
σ

π
T 4

• The Wien Displacement Law can be used to calculate the maximum of the blackbody brightness curves.

• The Wien Radiation Law is valid for high frequencies resulting in a easier depiction of Plancks law:

Lf ≈ 2hf3

c2
e−

hf
kT

• The Rayleigh-Jeans Law is valid for low frequencies resulting in a easier depiction of Plancks law and is
important for the microwave domain:

Lf ≈ 2f2kT

c2
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Figure 8: Blackbody radiation curves showing spectral brightness.

Discuss artificial sources of radiation.

Basically one can distinguish the generation of electromagnetic waves into two categories:

1. sources that generate a continuous spectrum of frequencies

2. sources generate radiation at certain discrete frequencies.

1) The most important artificial sources for this category are antennas and electron tubes. The simplest kind
of an antenna is a dipole antenna, where electromagnetic radiation is generated by using alternating currents
(thus accelerated charges). Other devices such as electron tubes (e.g. magnetron) use other methods to
accelerate charges (e.g. high speed electrons, magnetic field, ...).
2) The second category can only be described by using quantum theory. Since each molecule or atom has its
own energy state which can be changed by absorbing or emitting a photon of a certain frequency, information
of materials can be retrieved by measuring the generated radiation. The most important device in this category
is the so called maser, which enforces a very selective emission of coherent radiation with a narrow bandwidth
by using excitation of electrons in molecules and atoms.

How can microwaves be detected? Please provide some general considerations.

Beside the measurement of the average intensity, other properties e.g. the phase and polarization are also
important properties of radiation in the microwave domain. Most microwave systems consist of two basic
elements, which are used to collect the radiation at first and then to quantify and measure its properties:

• an antenna which collects incoming radiation from a narrow range of look angles.
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• a receiver which amplifies and detects the collected radiation within a specified range of frequencies.
A detector measures the movement of an electrical charge that is induced by the electromagnetic wave
resulting in a raw unit of measurement (for instance voltage V).

Furthermore a third element is responsible for data handling and performs all the digitising, formatting, cali-
bration and recording housekeeping data (e.g. orientation etc.)

What types of antennas do you know? Please describe them shortly.

See the question below.

In microwave remote sensing it more appropriate to use the audio metaphor rather than vi-
sual metaphors. Why? Discuss some analogous features of microwave sensors to the ear.

It is more appropriate to use the audio metaphor for microwave remote sensing, because there are also other
properties of interest. Their retrieval/measurement can be compared to an ear of a mammal. Vision measures
intensity (energy) as a function of direction (or look angle) to a great precision, whereas hearing is far superior
at mapping intensities as function of frequency or time. Moreover sound is a coherent phenomena (amplitude
and phase are important) while for vision it is mainly the average energy that counts.

Figure 9: Ear compared to a microwave receiving system.

Describe a Heterodyne Receiver.

A practicable detector system has to be able to amplify the signal, measure only those signals that lie within
a narrow bandwidth and be able to minimise the effect of noise. For coherent systems it is also a require-
ment to measure the phase of the wave and not simply the average intensity. Microwave receivers (i.e. filters
and low noise amplifiers) are in principle more easy to build for lower frequencies (e.g. radio frequencies).
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Therefore, many microwave detectors employ a heterodyne receiver system where the received signal (the
radio-frequency- or RF-signal) is not directly amplified or detected, but is converted to a different (usually lower)
frequency (the intermediate frequency- or IF-signal). It is this signal that is than further amplified, filtered and
detected since this down-converted IF-signal can be handled much more effectively. The down-conversion is
carried out by a non-linear circuit element, known as a mixer (using a second frequency generated by a local
oscillator). The result can be mathematically described:

SM =
ARFALO

2
(cos[(ωRF + ωLO)t] + cos[(ωRF − ωLO)t])

The high-frequency part can then be removed by using a filter (SIF ), which is still proportional to the RF-signal,
which is the signal we want to detect. Finally, an electrical component (e.g. a diode) can convert the signal
into an electrical (voltage)-output.

Figure 10: Heterodyne receiver.

Discuss at least four different antenna types (graphics & text).

• A dipole antenna is the most basic microwave transmitting and receiving device. An electromagnetic
radiation can be generated in proportion to the frequency of oscillating currents which move back and forth
down a wire. One end of the wire is charged positive, the other negative. The process for receiving is just
inverted by measuring the changes of alternating currents stimulated through electromagnetic radiation.
It can only measure waves with the same polarization/orientation of the antenna (directivity is insufficient
for remote sensing applications).

• A parabolic antenna is a reflecting device, that focusses the incident energy from a localized direction
onto a detector. The reflector is a curved surface that is highly reflective at the relevant frequencies. For
longer wavelengths it is also possible to use a wire mesh.

• A number of microwave transmitters (and/or) receivers arranged across a panel is generally referred to as
an array antenna. In so called ”phased array” antennas, these transmitters are electronic elements that
can each transmit microwaves of a specific frequency with a well determined phase. The ability to specify
the phase and amplitude of each individual transmitter allows control over the direction of the peak in
the antenna sensitivity pattern (only in-phase parts are used).
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• The slotted wave-guide array antenna uses the same principle but instead of individual transmitter-
s/receivers the antenna panel is composed of outlets from an array of wave-guides (hollow metal pipes
of rectangular cross-section that allow channelling and control over microwaves). Thus it is only neces-
sary to have one central source generating microwaves which are then directed by a number of different
wave-guides (all having the same length) to the antenna array.

Figure 11: Dipole antenna (u.l.), parabolic antenna (u.r.), phased array antenna (l.l.) and wave-guide (l.r.)
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Chapter 4

Discuss the spatial resolution of altimeters.

The spatial resolution of an altimeter can be derived by using the rule of Pythagoras with the relation de-
picted in the graphic below (assuming that H >> ∆t c). The radius of the boundary is given by:

r =

√

(

ct

2

)2

−H2 =

√

(

c(t0 +∆t)

2

)2

−H2 =

√

(

H +
c∆t)

2

)2

−H2 =

√

Hc∆t+

(

c∆t)

2

)2

=

=
√
Hc∆t

√

1 +
c∆t

4H
≈

√
Hc∆t

After t = t0 τ the trailing edge will also reach the surface and the illuminated area will form to an annulus
which propagates further. Its area is A = πHcτ and the spatial resolution is equal to the radius rp =

√
Hcτ of a

disc, which reaches its full size if ∆t > τ . There are two cases which determine the spatial resolution depending
on the area of illumination (β << 1):

rill ≈ H
β

2

• For pulse-limited radars rill >> rp and therefore the above formula for rp is valid.

• For beam-limited radars rp >> rill the shape of the antenna-pattern is not negligible. In this case the

spatial resolution is given by rp = H β
2

Figure 12: Altimeter.

Discuss and illustrate three different measurement principles for range discrimination.

The most simple form of range measurement is using a pulse radar. Ideally the transmitter would send
out rectangular pulses having a certain pulse-width τ . After the pulse is transmitted the radar system waits
(”listens”) for sending out next pulse until the prior one is received. Thus it is ensured, that no overlaps occur.
The pulse can then be analysed by using different methods for deriving a travel time T (T = 2R

c
). The range

resolution is limited by τ and is given by:

rR =
cτ

2
=

c

2B

It is also possible to use a Frequency-Modulated Radar for range discrimination. This method uses a defined
bandwidth B and shifts the frequency linearly up and down in time. The received signal is then compared with
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the current signal and from the figure below it can be seen that the difference in frequency is proportional to
the time delay T . The mathematical relation is given by:

R =
TRc

4B
∆f

The third method is very important for spaceborne radars and adopts the natural behaviour of bats, which
is the so called chirp radar. It is a combination of the pulse radar and the FM radar. Since on a
spaceborne platform it is often not possible to generate a high peak power, the chirp radar technique uses a
longer pulse duration to achieve the same energy. However, this decreases the range resolution a lot. Therefore,
the transmitted signal is shifted linearly in time during the pulse duration/width τ . The received signal can then
be correlated with the transmitted signal to estimate the travel time T , which is known as range compression.
The range resolution is then given by:

rR =
c

2B

Figure 13: Pulse- (u.), FMR- (c.) and chirp- (l.) technique
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Describe and illustrate the measurement principle of real-aperture side-looking pulse-radars.
What is their spatial resolution in azimuth and range directions? Also discuss image distortions
due to topographic features.

A side-looking geometry ensures no time measurement ambiguities (e.g. compared to an altimeter). The an-
tenna points to the side with a beam that is wide in vertically and narrow horizontally. The image is produced
by motion of the platform. Real-aperture antennas normally use short pulses to achieve range resolution. The
picture element (pixel) dimensions for real-aperture radars are determined by the horizontal antenna beamwidth
(βh) and the pulse-duration τ . At a distance R from the antenna the horizontal resolution/width of the pixel
is given by:

tan

(

βh

2

)

=
ra
2

R
⇒ ra ≈ βhR ≈ R

λ

l

The vertical width of the pixel can be calculated by using the following relation:

cτ

2
= rpcos

(π

2
− θ

)

= rpsin(θ) ⇒ rp =
cτ

2sin(θ)

Due to the side looking geometry and variations in topography different image distortions are present: Fore-
shortening occurs when the steepness of a flat surface increases (e.g. hill, mountain), which means that in
slant-range the distance from the bottom to peak appears shorter. This process continues until the incidence
angle gets zero. If the slope increases further, layover is present, since the signal from a mountain peak is
measured earlier than the signal from the bottom of a mountain. Shadowing is an image distortion for areas
with no line of sight between a point and the antenna (e.g. a mountain is in between).

Figure 14: Side-Looking Radar.

What are scatterometers? Describe their measurement principle, geometry (“configurations”),
and spatial pattern/footprint resolution on the ground.

The purpose of a spaceborne scatterometer is to characterize the surface backscatter properties with a global
or at least a regional coverage. The spatial resolution is usually of secondary importance relative to the radio-
metric accuracy and extent of coverage. The basic principle of a scatterometer is to accurately measure the
intensity of the returned echo from a certain surface-region. Because of the speckle effect in radar-echoes, a
large number of independent observations are averaged in order to get the desired accuracy. They use different
geometries/configurations depending on the scientific objective:

• Forward- (or backward-) looking scatterometers are used to acquire a full angular signature of the surface
scattering (limited to near satellite-tracks).
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• Side-looking scatterometers provide wide swath coverage, but only single-angle backscatter measurements
for each surface area.

• Squint-looking scatterometers provide wide swath capability as well as the ability to observe the surface
from different look directions.

• The conical-scan technique provides wide swath observation at a constant incidence angle and dual-look
directions.

The swath-width S can be estimated using the central incidence angle θc and the vertical beamwidth angle βv:

S ≈ Hβv

cos2(θc)

Figure 15: Different viewing geometries of scatterometers.

Discuss the three means of achieving sub-beamwidth resolution based on the example of the
Venus imaging experiment.

Three processing techniques can be used to achieve sub-beamwidth resolution by analysing the returned radar-
echo from the planet:

1. The echo can be broken up into components as a function of time (i.e. range bins). This equidistant
areas form a ring around the planet known as the time-delay ring or range-cycle (can be compared to the
annulus of an altimeter).

2. Having a closer look at the ring, the East-West ambiguity can be solved by taking the rotation of the
planet into account. This rotation acts as change in frequency, which can be measured as Doppler-shift.
Combining both methods results in patches, which are intersections of the ring (equal time) and the strips
(equal frequency).

3. To resolve the remaining North-South ambiguity interferometry can be used. This means a second antenna
is needed and both signals can then be combined to analyse the phase shifts.
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Figure 16: Directivity enhancements of planet observations with coherent radar.

Describe how Synthetic Aperture Radars (SARs) achieve a high resolution in azimuth. Discuss
two alternative explanations.

In words, SAR uses the continuous change in frequency resulting from the Doppler effect through the constant
movement of the platform. Echoes returning from objects in the front part of the beam are Doppler-shifted to
higher frequencies, while echoes from the aft part of the beam are shifted to lower frequencies. Therefore the
antenna pattern can be divided into regions of equal Doppler-shift and equal range. The signal undergoes a
linear frequency shift given by:

fv = f0 +
vrel
λ

≈ f0 +
vα

λ
≈ f0 +

v2t

Hλ

This frequency shift is similar to a linearly-chirped pulse. Thus, this chirp (depending on the geometry) is used
for azimuth compression in the same way as the chirp radar pulse is used for range compression. A target
is visible as long as it is between ±β

2 (it is possible to observe Doppler-shifts). The bandwidth B can then be
calculated (recognising that the signal undergoes the Doppler-shift twice):

B = 2(fmax − fmin) ≈ 2(f0 +
vβ

2λ
)− 2(f0 −

vβ

2λ
) = 2

vβ

λ
≈ 2v

l

After decompression it is possible to discriminate returning signals in time by:

∆t ≈ 1

B
=

l

2v

The azimuthal spatial resolution can then be derived:

ρa = v∆t =
l

2

However it is to say that a practical SAR system will rarely achieve this optimum limit, because there are a
number of trade-offs (e.g. power requirements, azimuth ambiguities). Moreover it has to be mentioned that the
SAR system actually measures phase-shifts, which are the antiderivatives of the Doppler-frequency-shift:

∆φ(t) ≈ 2π(vt)2

Hλ
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Since the measurements are not continuously in time it also possible to state a geometric explanation (assuming
that H >> ∆x. ∆x is the travelled distance between t = 0 and t = ∆t (Time delay)):

H2 + (∆x)2 = (H +∆R)2 ⇒ ∆R =
√

H2 + (∆x)2 −H

∆R = H

√

1 +
(∆x)2

H2
−H ≈ H

(

1 +
(∆x)2

2H2
+ ...

)

−H =
(∆x)2

2H

A change in distance can be related to a change in phase via (factor 2 because of transmitter-target, target-
transmitter phase shift):

∆φ = 2
2π

λ
∆R =

2π(∆x)2

Hλ

While a single measurement of phase is ambiguous, the history of phase-changes along a number of consecutive
pulses can be used to evaluate the slope of the ”phase history function”, which can then be used for processing
the SAR-data.

Figure 17: Geometric/Phase-shift explanation of SAR.

Chapter 5

Discuss the reflection and transmission of waves at a plane interface.

In general, whenever there is a boundary between two materials (having a different ǫ, µ and n) the electric- and
magnetic field must obey certain conditions on the boundary in order to make the combined fields a consistent
solution to Maxwells equations everywhere in space. From these conditions the following definitions can be
deduced:

ωi = ωr = ωt := ω

ki|| = kr|| = kt|| := k||

Using vmedia = ωmedia

kmedia
= c

n
one can derive:

n1k
(2) = n2k

(1) ⇒ ki = kr, n2k
i = n1k

t

These formulas enable the derivation of Snell’s law by splitting up the wave vector k into a perpendicular and
parallel part. Snell’s law states θi = θr for the same medium and for two different media n1sin(θ

i) = n2sin(θ
t).

These relation specify the wavevectors and frequencies of the reflected and the transmitted waves with respect
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to the incidence wave. To determine the waves completely, we now also have to find a relation between the
amplitudes of the waves which are generally known as the Fresnel-coefficients. However the derivation is
not easy and for simplification it is assumed that incidence angle is zero. For the case of transversal waves, we
can just focus on the parallel component (parallel to the boundary surface). The Fresnel-coefficients are the
corresponding reflection-coefficient r and transmission-coefficient t which are defined via:

r(θ=0) =
Er

0

Ei
0

=
n1µ2 − n2µ1

n1µ2 + n2µ1

t(θ=0) =
Et

0

Ei
0

=
2n1µ2

n1µ2 + n2µ1

Since most dielectrics obey µ ≈ µ0 we can set µ1 = µ2 = µ0 which leads to a more simple representation:

r(θ=0) ≈
n1 − n2

n1 + n2

t(θ=0) ≈
2n1

n1 + n2

If one is interested in the intensity, the coefficients of the fields can be expressed in a squared form (with a
factor for the transmission). This leads to the reflectivity R and transmittance T which fulfil T +R = 1.

What is the Brewster angle (Illustration and text)?

For a v-polarized wave there is a certain incidence-angle where the reflection coefficient equals zero. This
angle is called the Brewster-angle θB . This means that if completely unpolarized light is impinging on flat
surface at the Brewster-angle, the reflected wave is h-polarized. Since the vertical component of the reflection
coefficient is zero for θB + θt = π

2 , the result can be inserted into the law of Snellius:

n1sin(θB) = n2sin(
π

2
− θB) = n2cos(θB) ⇒ θB = arctan

(

n2

n1

)

Figure 18: Brewster angles of microwave and optical frequencies.
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Discuss the polarisation of media. What happens on a microscopic scale? What are the four
main mechanisms? What is their frequency dependency?

In general, the index of refraction for a dielectrical material is determined by the polarizability of the medium.
On Macroscopic scale the polarization P of a medium is described by:

P = χeǫ0E = (ǫr − 1)ǫ0E

where χe = ǫr−1 is the so called susceptibility. This macroscopic reaction of the dielectric material to the electric
field is caused microscopically by the displacement of charge-carriers, which are contained in the material. The
polarization field P is therefore described as the dipole-moment-density of the material. There are various
mechanisms which can cause a displacement of the charge carriers:

• In each atom of all media, the positively charged nuclei are surrounded by negative electron-clouds. If
an extended electrical field is applied, the electrons are displaced slightly with respect to the nuclei. The
result is an induced dipole-moment, which contributes to the electronic polarization of the material.
The electrons are very light and able to follow the alternating electric field in insulators up to frequencies
about 1015Hz (visible, infrared region).

• When different atoms form molecules, the electron clouds will normally displaced eccentrically towards the
stronger binding atom. Thus the atoms will no share their electrons symmetrically and therefore acquire
charges of opposite polarity, i.e. they behave like ions. An external field will cause a relative displacement
of ions of opposite signs, thus inducing another dipole-moment referred to as the atomic atomic or ionic
polarization (below 1013Hz, infrared region).

• A asymmetric charge-distribution between dissimilar atomic partners in a molecule gives rise to a per-
manent dipole-moment (also in the absence of an electric field). Such dipoles experience a torque in an
applied field, which tends to orient them into the field-direction. The field caused by this permanent
dipole-moments is called oriental or dipole-polarization (temperature dependent and below 1011Hz,
microwave domain).

• Carriers can migrate for some distance in the structures of solids or liquids, and do this in a preferred
direction when a field is applied. If such carriers are impeded in their motion or trapped in the potential-
distribution of the material, macroscopic charge distributions arise (i.e. space-charges) which give rise to
the so called space-charge or interfacial polarization (below 106Hz).

The mentioned polarization-mechanisms contribute to the total polarization of a medium only below their char-
acteristic frequencies. At low frequencies all polarization-mechanisms may occur together.

Figure 19: Different polarizations of media.
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Discuss the dielectric properties of water.

Liquid water shows (as the only one amongst naturally abundant materials) oriental polarization. Above
the so called relaxation-frequency, water dipoles cannot follow the oscillation of the applied electric field any
longer and thus ǫr decreases. At the relaxation-frequency, the molecules behave like harmonic oscillators at
resonant frequency, and the absorption coefficient (ǫ

′′

) is maximal. The dielectric constant of pure water obeys
a relaxation-spectrum of the Debye-type, which is given by:

ǫr = ǫ
′

r − iǫ
′′

r = ǫ∞ +
ǫs − ǫ∞

1 + i f
f0

where f is the frequency of the applied field, f0 is the relaxation-frequency, ǫs is the static (f → 0), and ǫ∞ is the
high frequency (f → ∞) dielectrical constant. Moreover it has to be mentioned that salinity and temperature
also have an important influence on dielectrical constant.

Discuss the dielectric properties of ice. Why are these so different from the dielectric prop-
erties of water?

Over the whole microwave frequency range, ǫ
′

r is relatively constant. However, ice has a remarkable prop-
erty in the microwave range, because for frequencies below 10 GHz, the complex part of the dielectric constant
ǫ”r is lower than 10−3. Consequently the penetration depth of microwaces into ice is in the order of meters to
tens of meters. For snow (mixture of ice, water and air), depending on the temperature and the water content,
the dielectric properties can change significantly (below 0◦C they are approximately the same as for ice, but
above liquid water is formed and they increase rapidly). The penetration depth decreases with increasing water
content and consequently dry and wet snow shows a distinctly different backscatter behaviour.

Discuss the dielectric properties of soil and vegetation.

Oven-dried samples of various types of vegetation material show that ǫ
′

r is usually between 1.5 and 2, and
ǫ”r below 0.1. Therefore also the dielectric constant of vegetation is strongly dependent on the water content
(which can be about 80-90% for fresh leaves and 50% for woody plants).

In the absence of water, ǫ
′

r varies over the range from 2 to 4. ǫ”r is typically lower than 0.05. For explain-
ing the dielectric behaviour of wet soil, the soil water is usually divided into two fractions according to the
forces that are acting on the water molecules. The first molecular layers contain water molecules surrounding
the soil particles, which are tightly held due to matrix- and osmotic forces (bound-water, different dielectric
dispersion spectrum than water). With an increasing fraction of bound-water ǫ

′

r decreases. Therefore ǫr de-
pends on the textural composition of the soil which determines the specific surface area of the soil particles. The
term soil texture refers to the size range of particles in the soil. The array of possible particle sizes is divided
into three fractions, namely sand, silt and clay. Some soil water does not freeze even at temperatures around
−50◦C, therefore ǫr of frozen soil still shows some dependency on the moisture-content before freezing.
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Chapter 6

What is the radar equation? Describe the physical process and discuss the main steps in its
derivations.

The radar equation describes the relation between the emitted and the received power including characteristics
of the radar and the target. It can be derived by describing the propagation of the emitted electromagnetic wave
to the receiver step by step on a coarse scale. The transmitted power in certain direction at the transmitter is
given by:

Pt(θ, φ) = PGt(θ, φ)

where Gt(θ, φ) is the gain function. The power per unit area received by a target at distance R includes the
loss in power due to the power-spread on a larger area:

Ssr =
Pt(θs, φs)

4πR2
t

The total power is then the received power per unit area Ssr times the effective area As of the target:

As = Aη(θs, φs)

Psr = SsrAs

For a realistic case, some power will be absorbed by the target (described by the absorption coefficient κa) and
the rest will be radiated in various directions, according to the gain-function Gs(θr, φr) of the target.

Pst = Psr(1− κa)

The receiver is located at the distance Rr and has an effective area of Ar. This brings us to the final received
power:

Pr =
Pt(θs, φs)Ar

(4πRtRr)2
Gs(θr, φr)As(1− κa)

The last part can be summarised to the radar cross section σ = GsAs(1−κa). Finally, the radar equation
is given by:

Pr =
Pt(θs, φs)Ar

(4πRtRr)2
σ

For a bistatic radar (rather than a monostatic radar as in the equation above) the radar equation can be
simplified since the receiver and the transmitter are the same (using the effective area of a general antenna):

Aeff =
λ2G(θ, φ)

4π

Pr =
PG2λ2

(4π)3R4
σ =

PA2
eff

4πλ2R4
σ
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Figure 20: Radar-equation relations.

What is the backscattering coefficient and how is it typically represented?

The backscattering coefficients can be stated as a generalization of the radar cross section σ and use a
continuity-assumption that no signal from a single-point scatterer is comparable with the overall signal that is
received, i.e. no single scatterer dominates. The radar cross section σ (normally given in m2) of a general
object is a complex combination of multiple factors: size, shape, material, edges, wavelength and polariza-
tion. Thus σ is the complex (amplitude and phase) combination of contributions from each scattering source.
The backscattering coefficients represent a dimensionless coefficient which describes the reflectivity of a
distributed scene normalized with respect to the chosen area increment dA:

σ = σ
∆A

∆A
→ dσ =

σ

< dA >
dA = (bs-coeff)dA

Depending on the choice of the area-increment, different backscattering-coefficients can be defined which are
denoted by: sigma naught or normalized radar cross section σ0, gamma naught γ0 and beta naught
or radar brightness β0.

For a flat slope the backscattering-coefficients and the local incidenca angle θi = θ − α are given by the
following relations:

• If no further knowledge of the topography of the illuminated area is known, the only coefficient accessible
is β0. It only relates the received signal to the area spanned by the predefined/system specific range
increment dR (independent from θi):

β0 =
σ

< dR dAaz >

• If one has a certain information on the topography σ0 (the general desired quantity) can be used and the
relation with β0 is given by:

σ0 = β0sin(θi)

• γ0 is suitable to describe volume-scattering-effects, since σ0 is not constant for all incidence angles for a
volume scatterer.

γ0 = β0tan(θi) =
σ0

cos(θi)

The coefficients are generally expressed in logarithmic-scale (i.e. in decibel [dB]): σ0[dB] = 10log10(σ
0).
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Figure 21: Geometric explanation for a simple case of different backscattering coefficients.

What is the physical reason behind speckle? Discuss speckle statistics for different representa-
tions of SAR data.

The received signal is actually composed of a coherent superposition of numerous individual signals which
leads to a grainy (salt- and pepper like) appearance. This behaviour of a radar measurement is referred to as
speckle. The received intensity is a result of a coherent superposition of numerous elementary scatterers, which
all contribute randomly to the measurement. It has to be noted, that speckle can be clearly distinguished from
real noise, since it is possible to replicate the same result having the same measurement constellation. This
is not true for noise, which would still lead to a different result. SAR data (e.g. SLC) can be represented in
different ways:

• In-phase-component I

• Quadrature-component Q

• Amplitude

• Phase

• Intensity

• Intensity in dB

Each of these representations follows a certain propability-distribution (providing different visual impressions),
which can (under certain circumstances) explain the noiselike appearance of the resulting images and give an
idea of the amount of information contained in each of the images.

A statistical description of speckle can be derived as a random-walk-phenomenon. If the related conditions
for fully developed speckle are fulfilled, one can deduce that the real and imaginary part of the received sig-
nal can be viewed as uncorrelated quantities with zero mean and identical variance. The received signal can
thus be interpreted as a sum of independent random variables. Since the number of contributing scatterers
N is generally very large, the central limit theorem, which states that the sum of N iid random variables
with zero mean and variance σ2 is asymptotically (i.e. for N → ∞) Gaussian-distributed, can be applied. By
combining the probability distributions of the real and the imaginary part to a joint probability distribution
and rewriting/restructuring it for each of these representations the following probability distributions can be
assigned:

• In-phase-component I → Gaussian distribution

• Quadrature-component Q → Gaussian distribution
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• Amplitude → Rayleigh distribution

• Phase → uniform distribution

• Intensity → negative exponential distribution

• Intensity in dB → Gumbel distribution

The variance remains constant for the Gumbel distribution, which results in a constant confidence interval as
proposed. Since standardising or stabilizing the variance is one of the first steps in statistical analysis, one
commonly works in the logarithmic scale when dealing with remote-sensing data. With the exception of the
phase-distribution, all other distributions are completely characterised by a single parameter σ, which carries
all the available information about the target. Phase supplies nothing, because its distribution is independent
from the target. The real and the imaginary channels supply information, but since the mean of those signals
is zero, it would require the eye to estimate the local standard deviation in order to detect differences between
the regions. The amplitude data contains the information in its mean value, but since the Rayleigh distribution
is very wide, the image appears quite noisy. The intensity data has a wider dynamic range than the amplitude
data and appears noisier. The logarithmic data has a reduced dynamic range compared with the intensity and
the eye is clearly reacting to mean differences because the log-operation standardizes the variance. Thus for
single images (no interest in interferometry) the phase can be neglected and the amplitude and the intensity
are representative. To obtain better estimates of the true backscattering coefficient, several measurements are
averaged (noise cancels out).

Figure 22: Speckle source.
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Figure 23: Pdfs of different SAR-data representations.

What is surface scattering? What are the main parameters influencing the scattered signal?

If the penetration depth of the wave into the second medium is only little, one speaks of surface scatter-
ing, since then scattering takes only place at the surface of the boundary. Natural surfaces which act primarily
as surface-scatterers for waves at microwave frequencies are water, wet soil and wet snow. It is important to
understand, how the degree of roughness of a surface influences the backscattering behaviour. With increasing
surface roughness, the strength of the signal measured by a side looking radar generally increases. Depending on
the surface roughness (plane surface, slightly rough surface, very rough surface and ideally rough surface) there
are two limiting cases: A Lambertian surface (ideally reflecting) and a specular reflection. The backscattering
coefficient from surface scattering can be described by the following functions:

σ0(φ, ǫ, s, l) = f(φ, ǫ) g(φ, s, l)

The first part describes the dielectric and the second part the geometric contribution to the backscattering
coefficient. The geometric part is expressed by the correlation length l and the RMS-height s. s describes
the variance in height and l the length where the autocorrelation-function of the surface decreases by 1/e. As
roughness is always dependent on the wavelength, the Fresnel criterion is important to decide if a surface is
rough for a given wavelength:

h <
λ

32cos(θi)

The dielectric part includes the permittivity ǫ. As f is directly proportional to g, one can deduce to exhibit
a similar dependence on the dielectric constant (for instance the backscattering coefficient plotted over soil
moisture content) of a rough and a smooth surface.
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Figure 24: Surface scattering due to different surface roughness properties.

Describe the characteristics of backscatter from vegetated land surfaces. What are its main com-
ponents? What are the main physical parameters to describe the effect of the vegetation canopy?

Vegetated canopies might generally be described as volume scatterer. However, the canopy is often not com-
pletely closed, and a part of the incoming radiation penetrates through the vegetated layers. Therefore also
surface scattering by the underlying soil-surface needs to be considered. The three main scattering contributions
for backscattering coefficient can thus be described by:

σ0
canopy = σ0

v + σ0
s + σ0

int

where the subscripts denote volume-, surface-, and interaction (volume-surface, surface-volume)-contributions.
The third is often neglected since it is quite small. Since vegetation (fresh) mainly contains of water, the Cloud
model can be used to describe the vegetation layer, which represents the vegetation as water particles, which
are held in place. Therefore, the volume-backscattering coefficient κs and the extinction coefficient κe are given
by:

κs = Nσb

κe = Nσe

where N is the number of particles, σb the backscattering cross section and σe the extinction cross section. The
brightness of the soil-surface measured at the receiver can be expressed by:

Ls(0) = RL0γ
2 ⇒ σ0

s ∝ Ls

L0
= Rγ2

where R is the reflectivity, L0 the incident brightness and γ2 the two-way attenuation-factor that accounts for
the loss of energy by absorption and scattering as the radiation travels through the canopy:

γ2 = e−2κed

The backscattering brightness/backscattering coefficient from the vegetation layer can be written as below:

σ0
v ∝ Lv

L0
=

κsL0

2κeL0

(

1− e−2κed
)

=
ω

2

(

1− γ2
)

where ω is the single-scattering albedo. These equations show that scattering from the vegetation volume
increases with the scattering efficiency of the individual vegetation elements. For a general case including the
incidence angle the Cloud-model is given by:

σ0 =
3ωcos(θ)

4
(1− γ2) + γ2σ0

soil

Now γ2 is also dependent on the incidence angle:

γ2 = e
−2κed

cos(θ)

Therefore volume scattering becomes more important at large incidence angles.
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Figure 25: Three main vegetation-scattering contributions.

Figure 26: Simple vegetation-scattering model yielding a change in brightness.

Chapter 7

What is the relationship between the emissivity and the reflectivity?

The amount of radiation a body absorbs is the so-called absorptivity a via: Labs = aLin In theory, if a
body is inside a black body (thus it is in thermodynamic equilibrium), the body has to emit the same amount
as it absorbs:

Lem = Labs = aLbb

The emitted brightness of a body can be related to the brightness of a black body via the emissivity:

Lem = ǫLbb

One can see, that a = ǫ. Due to the energy conservation the reflectivity and the absorptivity must equate to 1:

r + a = 1 ⇒ r = 1− ǫ

This equation establishes a basic link between passive and active microwave remote sensing problems.
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Figure 27: Relation of emissivity and absorptivity described by an thermodynamic equilibrium.

What are the most important parameters affecting the emission from bare soil surfaces? What
is the response of the brightness temperature to changes of these?

The most important parameters are surface roughness and soil moisture content:

An increase in surface-roughness (characterised by the RMS-height) results in the corresponding increase in
the overall level of the the horizontally polarized and vertically polarized emissivity-curves. Additionally, the
curves corresponding to ǫv and ǫh become closer to each other as the RMS-height increases. Thus, as the surface
becomes rougher, the emissivity approaches polarization-independence.

Since the reflectivity r of a surface increases with increasing soil-moisture content, the emissivity (ǫ = 1 − r)
decreases with increasing moisture content.

Which signals (sources) are observed by an spaceborne radiometer?

The Earth’s atmosphere is not entirely transparent in the microwave region of the electromagnetic spectrum,
particularly at higher frequencies of radiometers (f > 10 GHz). This means that the brightness temperature
recorded at a spaceborne sensor does not correspond exactly to the brightness-temperature emitted by the
target observed. It can be considered to have four components:

1. The radiation emitted by the observed target which is reduced by the atmospheric attenuation as it
propagates upwards to the detector

2. Upwelling atmospheric emission

3. Downwelling atmospheric radiation that has been reflected from the surface and is of course also attenuated
on its upward journey through the atmosphere

4. A contribution due to the cosmic background

It is necessary to correct for the components 2-4 if the first component is to be retrieved from the measured
brightness temperature.
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Figure 28: Observed signals of a spaceborne radiometer.

Chapter 8

Describe the basic idea behind SAR Interferometry. How is it possible to derive terrain height?

The value of interferometry for SAR is to resolve the ambiguity of direction that results from topographic
distortions within the image. The presence of distortion arises from the fact that single radar can not discrimi-
nate between targets that arrive at similar echo-delay times but from different look-angles. If the difference in
angle between these two echos can be determined, it is possible to account for the distortion due to topography.
Two receivers are separated by distance B, the baseline. It is rotated by α, which is the angle between the hor-
izontal and the baseline. By measuring two distances R1 and R2 it is possible to derive the look-angle θl. With
the knowledge of the height of the platform H the height value h can be calculated. Analysing the sensitivity
of interferometric height measurements shows that for achieving a good height accuracy either a large baseline
or a great precision in measuring ∆R (or both). A small ∆R can only be reached by using phase-difference
measurements and not time-delay measurements. By resolving the ambiguities, height values can be derived.

Figure 29: Geometric principle of InSAR.
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Describe applications of SAR Interferometry? What are its strengths and weaknesses?

There are two main applications of SAR Interferometry:

• Digital Elevation Models (DEMs): characterising the topology of a surface

• Differential DEMs (DifDEMs): characterising surface movements

DEMs can be used to map the topography of surfaces that have traditionally been challenging for stereo-
photography (due to lack of contrast). Due to a high areal coverage of spaceborne SAR-platforms, InSAR can
be used to aquire DEMs at a global scale.

DifDEMs are nowadays used to monitor earthquakes and volcanic eruptions, record the movement of glaciers,
map the water-level changes of wetlands etc.

In general the combination of high areal coverage and resolution allows the deduction of large-scale infor-
mation from a series of InSAR images which is currently inaccessible by any other means. It is the stability of
the satellite platforms and the ability to measure the phase that allows SAR to achieve these amazing feats.
However, the processing is time intensive and includes some difficult steps. Coherence is needed, which strongly
depends on the target, the wavelength and the viewing geometry. Many sources are intensifying decorrelation
since the correlation terms are multiplicative. It is not possible to unwrap the phases in areas which are affected
by radar shadow and the right configuration of the measurement system (wavelength, baseline etc.) always
yields a trade-off.

Discuss InSAR viewing geometry, i.e. describe and illustrate how a dual-system geometry can
be achieved.

There are four main categories of InSAR viewing geometries:

1. single-pass with two active antenna

2. single-pass with only one active antenna but to receiving antennas

3. dual-pass using a single antenna

4. multi-pass using a single antenna

1 and 2 are the most effective ones, since it only requires one single flight over the scene. However carrying two
antennas is not always possible, because of size and weight restrictions. Two antennas are much more costly
or impractical and larger baselines beyond the width of the platform are not possible. An alternative are 3
and 4 whereby the two or more measurements are acquired during different overpasses of the same instrument
(transmission and reception by one antenna at a time). 3 and 4 are using a time difference or temporal
baseline, which can have a negative impact on the interferometric coherence.
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Figure 30: Viewing geometries of InSAR.

What is the interferometric coherence? What are sources of decorrelation?

The interferometric phase-difference between two SAR-images represented by the complex signals S1 and S2 is
easily computed by evaluation the interferogram I:

S1 = A1e
iφ1 ; S2 = A2e

iφ2 ⇒ I = S1S
∗
2 = A1A2e

i(φ1−φ2) = A1A2e
i∆φ

In order to provide a measure of the quality of the calculated interferometric phase-difference ∆φ, one evaluates
the normalized cross-correlation function γ12 between the two signals. If the two signals are meaningful (i.e.
the SNR-ratio is sufficiently high), the resulting normalized cross-correlation function γ12 exhibits a maximum
value at the interferometric-phase-difference ∆φ. The magnitude of the resulting normalized cross-correlation
function |γ12(∆φ)| is therefore usually called the degree of coherence, or simply coherence. The standard
deviation of a measure of interferometric phase-difference is fully described by means of the degree of coherence
of the interferometric image pair. This is why the degree of coherence serves as the main quantity for describing
the quality of a measure of interferometric phase-difference. Moreover, it will reach its local maximum, when the
pixels are most closely registered - i.e. the complex signals in the two images will be most similar. However there
are number of factors that will reduce the magnitude of coherence. Since coherence is measure of correlation,
these factors are said to decorrelate the interferometric signal:

• Baseline or geometric (surface decorrelation) γgeom: caused by differences in the incidence angles between
the two acquisitions

• Doppler centroid (surface) decorrelation γDC : caused by differences in the Doppler centroids of the acqui-
sitions

• Volume decorrelation γvol: caused by penetration of the radar wave in the scattering medium.

• Thermal or system-noise γthermal: caused by characteristics of the InSAR system, including gain factors
and antenna characteristics.

• Temporal terrain decorrelation γtemporal: caused by physical changes in the terrain, affecting the scattering
characteristics of the surface.

• Processing induced decorrelation γprocessing: resulting from the chosen algorithms

The total correlation or coherence is then given by:

γtot = γgeomγDCγvolγthermalγtemporalγprocessing
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What is an interferogram?

An interferogram shows the ambiguous phase differences (i.e. 2π cycles) after the combination of both im-
ages (master and slave image). The associated change in phase-difference between the two acquired images for
a given change in height can directly be rewriting the height-difference:

dh = − sin(θl)

cos(θl − α)

R1λ

2πB
d(∆φh) = −Hλtan(θl)

2πB⊥
d(∆φh)

The change in phase-difference that results exclusively from a change in height at a given look-angle θl. Since
the phase-difference might be still ambiguous, the so-called altitude of ambiguity ∆hamb is defined as the
height-difference that corresponds to a phase difference of a full cycle (i.e. 2π) by:

∆hamb =
Hλtan(θl)

B⊥

Even if the terrain is perfectly flat, there is a change in phase difference between the two receivers due to the side
looking geometry. This contribution to the internal phase-difference is referred to as flat earth contribution
and is given by:

∆φref ≈ −2π

λ
Bsin(θrefl − α)

The actual phase-difference of interest is then calculated with:

∆φh = ∆φmeasured −∆φref

One important step on the generation of digital terrain models in SAR Interferometry is “phase
unwrapping”. What is this? Why is it necessary?

An interferogram shows the ambiguous phase differences (i.e. 2π cycles) after the combination of both im-
ages (master and slave image). After correcting the interferogram for the flat earth contribution the phase-
differences can be related to a change in height. An interferogram displaying the interferometric-phase-difference
∆φh therefore is referred to ”wrapped” because it wrapps around to zero again, whenever it reaches 2π. In order
to deduce the underlying topography of the surface, one therefore has to find a way of how to convert these cyclic
phase-differences to an absolute phase-difference. This process is generally referred to as phase-unwrapping.
It is necessary that there are no discrete, instantaneous jumps in the terrain and the terrain-surface is continuous.
Thus the phases can be added up together. There are several problems when adding up the phase-differences/
with phase-unwrapping for instance the absolute phase of the starting point is known and it is possible to
distinguish the fringe cycles (they have to be larger than a few pixels). Layover and shadowing are also leading
to problems in phase-unwrapping.

Figure 31: Phase unwrapping.
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Describe Interferometric SAR processing for practical DEM generation.

Interferometric SAR processing requires an elaborate, but methodical processing chain to provide useful
and reliable results. Interferometry can only be performed on single-look-complex (SLC) data or raw, unpro-
cessed. Imaged data will have lost the crucial phase component of the data. Unprocessed data is preferable since
the data can be processed to optimise the interferometry, rather than optimising image properties. Another
key piece of information required is an estimate of the baseline, and how it might change across the image.
Accurate co-registration of the two or more images is vital for interferometry since the estimate of coherence
requires the measurements to overlap by 90% or more (otherwise there are less reliable phase measurements).
In InSAR-terminology, the terms master and slave are commonly used to refer to the separate images being
used. The latter is the image that is adjusted to co-register with the former, so that the master image always
remains unchanged. The interferogram generation is followed by the flat-Earth correction to convert the raw in-
terferogram to an interferogram relative to the chosen reference surface. The flat-Earth corrected interferogram
is wrapped (i.e. it contains phase-difference values only from 0 to 2π). The next step is therefore to unwrap this
interferogram so that the result is the absolute phase-differences between the two image-acquisitions. These
phase-values can then be used to infer the pixel-height.

Figure 32: InSAR processing steps.
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