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Abstract

Airborne SAR interferometry has the potential to provide topographic data with a precision
of the order of one meter. However, to generate data accurate to this level it is essential to
measure and compensate for the antenna baseline motion. Conventional motion compensation
techniques and their errors are analyzed and extended to the two channel simultaneous imaging
scenario of InSAR. An evaluation of the modelling is made using point target simulation and
real motion and InSAR data. Phase compensation of both channels to the same reference track
and compensation to two separate tracks are considered. The single track approach allows
track segmentation to follow aircraft drifts without causing discontinuities in the differential
phase, but is sensitive to range cell migration effects. The dual track approach is not sensitive
to this but suffers from discontinuous differential phase at segmentation boundaries, which
complicates the phase unwrapping process. A new formulation for each approach is presented
that compensates for unknown terrain coupled with low frequency aircraft motion. In addition,
a new approach that uses the dual track approach initially and then converts to a single reference
track after compression is proposed. This realizes the benefits of both approaches with only

a small increase in computation.
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Chapter 1 Introduction

The knowledge of the Earth’s topography has been of practical importance for all civiliza-
tion; initially locally and then gradually to the global scale. For example, the design of an
ancient Roman aqueduct would need to consider the local topography in some detail. Until
recently, the consolidation of terrain features and topography into a map has been a laborious
process of collating and analyzing information from ground surveys. With the advent of the
aviation age aerial photographs could be used in a stereoscopic mode to estimate terrain eleva-
tion and identify terrain features. Since the introduction of the computer, attempts have been
made to automate this arduous process leading to many new techniques of mapping terrain

features and topography.

1.1 Topographic Mapping With Radar

One such new technique uses an active microwave sensor (radar) mounted on an airplane or
on a satellite. Radar maps are now available in which high-resolution Synthetic Aperture Radar
(SAR) images are used to portray the terrain features [1-3]. The radar sensor provides coverage
in all weather, and images the terrain in a unique way which has certain advantages to users such
as geologists and hydrologists [4]. In addition, this airborne and spaceborne imaging technology

has been extended to topographic mapping through the processing of multiple images.

In the initial method of stereo radargrammetry, two passes of airborne SAR data are
obtained in an aerial survey, and a correlation process is used to extract terrain height by
manipulating the parallax between the two generated images [5]. However, radar speckle
noise, caused by coherent scattering effects, and geometric distortion, limit the accuracy of

the correlation.



1.2 Topographic Mapping with Interferometric Radar

A new technology, Interferometric SAR (InSAR), is being developed in which elevation
data is obtained by processing a pair of stereo images in a unique way [6, 7]. This process
utilizes the fact that SAR is a coherent imaging system that is able to produce a complex valued
image. If the processing is carefully done, the phase of a given image pixel is a function of the
path length travelled by the radar pulse coupled with scene scattering effects. The magnitude
of each image pixel is a function of the reflectivity of the corresponding patch in the scene.
When the two receiving channels are processed together, interferometric phase patterns are
obtained that are caused by the height differences in the imaged terrain. The phase patterns
obtained in this “interferogram” are then analyzed by a computer to obtain the elevation of
each pixel in the scene by triangulation. The resulting digital elevation model (DEM) can be

more accurate than those previously available with SAR.
1.2.1 Spaceborne Interferometric SAR

The spaceborne implementation of this approach combines two SAR images of the same
region from two separate satellite passes called satellite InSAR [8]. The spaceborne imple-
mentation has certain advantages due to the predictable platform motion and large ground

coverage. The disadvantages are:

» The image signal to noise ratio is not very good.

» There may be changes in the ground reflectivity between the particular orbits used, leading
to temporal decorrelation between the two images.

» The two images from different orbits must be accurately registered to each other (the orbit
positions are difficult to determine accurately).

+ The inter-channel baseline separation, which determines the parallax, is a function of the

offset between the two orbits and therefore is not easily adjustable.



The baseline separation, or parallax, between the two images, and the radar frequency
determine the interferometer’s sensitivity to terrain elevation and also determines the amount
of baseline speckle noise (decorrelation caused by the parallax). For typical satellite altitudes,
radar frequencies, and for adequate terrain elevation sensitivity, the baseline needs to be several
hundred meters [9]. Itis therefore impractical to produce a DEM from a single pass of a satellite

by mounting two typical radar antennas on a single satellite.

Several alternate approaches to obtain single pass InSAR for the satellite case have been
proposed. One approach is to use a very short wavelength allowing a much smaller baseline
[10], and another is to used a tethered satellite system [11]. With the recent success of the
Global Positioning System (GPS) it has been proposed that very accurate satellite interferometry
could be done by having two satellites travelling in nearly parallel orbits making simultaneous
imagery [12]. By using GPS in a differential mode it should be possible to estimate the relative
orbits very accurately. The simultaneous imaging removes the temporal decorrelation inherent
to conventional satellite techniques. However, each of these possible improvements to satellite

interferometry pose severe technical challenges, and remain impractical for the present time.

1.2.2 Airborne Interferometric SAR

Perhaps the most promising approach to radar topographic mapping in the short term is
in using a single flight pass of a dual antenna airborne SAR [7]. The InSAR system uses a
conventional SAR for transmitting and receiving the radar signal, but in addition, a second
antenna and receiving channel is used to obtain another registered image displaced across
track. This single pass approach is possible because the flight altitude is much smaller than
that required for the satellite orbit, thus requiring only a several meter baseline. There are

several advantages to the airborne approach:

» The altitude of the flight can be adjusted to provide the desired elevation estimation
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sensitivity.

» The signal to noise ratio is typically quite large (10-30 dB).

» The inter-channel registration is simpler due to the rigid structure connecting the two
antennas.

» There is great flexibility in the direction and number of passes made of a particular region,
which can be useful if radar layover and radar shadow are present in rugged terrain regions

leading to regions of insufficient sampling of the terrain.

« There is no temporal decorrelation between the two images due to changing ground

scattering conditions because the two images are made simultaneously.

The main disadvantage of the airborne approach is that the trajectory of the antennas is
subject to perturbations due to air turbulence and aircraft flexure. The effect of undesired

aircraft flight motion on the InSAR system is very complex and not well understood.

1.3 Thesis Outline and Contributions

The primary focus of this thesis is to understand the role that motion compensation plays in
airborne InSAR. More specifically, we wish to establish the fundamental limitations that motion
compensation places on InSAR. It is necessary to first understand the mechanisms involved
in conventional airborne SAR before an analysis of interferometric SAR can be made. Given
that the purpose of InSAR is to estimate topography, the effect of unknown terrain on motion
compensation will be dealt with in some detail. It will be shown that there are fundamental
limitations on the accuracy of motion compensation even when the aircraft motion is known
precisely. Fortunately, most errors due to motion compensation are similar in both InSAR
channels and thus cancel out, leading to small height estimation errors. Some of the residual

errors can be minimized by following new approaches, for instance, by combining the best

4



aspects of two existing methods of motion compensation for InSAR. The thesis report is laid

out as follows:

* Chapter 2 will be devoted to the background for airborne InSAR. This will include an
overview of Synthetic Aperture Radar (SAR) as well as the basic processing involved
in airborne InSAR. The chapter concludes by introducing the issues involved in motion
compensation for airborne InSAR.

» Chapter 3 will deal with single channel airborne motion compensation. Initially, ideal
motion compensation will be discussed which assumes that all geometric parameters
needed for the compensation are known and infinite processing resources are available.
Following this, the realistic situation of non-ideal motion compensation will be considered.
Several new formulations will be presented such as the coupling effect between the range
varying phase correction (RVPC) and range cell migration correction (RCMC), the effects
of unknown terrain, and the directional random walk model for phase smoothing of point
targets by azimuth compression.

» This single channel analysis is then extended to a comprehensive chapter on motion
compensation for interferometry. The bulk of Chapter 4 is original work as little has been
published in this area. As in Chapter 3, ideal compensation and non-ideal compensation
will be considered. The highlights of the new work include a requirements analysis for
InSAR motion compensation, a detailed comparison of the single and dual reference track
approaches, closed form solutions for estimating terrain elevation for each approach which
removes some terrain induced bias errors, an analysis of differential effects caused by
unknown terrain and differential errors caused by the coupling between the range varying
phase correction (RVPC) and range cell migration correction (RCMC), and the proposal of
a new approach that combines the best aspects of the single and dual track methods.

The validity of the presented theory and modelling is verified in Chapter 5 by experimen-

5



tation. An InSAR point target data generator and processor is used with modelled and
real aircraft flight motions. Good agreement between the theory and simulation results is
demonstrated. Real InSAR data from CCRS is also processed by a basic InSAR processor
using the single and dual track approaches. The results illustrate the differences in the
effects of the various motion compensation approaches on the differential phase of the
interferograms. A slant range topographic map is generated and compared visually with
a standard 1:50 000 contour map.

Chapter 6 presents a summary of the conclusions from this work. This includes recommen-
dations for the CCRS InSAR motion compensation processing as well as a more general
approach.

Chapter 7 lists suggestions for further study such as removing some of the assumptions

made in the current work and extending the analysis to other operational scenarios.



Chapter 2 Airborne INSAR Background

In this chapter the general background required to understand airborne InSAR will be
presented. This will begin with an overview of conventional SAR followed by the extension

to airborne InSAR.

2.1 Conventional SAR

Conventional Synthetic Aperture Radar (SAR) is itself a very interesting and challenging
field [13, 3]. For the purposes of interferometry, only topics in conventional SAR that are
required to understand the topographic mapping problem will be considered. The basic idea of
SAR is that a long antenna is synthesized in the flight direction by transmitting and receiving
pulses of microwaves as the much smaller real antenna passes over a region (Figure 1). The
backscatter echo from each pulse, incident on a scene patch, is processed coherently to obtain
a high resolution reflectivity value in the along flight or “azimuth” direction. In the across
track or “range” direction pulse compression techniques are used to obtain good resolution in

this coordinate. The range to the target is obtained from the radar timing.

A simplified view of conventional SAR is that the 2-D raw data received in range and
azimuth space can be focussed into a reflectivity image by a 2-D linear compression operation.
The range coordinate is actually the radar line-of-sight direction and therefore a conversion
to “ground” range is necessary for mapping purposes. One complication in the processing
comes from the fact that as the synthesized aperture is formed the slant range to the target
changes. This causes the echo data from a given target to migrate across range called Range
Cell Migration (RCM). In order to perform the compression in the azimuth direction the echo
data must be aligned with the flight direction. This operation is called Range Cell Migration

Correction (RCMC). For many airborne applications RCMC can be ignored because only the
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central part of the aperture is used so the range migration is small. But, when very high
resolution in azimuth is required the entire aperture must be processed and often RCMC is
necessary. Another complication which is specific to the airborne implementation is the need

for motion compensation.

beam footprint

Figure 1 Synthetic Aperture Radar Imaging Geometry

2.1.1 Conventional Motion Compensation

The need for motion compensation to achieve accurate focusing of airborne SAR images has
long been understood [14]. Although, efficient approximations to the ideal compensation are
still being developed and evaluated. The basic approach involves using the displacement history
of the antenna phase center with respect to a selected reference track to calculate a range gate

(or time) delay adjustment for each pulse and a slant range dependent phase correction for each
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range-compressed pixel. This correction extends along the entire synthesized aperture and is
applied to the range compressed data prior to azimuth compression. This can be accomplished
in real-time on the aircraft or as a post-flight processing step. The compensated data then
emulates the transmission and reception from an antenna travelling in a straight line along the

reference track provided the compensation has been successful [15].

Accurate phase correction requires knowledge of the complete geometry of the imaging
situation. This requires knowledge of the elevation angle to the scene patch of each range-
compressed pixel as well as the precise position of the antenna. Some work has been done
on estimating the flight trajectory from analyzing the data post-flight, for example [16], but
many approaches rely on Inertial Navigation Systems (INS) to provide the antenna position

information [17]. Estimating the elevation angle is a more difficult problem.

Calculation of the elevation angle for each image pixel requires a prior estimate of the
terrain height. Without access to a Digital Elevation Model (DEM) of the imaged region, some
assumptions or estimates must be made. Typically, the terrain is assumed to be flat at some
reference elevation, but the effect of this assumption has not been studied in detail. Most
motion compensation error analysis has considered uncompensated motion, such as INS errors
and their effect on image focus [17], without addressing the effect of terrain height on motion

compensation.

When the residual phase errors after motion compensation, due to INS errors and un-
known target elevation, are small, subsequent azimuth compression can be accomplished in
a straightforward manner and defocus and image distortion are minimized. As conventional
SAR is typically concerned with a magnitude image not the phase, little is known about of the
effect of aircraft motion on the image phase. In order to evaluate the importance of various
motion compensation errors for terrain mapping an overall understanding of airborne Interfer-

ometric SAR processing is required. In addition, it is possible to compensate for some motion
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compensation errors at later processing stages.

2.2 Outline of Airborne Interferometric SAR

Airborne InSAR is basically the interferometric processing of two channels of airborne
SAR data. The individual channel SAR processing algorithms and subsequent interferometric
processing will depend upon the radar hardware used to obtain and possibly process the received
data. In this section, the basic processing steps for a typical C-band airborne InSAR system

will be discussed followed by an overview of InNSAR motion compensation.
2.2.1 Basic Processing Steps

There are many processing steps involved in a typical InSAR system (Figure 2). The
steps described below follow those used in the Canada Centre for Remote Sensing (CCRS)
InSAR system [18]. Other approaches change the order of some steps and may use alternate
algorithms to carry out a particular function.

Before the data is digitized the received echoes are first compressed in the range direction
by applying a matched filter operation. This step is often performed in the analog electronics
of the receiver system for each of the two channels. The following steps are performed by

digital computation within a computer:

» The two channels are digitized and then registered to each other across range to ensure
that each corresponding pixel in the two channels are correlated.

* Motion compensation is then applied to both channels.

» The motion compensated range compressed data is then compressed in the azimuth direction
by application of a matched filter.

The interferogram is then formed by applying a complex conjugate multiplication, pixel by
pixel, on the two conventional SAR images. The phase of the interferogram is therefore

the difference in the phases of the two images and is often called the differential phase.
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» The differential phase of the interferogram can be smoothed by sample averaging in the
azimuth and range directions to reduce phase noise.

* The modulo 27 differential phase must be unwrapped by adding some multiple of 27 to
each sample in order to obtain the absolute differential phase which represents the difference
in the path length phase between the two antennas.

» This absolute phase can then be converted into an elevation estimate from the imaging
geometry.

» The scene patch location estimate in the SAR reference frame must finally be transformed

into a convenient mapping coordinate system.

For airborne InSAR the two steps that pose the greatest challenges are motion compensation
and phase unwrapping. The phase unwrapping problem is common to satellite InSAR, as well
as other applications in signal and optical processing, and has been studied in detail but a
robust solution for InSAR has yet to be found [19-21]. The motion compensation problem

will now be considered.

2.2.2 Airborne InSAR Motion Compensation

The InSAR motion compensation situation is more complicated than in conventional SAR
because two antennas are involved and terrain height estimation requires high phase accuracy
in the processed images. Inter-channel phase bias errors lead directly to biases in the derived

terrain model and must therefore be minimized.

Two approaches to InNSAR motion compensation have been demonstrated, but neither has
been analyzed in detail. The first approach is that adopted by the Jet Propulsion Laboratory
(JPL) group. This method involves defining two reference tracks, one for each antenna, and
then applying motion compensation for each channel separately [7, 22, 21, 23]. In the JPL

case the reference tracks are segmented to keep the displacements small to allow for various
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Figure 2 CCRS InSAR Processing Steps

approximations to be made. The absolute phase of each segment is estimated by using the

Split-Frequency Approach [21]. In addition, the antenna is not yaw steered so processing to

zero Doppler can not be used.

The second approach is used by the Canada Centre for Remote Sensing (CCRS). This

method motion compensates both antennas to the same reference track [18]. This approach



basically attempts to undo the relative mapping between the two images caused by the parallax.
Any residual mapping is attributed to the unknown terrain effects. The basic processing to date
has not used motion compensation resampling and relies upon control points to resolve the
absolute phase ambiguity. In addition, the antenna is yaw steered, so zero Doppler processing
can be used.

Motion compensation is a complex component of InSAR processing due to the difficulty
in predicting the effects of inertial data errors, unknown terrain elevation effects, and possible
side-effects from the motion compensation operation. In the next chapter a detailed analysis
of single channel motion compensation will be made, specifically considering effects that are
important to interferometry. Next, the InNSAR motion compensation problem will be defined
and studied in detail. The primary errors sources will be identified and new approaches to
minimizing their adverse effects will be presented. The developed theory will be verified by
simulation of the InSAR imaging and processing situation using modelled and real motion
data. A simple combination of the single and dual reference track approaches will be proposed
that combines the benefits of both. This new processing approach will be demonstrated by

processing actual C-band InSAR data from the CCRS InSAR system.
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Chapter 3 Single Channel Airborne
Motion Compensation

Motion compensation for single channel SAR systems is a complex problem of attempting
to compensate for non-linear motion of the aircraft which occurred during the aperture synthesis.
Complete compensation considers the yaw, pitch, roll, and translational motion of the aircraft.
In order to focus on particular effects that are important for InSAR a number of reasonable
assumptions can be made which will simplify the analysis and allow certain error sources to

be isolated.

3.1 Assumptions
The following is a list of the main assumptions made for the subsequent analysis:

1. The antenna is yaw steered to zero Doppler. This means that the antenna is assumed to be
pointing perpendicular to the velocity vector of the aircraft.

2. The SAR processing is to zero Doppler.

3. The pitch of the aircraft is fixed.

4. The spacing between transmitted pulses on the ground is kept fixed by adjusting the Pulse
Repetition Frequency (PRF) to be proportional to the aircraft velocity.

5. The inertial data will be assumed to be correct, for the most part.

6. The motion compensation to be applied will be post-flight, apart from those mentioned
in the above list.

7. Translational motion and aircraft roll must be compensated through motion compensation.

For a typical airborne system, such as the CCRS system, most of these assumptions are
reasonable. Errors in the yaw and pitch of the aircraft will lead to radiometric problems but not

phase problems if processing is to zero Doppler. The main limiting factor is the assumption
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that the inertial data is correct. When inertial data errors occur this can lead to defocussing
and mis-registration. These effects have been studied before [24, 15] so will not be considered
here except for their effect on the image phase.

With these assumptions in mind the formulation of motion compensation in the ideal case
will be investigated. This necessitates the development of the echo response from a point
target which depends upon the range history between the antenna and target, called the range
equation. Following this, non-ideal compensation will be investigated considering such issues

as the effect of unknown terrain.
3.2 Ideal Motion Compensation

The ideal case of motion compensation assumes that all the necessary geometrical informa-
tion is available for compensation and that there are no processing restrictions. The necessary
compensation can be analyzed by considering how the echo from a point target (or impulse
reflectivity) in the scene is affected by non-linear flight motion. The required compensation
will be described followed by an analysis of an unavoidable side-effect of the phase correction

operation.

3.2.1 Point Target Formulation

The point target formulation considers motion compensation to correctly image a single
point scatterer in a perfectly absorbing background. The radar transmits a linear FM chirp
and the receiver compresses the echo using a matched filter. The time delay of the range
compressed sinc-like point spread function (PSF) depends upon the two-way distance the pulse

travelled to the point target [3]. This is called the range equation.

The Range Equation

The ideal range equation is obtained for a straight flight and a flat earth (Figure 3):

R(t) = +/R2 + v2t2f (3.1
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where R, is the slant range of closest approach, v is the aircraft ground velocity, and ¢ is time.
The phase of the range compressed point spread function for each pulse is [3]:
4m R(t)

¢(t) = B — (3.2)

where A is the carrier wavelength and the phase component due to delays in the radar system
have been removed. The target energy in azimuth can be compressed by using this phase
history to form a matched filter. The slant range R can be expanded in a binomial series to

4th order in t;

vi2 it
Rit)~ Ry + — — —= 33
Therefore, the instantaneous Doppler frequency as a function of time is:
10 202t vl
o=l 2 G4

%ot " 3R, TR

It is clear that the position of the range compressed PSF will vary along the aperture, called
range migration (RCM), according to the range equation. Range cell migration correction
(RCMC) must be performed in order to extract the correct energy. A phase correction is not
applied to compensate for this because it is this Doppler phase history that is required in order
to compress the energy in azimuth. For instance, the quadratic term in the range equation
produces the linear FM part of the Doppler history. When the flight is non-linear the range

equation becomes more complicated.
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Figure 3 Single Target Motion Compensation Geometry

Non-linear Flight Motion

When the flight is non-linear the expression for R has a component that represents the
displacement of the antenna from the nominal linear track along the direction of the antenna

to the target. It will be assumed that the along track velocity is constant:

Ro(t) = \/R%, (t) + v2¢2 (3.5)

where
Ru10(t) = fn(0, H, R,, delh(t),delv(t)) (3.6)

is the projected distance in the plane of the particular pulse and is a function of many parameters.

When processing a single target only, there are two options:

1. Form a matched filter using R,;(¢) and process. This involves resampling the range data
to follow the target energy as it migrates due to R,;(t). The matched filter will not be

a linear FM chirp.
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2. Modify the received data to appear as though the flight were linear, then compress using

normal matched filtering and normal RCMC.

In the second approach, the following calculation is required:
ARe(t) = Rnl(t) - R(t)

v2t? v2t? 3.7
~ N+ ——" (R, + 22
Bruto () + 5ma® (R +2RD)

The following phase correction can then be applied:

4r AR,(t)

Age(t) = ;)

(3.8)

as well as a resampling operation to extract the correct target energy along the aperture [15].
The resampling operation is referred to as the motion compensation resampling operation.
Typically, the range compressed data is at baseband and processing after motion compen-
sation is based on this assumption. It will now be shown how the required phase correction,
which varies across range, can invalidate this assumption even when the phase history along

azimuth has been adequately corrected [21].

Range Varying Phase Correction (RVPC)

An approximation can be made to the phase correction applied at the zero Doppler pulse

(Equation 3.8) by defining (Figure 4):

d(t) = 1/ delv(t)® + delh(t)®

(3.9)
a(t) = atan2(delh(t), delv(t))
By assuming parallel rays this yields:
Ru1o(t) — Ry = d(t) cos (a(t) + 6) (3.10)
giving a phase correction of [21]:
4
Ad(t) =~ -j\—d(t) cos (a(t) + 6) (3.11)
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Figure 4 Zero Doppler Applied Motion Compensation Cross-section

where

0 = cos™! ( }f ) (3.12)

a0

and H is defined in Figure 3.

For a given pulse the phase correction varies as a function of the off-nadir angle () to the

target. Differentiating Equation 3.11 yields:

OAP(t) — 4m .
50~ ——)\_d(t) sin (a(t) + 6) (3.13)
A change of variables using:
Rcos@ =H (3.14)
and
00 1
9E ~ Rtanf G139
yields
OA¢(t)  4md(t)sin(a(t) +6) (3.16)

OR A Rtané

This describes the range varying phase correction (RVPC) which has been noted before [21].
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This range varying phase correction, which is locally linear, will alter the range spectra
which can invalidate the baseband assumption that is usually made by subsequent processing
steps. By using the following Fourier Transform property an estimate of the resulting range
spectral shift can be made:

F{9()} =9(/)

F{oWe =} =5(f + £,)
The magnitude of the frequency shift can be calculated from the range time varying phase

3.17)

correction, yielding:

c 1 47r|d.l_los|

ol = 227 ARtan0 (Hz) (3.18)

If the baseband assumption is to be valid all subsequent processing must have transfer functions
with a constant spectral response as well as a sufficiently large range oversampling factor. The

limit on the oversampling factor becomes:

BW, F,
5 ~ 4+ f| < - (3.19)

where BW; is the bandwidth of the range chirp and F, is the range sampling rate. This

simplifies to:
2fo
1 2
+ BW, < Oy (3.20)
or
2¢|d Lios|

1+ <0 (3.21)

AR tan 0 BW, T
where O, = Bll;f’: is the oversampling factor. For typical CCRS parameters (Table 1):

14 0.032|d10s] < Oy (3.22)

This provides a limit to the allowed displacement from the reference track. Given that the
phase modulation varies non-linearly across range, significant distortions to the range spectra

can occur even if the oversampling factor is sufficient.
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Table 1 Typical CCRS Parameters

Parameter Typical Value
=2 = e
Wavelength A 56.56 mm
Altitude H 6 km
Baseline length b 28 m
Baseline angle o3 40 degrees
Slant range Rg, 10 km
Pulse Repetition Frequency PRF 337 Hz
Processed Aperture T' 3 sec ~ 2.23 degrees
Range Bandwidth BW, 25 MHz
Range Sampling Rate F; 37.5 MHz
Velocity v 130 m/s

One example of subsequent processing that is sensitive to the spectral shift is RCMC,
which is normally accomplished by baseband interpolation. Normal baseband interpolation (I
and Q channels interpolated separately with a baseband kernel) can be performed provided the
range oversampling factor is large enough and the spectrum of the interpolation kernel if flat
and real valued. When the shift becomes large non-baseband interpolation is required. Given
that the shift is range dependent this implies performing interpolation with a range varying

kernel which is undesirable.

Since the range varying phase correction depends upon the displacement from the reference
track, the magnitude of the range spectral shift can be minimized by segmenting the reference
track to follow the aircraft drifts. The consequence of this is that the data becomes discontinuous
along azimuth across the boundaries. Alternately, one might expect that a real-time range gate
delay adjustment can be used (if available in the hardware) to maintain a constant swath center
position. This will help the alignment of the target energy along azimuth but does not help the
range varying phase correction. The range gate delay adjustment does not change the phase

of the echo energy from a given ground scatterer.
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It is important to note that because the displacement from the reference track varies along
track the motion compensation required at each pixel of the raw data depends upon the location
of each target on the ground. This means that in order to perform ideal compensation the
entire aperture for each target on the ground must be processed uniquely and separately. This
leads to prohibitively large computational loads. For this reason non-ideal approximate motion

compensation approaches are usually used. The errors resulting from this will now be analyzed.

3.3 Non-ldeal Motion Compensation

Typical of most engineering problems is the trade-off between the quality of the result
and the resources and time required to generate the result. Given an unlimited amount of
time and computer resources and complete knowledge of the geometry of the situation, ideal
motion compensation could be used. In reality, much more efficient and therefore approximate
solutions are required. This leads to the zero Doppler pulse processing approach that handles

multiple targets at once.
3.3.1 Zero Doppler Pulse Processing

A second point target will now be added to the previous single target ideal motion

compensation approach to examine how multiple targets can be processed simultaneously.

Multiple Point Targets

By considering Figure 5 it is clear that there are different phase corrections to be applied
for a given range cell of a given pulse depending upon which target you are correcting for, even
if the targets are at the same elevation. As the echoes from each target are overlapped along
the aperture, only one correction can be applied for the pulse at this range bin if the targets are
processed together. The only way to process each target correctly is to process the aperture
separately for each target. But, this is inefficient and is often not necessary. Therefore, one can

use Ry;,(t) for each target [25]. In other words, the center of aperture (or zero Doppler) pulse
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is corrected properly for each target but the correction has a small error across its aperture for

each target. This can be called zero Doppler pulse processing.

PR delv(t)
Pulse m *
»° delh(t)
vt R
o Rnlo(t)
o R®
-_,o" Ro
Pulse n AL
Rnl(t)
0 L/ Target 2
H
Ro
Target 1

Figure 5 Multiple Target Motion Compensation Geometry

The slant range correction for zero Doppler pulse processing is:

AR(t) = Ryu1,(t) — R, (3.23)
yielding a phase correction of:
Ad(t) = w (3.24)

In order to extract the correct target energy the range data must be interpolated to obtain
R,1,(t) instead of the normal sampling range of R,.

An analysis of the error in the applied motion compensation as the pulse position varies
from the zero Doppler pulse can be made. The difference between the desired phase correction

for target 1 at a given pulse A¢,(t) and the phase correction actually applied at the slant range
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where the echo energy resides A¢(¢) is:

dr [ 2 vztz)
Ade(t) — Ad(t) =~ — -
P e
N 27v%t? [ Ry — Rapo(t) )
D R2
By incorporating the parallel ray approximation one gets:
2 v212d(t) cos (a(t) + 6(t
POROPOL. L GEICORLO)
° 3.26
27 V212 d},4(1) (3.26)
A R?

where dj,s is the projected line-of-sight displacement. Another way to view this effect is to
consider this error as a mismatch between the FM rates of the corrected data and the matched
filter. This approach is described below.

FM Rate Errors

Motion compensation has attempted to modify the data to appear as thought it was generated
from an ideal trajectory. One important case to consider is when the flight is parallel but offset
from the reference track and the terrain is flat (Figure 6). For this case there is a constant phase
correction applied along the aperture for each azimuth line. The consequence of this is that
the FM rate of the data is unchanged. If the motion compensation had been able to consider
the RCM along the aperture for a single target (ideal compensation) then the FM rate would
have been changed. It is therefore important to use an FM rate for the matched filter that
matches the data, not the reference track. If there is a difference between the effective slant
range of the data and that of the matched filter it is easy to calculate the phase error resulting
from the different FM rates. The FM rate is:

22
K=§% (3.27)

so, the phase error is therefore:

Aderr = TAKL? =

242 22A
2wvet (1 1)~27rvt Ry (3.28)

X \R R,)~ X R?
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Figure 6 Constant Offset Flight Motion

Notice that this error is of the same form as the multiple target scenario. The effect of this
inherent problem in non-ideal motion compensation can be reduced by adjusting the matched
filter to match the data from the true antenna position rather than from the reference track.
Given that this adaptive matched filter will vary along the aperture as the antenna deviates
from the reference track, it will be necessary to define a nominal filter if compression is
implemented using fast convolution [26]. The residual phase error will be due to an effective

difference in the slant range used to generate the matched filter AR,,y.

In Appendix A the effect of quadratic phase errors on the phase and shape of the compressed
peak has been analyzed. It was found that for quadratic phase errors of less than about 7 at
the edge of the processed band, the peak phase error was about one third of what was applied.
This is in agreement with results from [27]. From simulation it was found that if the applied
quadratic phase error is less than about /2 then the broadening is less than about 5% and the
sidelobe level increases about 4 dB. This is in agreement with results from [24]. Ignoring the

peak phase errors for the moment, a limit on the allowable quadratic phase errors can be made to
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keep the peak deformation reasonable. For instance, one could (somewhat arbitrarily) say that

the phase error must not vary more than 5 over the aperture. Therefore, from Equation 3.28:

T 27 'UZARmf T\?
3> 77—(5) (3.29)
and
AR?

where AR, is the displacement of the true antenna position from the one used to generate the
matched filter and T is the duration of the processed aperture. For typical CCRS parameters
(Table 1) this corresponds to a maximum displacement of 37 m between the antenna and the

reference track. This is not normally a problem for the single channel case.

Effects of Range Cell Migration Correction (RCMC)

Another consequence of zero Doppler pulse processing is the coupling effect between the
range varying phase correction (RVPC) and RCMC [21]. Consider again the case of a trajectory
which is offset but parallel to the reference track (Figure 6). RCMC extracts the target energy
following the range migration. Due to the zero Doppler pulse processing and the RVPC the
effective phase correction that is applied for a given target varies along the aperture. The
constant component is the zero Doppler phase correction and the varying component is equal

to the product of the slope of the RVPC and the range cell migration (RCM):

Aupp() ~ ~ T (Bao — Bae) + 228D ARy 1
A 47 d(t) sin (a(t) + 6)\ [ v?t?
~ Td(t) cos (a(t) + 0) — (T Rtond ) ( 5R ) (3.31)
4z _ 2md(t)sin (eft) + 8)v?t?

~ Td(t) cos (a(t) + 0) 3 72 tan 0
There are two possible ideal cases to compare this result with. The first is if the data is

expected to be perfectly corrected to the reference track such that the reference track is used
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to define the FM rate of the matched filter. In this case, the ideal applied phase correction

would be:

Adigeani (t) = —4%(31 (t) — Ra(t))

T v} (1 1
N ((Rlo — Roo) + 5 (Rlo - R20)> (3.32)
L Am 2 d(t) cos (a(t) + 0)v2t?
~ Td(t) cos (a(t) + 0) — Y 77

Therefore, the resulting quadratic phase error along the aperture, by using
sin (¢ — b) = sinacosb — cosasinb (3.33)

is:
242 :
A¢err1 = ——-—-——2’””/\;261(” (COS (a(t) + 0) - = (:{a&tl)o_l_ 0))
_ 2mv?t3d(t) sin oft)
= R? sin 0
The alternative is to assume that effectively a constant phase correction has been applied

(3.34)

along the aperture that has not altered the FM rate. In this case, the filter is matched to the

original position of the antennas. The ideal correction for this approach is:

47
A¢idea12(t) = _—X‘(Rlo - R20) (3.35)

Therefore, the resulting quadratic phase error along the aperture is:

Adorny & 8A¢( )AR(t) 27rv/\2;;d(t) (sin (taﬁ)0+ 0)) (3.36)

This quadratic phase error is slightly smaller, on average, than the previous one, therefore, the

antenna positions should be used to define the filters.

If a peak error is estimated using the perpendicular to the line-of-sight displacement

component, one obtains:

27rv2t2d_u,,s

Aberr ~ = AR2 tan 6

(3.37)
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Furthermore, if a limit of #/2 is placed on the quadratic phase error, the maximum allowed

displacement from the reference track is:

AR? tan 6
4p2¢2

(m) (3.38)

diles <

For typical CCRS parameters (Table 1) this yields:

dilos <49 m (3.39)

The easiest way to reduce this effect is to segment the reference track to follow the antenna
along track so that the displacement is small enough to produce insignificant range varying

spectral shifts. But, this leads to discontinuous phase data.

3.3.2 Effects of Unknown Terrain

Another important source of error is the unknown terrain elevation. When the elevation
of the scene patch (or point target) is unknown it is impossible to correctly calculate the slant
range shift that occurred [15]. An approximation is to resample to the R,;,(t) points and apply
the phase correction assuming flat terrain at the reference level (Figure 7). It should be noted
that the resampling will only extract the correct part of the echo when the target is actually

at the reference level.
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Figure 7 Motion Compensation to a Reference Track

The applied phase correction assuming flat terrain at the reference level is:

bmel(applied) = ~=(Rio — Rao) (3.40)

for the zero Doppler pulse of a particular target. The proper correction is:

bmo(ideal) = -‘-‘Aﬁ(Rﬂ, R, (3.41)

The error in the applied phase correction is therefore:

Aerr = bmelaplied) — gmelideal) = —(Ro — Rar) (3.42)

When the slant range distances are expanded in a binomial series and parallel rays are assumed,

one obtains (Appendix B):

4mwhd ] 1os(t)

Aderr(t) ~ SR —n o)

(3.43)
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where 6(t) is the assumed angle to the target which will vary according to the geometry, and

d155(t) = d(t)sin (a(t) +0(t) + %(t)) (3.44)

is the component of the displacement that is perpendicular to the line-of-sight direction, and

AO(t) = 0, — 0,4, is the error in the assumed angle to the target.

It is clear that as the flight deviation varies with time (d(¢) and «(t) change) and so will
the error in the applied phase correction. If the displacement has a constant offset term with a
smaller time varying term the constant term will produce a phase bias along the aperture which

will be unaltered by the compression operation.

The form of the phase error is very nearly the same as the form of the flight motion. For
instance, a linear deviation from the reference track along the aperture leads to approximately
a linear phase error. The same is true for quadratic and higher order motions. This can be
seen by noting that the sine term will be approximately linear in «(t) provided the variation
is small. When the angular variation is large d(¢) must be small (close to the reference track)
resulting in a very small non-linear component. One can therefore proceed to analyze the effect
of linear and higher order cross-track flight motions by examining the effects on compression
of linear and higher order phase errors along the aperture. This has been described in detail

in Appendix A and C.

Cross-track Velocity

Appendix C examines the effect of linear phase errors on the compression of a linear FM
pulse. It was found that the peak is shifted in position, identical in shape, and has a phase
error at the compressed peak. More specifically, a linear phase error %% = w L produces a shift

in the compressed peak position of:

L AR 0¢
AP =—or =17 at

(sec.) (3.45)
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where K is the FM rate. The corresponding phase error at the peak is:

¢err = (346)

wL? AR, (94"
4K~ 8rv? \ Ot

This shift and phase error can be put in terms of changes to the motion compensation

phase errors along the aperture:

% - 0Aderr N drh  Od104(t)
dt ~ 8t  ARsin® Ot

(3.47)

The derivatives involving the off-nadir angle are ignored as they do not contribute appreciably.
The unknown parameter required to predict the shift is the target elevation (or equivalently the
correct off-nadir angle). If an estimate of this were available one could predict the shift and

correct for it. The same is true of the phase error at the peak. The resulting shift is:

h ad_Llos
AP ~ “Tend ot (sec.) (3.48)
If this is limited to less than one sample then:
2 .
0d11,s v“sin (3.49)

ot hPRF

where PRF is the Pulse Repetition Frequency. For typical CCRS parameters (Table 1) this

yields:
0d s 40 m
5 <3 ” (3.50)
When the phase error at the peak is evaluated one obtains:
21 h2 0d 1 10s 2
Adpear ~ 3.51
Ppeat ARv? sin? 0( ot ) 35D

The limits on the phase error of the compressed data depends upon the use for the data. For

interferometry this effect is negligible.

31



Cross-track Acceleration

It is difficult to predict analytically the effect of non-linear phase errors on the compressed
peak PSF. In Appendix A an approximate analysis is given for the effect of quadratic phase
errors on the phase and shape of the compressed peak. This corresponds to uniform translational
acceleration coupled with unknown terrain. Ignoring the peak phase errors for the moment
one can place a limit on the allowable quadratic phase errors to keep the peak deformation
reasonable (to be less than % over the aperture). It is desirable to extend this limit to represent
maximum flight motions given a particular imaging situation.

It is shown in Appendix B that the largest variation in the phase error occurs for motion
perpendicular to the line-of-sight of the radar. This is interesting as the phase of the received
signal is sensitive to displacements in the line-of-sight direction. But, for terrain induced phase
errors of concern is the variation of this error as a function of flight motion. The approximate

maximum phase error from Equation 3.43 is:

41 h Adj_zosm“

Aberrmes ¥ —p—2

(3.52)

where Ad)js,,.. 1S the maximum flight motion displacement perpendicular to the line-of-
sight. If one limits this motion to be such that the motion compensation phase variation over

the aperture is less than 3 from uniform acceleration, this yields:

1 T\? 1
Ad = a0, (5) = gauost (3.53)

The resulting upper limit on uniform acceleration is:

AR, sin 6 m
atios < ——  (5) (3.54)

For typical CCRS parameters (Table 1) this is:

@ 11os < 5—hg (sﬁz) (3.55)

where g is the acceleration due to gravity.
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3.3.3 Effects of No Motion Compensation Resampling

Up to this point in the analysis the range gate delay adjustment of the echo energy, which
is the motion compensation resampling operation, has been mostly ignored. SAR processing
is most sensitive to phase but still relies on the signal strength. Some simplifications to the
phase processing result if the range gate delay adjustment is ignored because the slant range

sample spacing is constant. The effect of this is now considered.

If resampling had not been done and the processing had simply sampled the range data at
fixed slant range values and phase compensated these samples then the effect of turbulent flight
is to produce some uncompensated range cell migration (RCM). Uncompensated RCM leads
to broadening in both the range and azimuth directions. Figures 8 and 9 show flight profiles
for the two cases of resampling and no resampling, indicating from where on flat terrain the

samples would be taken. Figure 10 shows an example of the no-resampling case.

The error in the sampled slant range for a particular pulse from Figure 10 is:
AR(t)=R; — R, (3.56)

One can approximate the difference in the slant range values by considering Figure 11. The
difference is approximately the projected line-of-sight displacement from the center of aperture

position (A.):
Rs — R, ~ z(t)sin€(t) 2 Mioe(2) (3.57)

Given that typical flight motion over an aperture is small compared with the slant range
resolution, this effect is not expected to produce significant broadening. This will be confirmed
by simulation in Chapter 5.

An alternative to motion compensation resampling is to have a real-time range gate delay

adjustment which maintains a constant ground range at the swath center. This range gate
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Vertical Motion

Figure 8 Flight Profile Without Resampling

delay adjustment alters the start time of the echo receive window. This will provide a rough
compensation for aircraft drift but only correctly compensates for one slant range (assuming

the terrain assumption is correct as well).

3.3.4 Extension to Clutter Data

So far the analysis has considered the effect of motion compensation errors on point targets.
Since typical imaged terrain has many contributing scatterers per resolution cell one must extend
the results to consider this. Given that the aircraft flight motions are essentially constant during
the time corresponding to a single resolution cell (of order 30 ms) it is reasonable to expect that

all contributing scatterers for a given sample value are affected by the motion in an identical
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Figure 9 Flight Profile With Resampling

way. For instance, all the point spread functions corresponding to the contributing scatterers
will be broadened or shifted by the same amount because each scatterer will experience the
same phase error along the aperture. This means that all scatterers will be altered by the same

amount leading to an altered clutter value.

3.3.5 Effects of Inertial Data Errors

In the preceding analysis the position of the antennas was assumed to be correct. In reality,
there will be errors in the inertial data. Inertial data errors basically fall into two categories:

high frequency errors and low frequency drifts. The high frequency errors have periods that
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Figure 11 Cross-section of Neglecting Resampling Geometry

are short compared to the processed aperture. The low frequency drifts have periods that are

long compared with the processed aperture.
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The low frequency drifts will yield effectively constant antenna position errors during an
aperture synthesis. These errors will behave much like the errors due to the unknown terrain
and will depend upon the motion during the aperture. For instance, a roll bias will behave very
similarly to an error in the assumed target elevation because it is basically a rotation error in the
geometry. Most biases, such as a roll bias, are small and should not have a significant impact
at the motion compensation stage. Some work has been done to determine upper bounds on
inertial data errors for a specific system by simulation [17]. In addition, a more general rule
has been proposed that for a maximum broadening of 10% the phase errors must be less than
w/2 when the period is greater than the processed aperture [24]. In terms of INS errors this

corresponds to about 7 mm for the CCRS C-band system.

The high frequency errors translate into small high frequency errors in the antenna position
estimates, which in turn become high frequency phase correction errors along the aperture.
Limits on the allowable high frequency phase errors in terms of the impulse response of the
system have been analyzed [24, 28]. To maintain an Integrated Side Lobe Ratio (ISLR) of at
least —20 dB, one standard deviation of the high frequency phase error must be less than about 6
degrees. In terms of INS errors this corresponds to about 0.5 mum for the CCRS C-band system.
A preliminary investigation into the effect on the resulting phase of the impulse response has

been made [29]. This will be extended further in the following section.

Directional Random Walk for Point Targets

The effect of high frequency (or random) phase errors on the phase of the azimuth
compression result can be modelled. Azimuth compression can be thought of as the repeated
summation of complex samples. When there are errors in the phases this will lead to peak
deformation and phase distortion. To simplify the problem, consider only the resultant of the

summation that yields the complex peak value. Furthermore, assume that the expected phase
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of the compressed peak is zero. Each sample that contributes to this summation is the result
of the complex multiplication of the data sample with an estimate of the complex conjugate
of that sample. The matched filter attempts to remove any imaginary component in the data
sample leaving a purely real result. When there is no noise and the filter is perfectly matched
then the peak value will be purely real valued because every vector summed will be directed
along the positive real axis in the complex plane. When noise is present or the filter is not
correctly matched in phase, the contributing sample will have an imaginary component. The
complex peak value can be modelled as the result of what could be called a directional random
walk. Each sample in the summation can be thought of as taking a step in the complex plane

in the general direction of the positive real axis but with a small random direction error.

The statistics of the complex summation result for the case of communication theory

problems has been studied [30]. The summation can be characterized by:

N
Re® = X 45V =) Aie® (3.58)

1=1
where each contribution A;e’?# is independent and the expectation of Y is zero (expect zero
phase). The A;’s can be regarded as the modulated scattering strength along azimuth including

any compression windowing. The calculation of phase variance at the peak is carried out in

Appendix D for Gaussian phase noise. The variance to be solved is:

<(X-X)"> <v?>

of = = = (3.59)
The resulting phase variance using integrals from [31] is:
N
(1 — e—zai) > Al
2 _ =1
o5 = 5 (3.60)



where ag is the variance of the Gaussian phase noise and the A;’s represent the compression

weighting. When there is uniform weighting this reduces to:

2 (1 B 6_263)
b L —— 3.61
T oNe Geb

The validity of this model to describe the phase smoothing ability of compression of a point
target was verified using simulation with typical parameters for SAR. The simulation results
agreed to very high precision with the theory. The intuitive explanation for the significant
smoothing observed (~ ﬂlv) is that the compression operation has little effect on the distribution
of the phase noise within the data but collapses most of the signal energy into a small region.
The phase noise at the compressed peak is very small due to the significant increase in the

signal to noise ratio at that point.

INS Errors for Clutter Data

When the resulting phase errors for the clutter data case is considered very different results
are obtained. Previous work [29] and repeated simulations and real data processing in the
current work have demonstrated that random phase errors are not smoothed when the signal is
clutter data. The real data experiments added random phase noise to uncompressed SAR data
and compared the focussed results with the noiseless compressed image. There was no evidence
of smoothing. The resulting phase errors depended upon the specific processing conditions,
such as the processed beamwidth. The intuitive understanding of this is that the clutter to noise
ratio at a particular pixel is unchanged by compression. The individual point target responses
are focussed but the overall signal strength at any one point is, on average, unchanged. This
means that high frequency phase errors are transferred to the compressed image result without

the effect of smoothing.
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3.3.6 Summary of Single Channel Errors and Constraints

In ideal motion compensation all the required geometric parameters are known and there
is no restrictions placed on the processing. This leads to accurate compensation except that
the range varying phase correction induces a range spectral shift. This can be minimized by

keeping the reference track close to the antenna position by segmenting the track.

In realistic processing situations non-ideal motion compensation must be used. In this
scenario multiple targets must be processed together and certain important information, such as
the terrain elevation, is not known. This leads to various errors (Table 2). Given the assumptions
made at the beginning of the chapter the following tables summarize the phase errors occurring
in single channel non-ideal motion compensation and the limitations these errors place on the
imaging configuration and flight motion. The zero Doppler pulse processing leads to phase
errors along the uncompressed azimuth data due to multiple target processing, possible FM
rate errors, and the coupling between the range varying phase correction and RCMC. Given
that the target elevation is not typically known, assuming flat terrain also leads to phase errors
along the aperture. Inertial data errors translate into phase correction errors along the aperture
proportional to the error in the antenna position. This leads to peak deformation and phase

CITorS.

Table 3 indicates how these errors translate into limitations on the allowed flight motion

for a given imaging configuration. Specific numbers are included for the nominal CCRS case.

* Errors in the slant range value used to generate the matched filters will cause peak
broadening.

» The coupling between the range varying phase correction (RVPC) and RCMC produces
peak broadening that depends upon the displacement from the reference track perpendicular

to the line-of-sight direction.
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Table 2 Single Channel Phase Errors

Physical Effect Phase Error Along Aperture
Multiple Target Consideration
2rv2t2d),,(t
A ) T
FM Rate Errors
2rv2t2?AR,,
Aders(t) & =L
Range Cell Migration Correction
27rv2t2d_ua (t)
A ~ 2
Gerr(t) AR? tan 0
Unknown Terrain Elevation
dm hdy, s(t)
Aberr(t) ~ —Fine
Inertial Data Errors
4
Aers(t) = =AR1ys(t)

» The range varying phase correction (RVPC) causes a non-linear range spectral shift which
depends upon the displacement from the reference track perpendicular to the line-of-sight
direction. This can be an important factor when subsequent processing is considered.

» The effect of unknown terrain is to produce peak broadening for acceleration perpendicular
to the line-of-sight direction and a peak shift for velocity perpendicular to the line-of-sight
direction.

» The effect of inertial data errors is to produce peak broadening and phase errors. For high

frequency errors there is significant smoothing for point targets but not for clutter data.

In addition, neglecting to resample for motion compensation will lead to some PSF deformation.
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Table 3 Single Channel Motion Compensation Limitations (CCRS Typical)

Physical Effect Limitation
FM Rate Errors 5% broadening:
AR?
AR, f< W
< 3Tm
Range Cell Migration Correction 5% broadening:
d AR? tan
Lios < 2T
< 49m

Displacement Offset
(range varying phase correction)

Range Oversampling Factor O,:

2c|dllos|
Y SRiamoBw, <O
1+ 1.032 |d 6] < O

Unknown Terrain Elevation

5% broadening:

one sample shift:

Od 1105 < v2sinf
ot hPRF
< 40 m
h s

Inertial Data Errors

High Frequency INS Errors
Clutter Data: no smoothing

Point Target:
(1)

2
0'9= 3
2N e %¢
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Chapter 4 Motion Compensation for Interferometry

Now that the foundations of motion compensation for a single channel SAR have been
formed, it is now possible to consider the specific problem of motion compensation for InSAR.
This chapter will begin by defining the assumptions made and the requirements of motion
compensation for InSAR. Following this, ideal motion compensation will be investigated and
the corresponding interpretation of the differential phase of the interferogram. The required
interpretation for non-ideal motion compensation will then be analyzed for the case of single
and dual reference tracks. Finally, InSAR errors resulting from non-ideal compensation will
be investigated by extending the preceding single channel error analysis to the two channel

case under the same assumptions.

4.1 Assumptions

The assumptions made are the same as those presented in the previous chapter, namely:

1. Both antennas are yaw steered to zero Doppler. This means that both antennas are assumed
to be pointing perpendicular to the velocity vector of the aircraft.

2. The SAR processing is to zero Doppler for both channels.

3. The pitch of the aircraft is fixed.

4. The spacing between transmitted pulses on the ground is kept fixed by adjusting the Pulse
Repetition Frequency (PRF) to be proportional to the aircraft velocity.

5. The inertial data will be assumed to be correct, for the most part.

6. The motion compensation to be applied will be post-flight, apart from those mentioned
in the above list.

7. Translational motion and aircraft roll must be compensated through motion compensation.
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These basic assumptions are consistent with the CCRS Convair 580 InSAR system [18], and the

Environmental Research Institute of Michigan (ERIM) IFSARE system in strip-map mode [32].

4.2 InNSAR Motion Compensation Requirements

SAR Interferometry is concerned with extracting the phase difference between two pro-
cessed images, pixel by pixel, in order to estimate the terrain elevation. InSAR is no longer
concerned with the “focus” of the image in terms of its radiometric appearance, but rather how
the focus affects the estimate of the phase, and in turn the estimate of elevation. This requires
viewing the motion compensation and azimuth compression stages of conventional airborne

SAR in a different way.

For example, InSAR is not affected by large phase bias errors that exist in each channel
provided they are common to both and thus cancel out in the differential phase. As the two
antennas are rigidly connected on the aircraft, much of the motion experienced by each channel
will be common to both. Therefore, phase errors resulting from the common flight motion may
not degrade the interferometer. What affects the height estimate is differential phase biases
and differential phase variances, which translate into height estimate biases and height estimate

variances.

In a recent paper by Bamler and Just [27], a frequency domain analysis was conducted
to evaluate the effect on the differential phase of differences in the transfer functions be-
tween channels. For distributed homogenous targets the signals for the two channels can be

characterized by:

Sy = Rye/® (4.1)

Sy = Rzej & 4.2)



where each is a circular Gaussian random variable [10]. The expected differential phase bias

was shown to be the phase of the inter-channel correlation coefficient [27]:

Qbias = arg (7) (43)
) [ Ha(HHY(Hdf
- < 5185 > ) (4.4)

S /eSS s
VSR \/_f [HAG) P ()P df

where < > is the expectation operator, and H 4(f) is the transfer function of channel A, and
Hp(f) is the transfer function of channel B. The probability density function of the differential

phase can be shown to be (page 46 of [33]):

— ~2 3 T
p(®) = 14 7 (1 —ﬂz)i(ﬂsin_lﬂ-i——zé-{- \/1 —ﬂz) 4.5)

2

where
B = || cos (@) (4.6)

The corresponding variance has no closed form solution, but can be evaluated numerically:

[ ]

4:/@%@@ 4.7

-0

This work formalizes the idea that differences in the transfer functions lead to differential phase
biases or increased differential phase variances. For instance, if the motion compensation errors
lead to differences in the PSF’s between channels this will lead to a decrease in the inter-channel
correlation and therefore an increased differential phase variance. It is shown in Appendix E
that the inter-channel correlation coefficient factor due to inter-channel azimuth broadening of
n > 1 is:

1

for sinc-like point spread functions. Therefore, inter-channel broadening of about 10 percent

leads to a correlation factor of about 0.95.
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But, this does not mean that defocussing common to both channels has no effect on the
InSAR system. The amount of phase noise from certain sources, such as baseline decorrelation
[10], depends upon the transfer function in each channel. In addition, a more local estimate
of the terrain elevation is achieved with a narrower point spread function (PSF). Given that
the height estimate is very sensitive to the differential phase, significant spatial averaging is
required in InSAR to facilitate phase unwrapping and reduce the variance of the estimate. This
relaxes the localization requirements because the averaging will typically take place over many
resolution lengths. But, the narrower the PSF the more uncorrelated the samples are and thus
better phase smoothing will be accomplished. The amount of spatial averaging may need to be
reduced when the local elevation variation is large in order to avoid differential phase aliasing.

This will increase the sensitivity to focussing problems.

Once the differential phase has been calculated it must be unwrapped into the absolute phase
by adding some muitiple of 27. This is a two dimensional problem which requires continuity in
the differential phase [19]. If the differential phase is discontinuous, for instance by reference
track segmentation, then the unwrapping process becomes very complicated. Discontinuities
will be inevitable in rugged terrain due to shadow and layover effects but should not be caused

by motion compensation mechanisms.

In summary, identical, high resolution, geometrically correct, PSFs are desired for InSAR
mapping. Phase errors in the compressed images that are common to both channels cancel
out in the interferogram’s differential phase. InSAR motion compensation has some of the
conventional requirements, such as resolution and sidelobe level control, that exists in the
single channel case. But, the primary concern is to maintain the similarity in the transfer
functions between the two channels. Differential phase errors should be minimized at all costs.
In addition, the differential phase should be continuous for phase unwrapping. The ability to

meet these requirements of motion compensation for InSAR will now be examined for the
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single and dual reference track approaches.

4.3 Ideal Motion Compensation

Ideal motion compensation for InSAR is very similar to the single channel scenario. Two
parallel reference tracks can be defined, one for each channel. Given precise knowledge of
the entire imaging geometry, including inertial data and terrain information, each target on
the ground is processed independently as prescribed in the ideal single channel case. The
compensated range compressed data then emulates transmission and reception from the two
paralle]l tracks. The transmit/receive channel is processed as in the single channel case, but,
the receive-only channel calculates corrections based on the transmission from the two-way

antenna and reception at the one-way antenna.

As was the case in the single channel scenario there is a range varying phase correction
that depends upon the displacement of each channel from its reference track. The possible side-
effects from subsequent processing were outlined in the previous chapter, but, for InSAR the
concern is what will lead to differential phase errors. If the displacements from the reference
tracks are almost identical in each channel one would expect that the phase errors would

essentially cancel out. This will be investigated further in Section 4.4.5.

Another approach could be to motion compensate both channels to the same reference
track. If ideal compensation was carried out then the resulting differential phase would be zero
everywhere because the phase would be the same in both channels (ignoring other effects such
as noise). The usefulness of such an approach seems remote at present but it highlights the
main differences between the two main approaches to motion compensation for InSAR, namely,
using single and dual reference tracks. The single reference track approach attempts to undo

the relative mapping between the two channels. The dual reference track, on the other hand,
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attempts to make the parallax be with respect to the two reference tracks. The two approaches

require different interpretations of the resulting differential phase.

4.3.1 Dual Reference Track Assuming Ideal Compensation

The approach taken by the Jet Propulsion Laboratory (JPL) [21, 22] is to assume that ideal
motion compensation has been performed and they proceed to interpret the differential phase
from the two reference tracks (Figure 12). The interpretation of the differential phase used is

based purely on triangulation from the reference tracks (RT,, RT}):

® = —2T(Ruar ~ Fu) 4.9)

The target coordinates are measured from the channel B reference track, requiring 6, and Ryp,.

Quoting their results [21, 22]:

85 = cos™! (cos ¢+/T—sin (8, — &) — sin € sin (65 — g)) (4.10)
where \
sin (0 — €) = {0h %;T };bf?”h = o @.11)
and
¢ =7 — o (4.12)

This approach does not consider the possible biases that result when motion compensation
is performed assuming flat terrain at some reference level. This assumption is required for
InSAR because the terrain is not known apriori.

If there are large drifts from the reference tracks then segmentation of the reference tracks
will be required due to the range varying phase correction (RVPC) problems. This will result
in discontinuous differential phase because the interpretation of the differential phase is from

the two reference track positions. This will complicate the phase unwrapping process.
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Reference Level

Figure 12 Double Reference Track Geometry

4.4 Non-ldeal Motion Compensation

Given that InSAR would be superfluous if the terrain elevation was initially known ideal
motion compensation is not possible for InSAR. At best, each individual target could be
processed as in the single channel ideal case but with flat terrain assumed. As in the single
channel case, this is very computationally intensive and therefore zero Doppler pulse processing
is most often used. In this section, two new approaches to interpreting the differential phase

by considering the biases caused by unknown terrain will be presented. Following this, the
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effects on the InSAR height estimate, due to the same sources of errors treated in the single

channel case, will be investigated.
4.4.1 Single Reference Track with Unknown Terrain

The single reference track approach to motion compensation was first used for InSAR by
the Canada Centre for Remote Sensing (CCRS) [25, 18]. Both channels are phase compensated
to the same reference track using the geometry of Figure 13, assuming the terrain is flat at
some reference level. For the following analysis the arc on which the target lies is assumed
to be centered at the channel A antenna. An equally valid view centered on the channel B
antenna could be used. The fact that there is a choice highlights the fact that the two channels
are not perfectly registered due to the unknown terrain. When clutter data is processed the best

3D position estimate for the pixel is essentially midway between the two results.

Ac: channel A aperture center position

o Be
Be: channel B aperture center position

b

Ac

Ya

Reference Track

Rth

Rto

Reference Level

—

Figure 13 Single Reference Track Geometry
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The applied phase correction for each channel assuming channel A is transmit/receive and

channel B is receive-only is (Figure 13):

. 4
da(applied) = =< (Rio — Rao)

9 (4.13)
ép(applied) = —-—/\—((Rto — Rao) + (Rto — Rio))
If ideal compensation had been applied (by virtue of @ being known):
) 4
¢a(ideal) = == (Rip — Ran)
o (4.14)
¢p(ideal) = ——((Bin — Ran) + (Ren — Byn))

the differential phase would be zero everywhere because the relative phase mapping due to the

parallax would have been removed.

Due to the realities of non-ideal compensation it is necessary to make a “center of aperture
assumption”. The assumption is that motion compensation and the resulting differential phase
of a compressed image sample of the interferogram is due only to the relative geometry of
the InSAR system at the zero Doppler pulse. If the applied phase correction for a given
pixel is “backed” out after compression, the resulting differential phase is due simply to the
instantaneous relative geometry of the antennas and target for that pulse [18]. In addition, the
inter-channel registration resampling that is performed on the range compressed data is assumed
to carry over into the azimuth compressed data unchanged. The center of aperture assumption
is in fact correct for trajectories which are parallel but offset from the reference track(s). This
is the case because the applied phase correction is constant for a given slant range cell along
the aperture and azimuth compression therefore does not alter the constant phase correction.

By invoking the center of aperture assumption the differential phase will be zero for scene
patches that have the same elevation as the reference level because the motion compensation
for these patches will have been done properly. The differential phase will be non-zero for any
scene patch whose elevation differs from the reference level. The value of this phase is the

difference in the errors in the phase correction applied between the two channels due to the
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reference level assumption. These errors depend upon the imaging geometry and can be related
explicitly to the elevation of the scene patch relative to the reference level. This interpretation
applies for slowly varying drifts of the aircraft from the reference track. Higher frequency
motions coupled with the unknown terrain will cause phase errors that deviate from the center
of aperture assumption. These errors will be considered in Section 4.4.3.

The resulting single reference track differential phase ® can easily be shown to be
(Appendix F):

® = (¢a(applied) — ¢4 (ideal)) — (B (applied) — $p(ideal))

(4.15)
“%(Rbo — Ryp)

The off-nadir angle 6,5, measured from the instantaneous antenna position A., can be obtained
in terms of known and measured parameters from simple trigonometry:

R}, = b + R2, 4 2bR4, cos (aigp + O43)

(4.16)
R: =2+ RZ +2bR,, cos(agy + 0a0)
yielding:
2
o= TW (\/b2 + R2, + 2bRg, cos (ogp + 04p) — Rbo) 4.17)
and rearranging terms:
A 2 _ 42 2
- 7=® + Rbo - b — Ra
0,5 = cos™! ((2” 2b)Rao 0) — Qgp (4.18)
The scene patch elevation above the reference level is (Figure 13):
h=Y; — Rcosf 4.19)

By expanding the slant range values in a binomial series the following approximate solution

results:

AP
0,5 ~ cos™! (-2—7—1_5 + cos (640 + a,ﬂ,)) — o (4.20)
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Using the channel B antenna as the arc center, by symmetry the following results:

AP
Oyp = cos | (m + cos (0p, + aab)) — Qgp 4.21)

A more accurate position estimate can be obtained by using the slant range:

R= E%’?b_v 4.22)
and the off-nadir angle:
6= w 4.23)

measured from the center of the antenna baseline. The sensitivity of the height estimate to

errors in the differential phase can be shown to be:

oh ARsin 0
0%~ 27bsin (0 + ag)

(4.24)

The single reference track differential phase (Equation 4.15) is independent of the reference
track positions. Rather, it depends upon the actual slant range to the target from channel B
(Rpp) relative to the slant range used for resampling channel B to register with channel A at
the reference level (R;,). If the reference track is segmented along azimuth to better follow
the drifts of the aircraft, the differential phase will still be continuous provided the reference
level is continuous across the segments. This is a very important feature of the single reference
track approach.

Another benefit of the single reference track approach comes from the fact that the
differential phase will vary depending upon the variation of the terrain about the assumed
reference level. In other words, the flat earth fringes have been removed. This implies that
the range spectrum of the interferogram is approximately at baseband. This simplifies the
phase smoothing operation because the flat earth fringe rate, inherent in the dual reference

track approach, does not need to be considered. Typically, the phase smoothing would have
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to estimate the local fringe rate and smooth about this slope [19]. But, in either case range
filtering of the interferogram must be considered carefully so as not to break the required

symmetry of the spectrum [34].
4.4.2 Dual Reference Track with Unknown Terrain

One thing that is missing in the ideal motion compensation dual reference track interpre-
tation of the differential phase is consideration of the phase errors in each channel that result
from motion compensation assuming flat terrain. When these systematic terrain induced phase
errors are included (or equivalently, motion compensation is backed out after compression)
a new double reference track approach is obtained. The approach proceeds as in the single
reference track case by considering the difference in the errors in the applied phase correction
between channels. The center of aperture assumption is used here in the same was as in the
single track case. Therefore, this approach attempts to handle errors due to unknown terrain
coupled with slowly varying drifts from the reference tracks.

The applied and ideal phase correction in channel A is (Figure 12):

47

¢A(applied) = - h\ (Rtao - Rao)

Ar (4.25)
a(ideal) = —==(Riah — Ran)
The channel B (receive-only) applied and ideal phase correction is:
. 27
¢B(apphed) = _T((Rtao - Rao) + (Rtbo - Rbo))
(4.26)

. 27
¢B(ideal) = _T((Rtah — Run) + (Ruph — Rin))
The resulting differential phase will be the ideal component (Equation 4.9) plus the difference

in the errors (Appendix G):
2
o= _TW(Rtah — Rypp)+
(da(applied) — ¢4 (tdeal)) — (¢ p(applied) — $p(:deal)) 4.27)

2
= —T(Rtao — Rygo + Rpo — Rbh)
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The off-nadir angle 6,; can be explicitly related to the measured differential phase and other

known parameters using Equation 4.16:

Oan + agp =
2
cos"l (%(I) + Rtao — Rypo + Rbo) - b2 - RZO (4.28)
2bRao

By expanding the slant range values in binomial series the following approximate solution

results:
oah + aab ~
] N (4.29)
cos™! ((Z) (2— + Rtao — Rtbo) -+ cos (0“" + a“b))
V8
Again, the symmetric formulation using the channel B antenna as the arc center leads to:
Opr + agp =
N (4.30)
COS——1 ((-b-) (g + Rtao - Rtbo) + cos (0‘10 + aab))

The unbiased position estimates use the same Equations 4.22-4.23 as before. The conventional
approach measures the off-nadir angle from the reference track but the single and new double
track approaches measure from the instantaneous antenna positions. This is consistent with the

backing out motion compensation viewpoint.

The differential phase bias error that the new dual reference track approach recovers, that

is inherent to the conventional approach, is shown in Appendix G to be:
E(A) — E(B) =~

27 hbjyg ( )
AR sin 0 ) \OET ~ %ab

For unsegmented reference tracks, rugged terrain, and typical aircraft motion, this can corre-

(4.31)

spond to height estimation biases of several meters. If the reference tracks are segmented to
remain close to the antennas and the antenna and reference track baseline angles are similar,
the errors become quite small.

The sensitivity of the height estimate to differential phase errors is identical to the single

track case (Equation 4.24). But, the differential phase depends upon the reference track
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position through Ri., and Ry,. This means that reference track segmentation will result
in discontinuous differential phase across the boundaries which will complicate the phase
unwrapping process. One solution to this is to undo the originally applied phase correction
to each channel after compression. The resulting differential phase is then interpreted with
respect to the instantaneous antenna positions, removing the reference track dependence and
making the differential phase continuous. Another more efficient approach that combines the
single and dual track approaches to obtain the benefits of both will be described later in this

chapter (Section 4.5.2).
4.4.3 Effects of Unknown Terrain

When the terrain is assumed to be flat at the reference level and there are higher frequency
flight motions then there will be phase errors that vary along the aperture for each channel.
This was analyzed already for the single channel case (Section 3.3.2). For InSAR, of concern is
the difference in these phase errors. The error in each channel has the same form. Specifically,

for channel A (from Appendix B):

Ada(t) ~ 8’“‘2‘(’5) sin (aa(t) +0a0(t) + M—(t)) sin (f‘aﬂ) 432)

2 2

where 6,(¢) is the assumed angle to the target, and AQ(t) is the error in that assumed angle.
All of these parameters will change along the aperture for a given target due to the changing
flight motion. It is shown in Appendix F that for the single reference track case the phase error
for channel B is the same as channel A plus an additional term:
Ady(t) = Ada(t) + Adap(t)
A0(t) AB(t)

~ Aga(t) + Psin (aab(t) +00(t) + -2—) sin (—2—)

(4.33)

where b is the baseline length between the two antennas (fixed) and a,;(t) is the off-vertical
angle of the baseline (aircraft roll angle). The portion of this relative term that is constant

along the aperture will appear as a bias in the differential phase. This is precisely what is
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considered in the preceding interpretations of the differential phase that includes the unknown

terrain effects. Further approximations, following Appendix F, yields:

N 27hb ) 10s(t)
Adap(t) = BVEVE (4.34)
where
bi0s = bsin (aab + é’_a_j;_&@) (4.35)

The same analysis can be done for the dual reference track case (Appendix G), yielding:
A Ab,(t
Adq(t) = 87rcf\a( ) s sin (aa(t) + 040(t) + 0;(t)) in (%)

Ady(t) ~ 8m§b(t) sin (ab(t) + 65(t) + &2"@) sin (&2"@) (4.36)
= A¢a(t) + Adar(2)

The difference in the errors is shown in Appendix G to be:

2
Adap(t) = —T”(Rm — Riah + Ry — Rupo + Roo — Rip) (4.37)

Expanding these slant ranges in binomial series yields (Appendix G):
A¢ab(t) -

— (2W§RT) (oos (aRT + 0;0) — cos (aRT + H;h)>+

(2%6) (cos (b (t) + 0a0(t)) — cos (cgp(t) + Oan(t)))
o (47r()l‘RT) sin (aRT + Hao + A; ) sin (%) -

(4;(6) sin (aab(t) +0ao(t) + M(t)) sin (%(t))

The first sinusoidal term involving the reference track is constant for a given target because

(4.38)

the reference track is fixed over the aperture. The second sinusoidal term is identical to the
residual phase error in the single reference track case. This term varies along the aperture
governed by aircraft roll and translation. Therefore, the interpretation of the differential phase
is different between the two approaches but the phase errors due to unknown terrain coupled

with higher frequency flight motion are the same (Equation 4.34).
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Aircraft Roll

It is useful to evaluate how the difference term (Equation 4.34) varies along the aperture,
as this will indicate the source of differential phase errors. The effect of a changing roll angle
dominates over the effect of the changing angles to the target. Assuming the roll angle variation

is very small and expanding in a Taylor’s series:

0AG.(0
Adap(t) = Adap(0) + B—ibb(—)-(aab(t) — ag5(0)) (4.39)
and
OAggp 4w AGN . [Af
—a-&—a-b— N == cos (aab(t) + 0q0 + —2—) sin (T) (4.40)
with
bios = bcos (Olab + aa;-;h) (4.41)
yields:
2mhby,s
Adas(t) & Adap(0) + 1 p=5(ap(t) — car(0)) “
27rhb103Aaab(t) (4.42)
~ Ada(0) + ——ps

where Acgp(t) is the variation in the roll angle about the center of aperture position. Of
interested is the time varying term, as the bias will be removed in later processing and does

not affect compression. This yields a varying differential phase error along the aperture of:

__ 2mhbiysAagy(t)
AR(t) ~ ARsind

(4.43)

Angular Velocity For linearly varying roll one might expect to observe a relative mis-
positioning between the two channels due to the unknown terrain elevation. Using the results

of linear phase errors on compression from Appendix C one can define:

Ad(t) ~ 2”"%:?5;“” = rLt (4.44)
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Differentiating yields:

__ 2mhbys 0Aag(t)

LN S Remd ot

(4.45)

The resulting differential phase at the peak is:

nL? wh2b? 0Aag 2
Ad = = los = 4.46
4K  2v2)\Rsin%¢ ( ot ) (4.46)

For any reasonable roll this differential phase error is negligible.
The resulting differential shift in samples is:

_L PRF — bi,sh PRF 6Aaab(t)

AP = -~ Tend ot

(samples) 4.47)

The effect of this differential shift on the variance of the differential phase can be evaluated
by considering the inter-channel correlation coefficient [27]. When the differential shift is less
than about 1/16 of a resolution width (or about one twelfth of a sample for the CCRS case) the
correlation coefficient factor is greater than about 0.99. This will be used to limit the allowed

differential shift. With 1/16 of a sample as a bound on the relative shift one obtains:

0Aag(t) < v2sin 0
ot 8boshPRF

(4.48)

Note that the line-of-sight component of the baseline is usually a small fraction of the baseline

length. For typical CCRS parameters (Table 1) and a worse case b;,, = 1 m, yields:

0Aag(t) < 290 [ deg.
ot h s

(4.49)

Angular Acceleration If consideration is made for quadratic roll motion (uniform angular
acceleration) the phase error is quadratic. When Equation 4.4 is evaluated for a differential
quadratic phase error one obtains the same result as linear FM compression with a quadratic
phase error evaluated at the peak of the compressed result (Appendix A), except that it is

normalized [27]. Therefore, the expected phase bias (which is the angle of the correlation
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coefficient) is 1/3 of the value of the quadratic phase error at the band edge. Therefore, the
peak error along the aperture must be less than 1/3 of the maximum allowed differential phase
error (Appendix A):

27bosh

Aq)peak maz > mAaabqwd, maz (4.50)
In terms of uniform angular acceleration:
1 2
Aaab(t) = Earollt (4.51)

The resulting differential quadratic phase error, as before, can be transformed into a differential

phase bias error in the compressed image:

QroliTbios R T2
Adr. . m 210 0s 4.52
bias = T19)\Rsin 6 (432)
When processing to the 3 dB width of the antenna beam pattern,
AR
T =T34 = — 4.53
3dB = 5 (4.53)
and conversion to a height estimate bias is made using Equation 4.24, one obtains:
Ahpigs ~ /\2R2blosaroll (4.54)

h T 24bv2D%sin (0 + agp)
For typical CCRS parameters (Table 1), a bias ratio of 1 m in 1000 m, and a worse case

bios = 1 m, yields:

deg.
aro < 0.07 =5 (4.55)

In addition to the differential phase bias there is decorrelation given by the magnitude of the
correlation coefficient. For quadratic differential phase errors along the aperture the magnitude

of the inter-channel correlation coefficient can be shown to be [27]:
\/ $(V¥) +c2(VT)
vl =
/2w
eLd
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where the Fresnel integrals are defined as:

:l:
S(z) = \/g/sinuzdu
T
0
2 [
C(z) = — | cosu du
0

and V¥ is the differential phase error at the band edge. For a typical allowed differential quadratic

(4.57)

phase error of 75 mrad at the band edge for the bias result (yields about a 1 m elevation bias
error), this leads to an insignificant decorrelation factor of about 0.995 by numerical integration.
Therefore, future decorrelation due to differential quadratic phase errors will be ignored as the

bias component is the dominant effect.

Sinusoidal Roll The dominant roll motion is often oscillatory. This leads to oscillatory
differential phase errors along the aperture. It is not possible to analytically evaluate the
effect on the differential phase of such motion, even if it is approximated by a sinusoid. An
approximate solution can be obtained by considering the instantaneous angular acceleration of

a sinusoid and extrapolating from the angular acceleration results.

Let the roll motion be described by:

2wt
Troll

Aaygp(t) = Gsin (4.58)

where G' and T,y are the amplitude and period of the roll motion, respectively. The

corresponding instantaneous acceleration by differentiating twice is:

27 2 2t
aront = —G sin 4.59
4 (Troll> Tron (455

The effective angular acceleration will depend upon the length of the aperture compared to the
period of the roll, but will always be less than 1. By using the previous results from Equation

4.52, and defining a constant f <= 1, which relates the instantaneous to effective angular
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acceleration, the resulting differential bias error is:

2 2
whioshT G( 27 ) sin 27t

A . g —
Pvias ¥ ~ 133 Rem 6 Tron Trott

(4.60)

Therefore, the bias error will follow the roll motion.

The roll motion will also change the expected differential phase. This change can be

estimated from differentiating Equation 4.43, yielding:
27byoshAagy(t)
Aeap ¥ —— Foin®

- 27biosh . 2wt

N Remgl " Trol

When the difference between the change in the expected and error in the differential phase are

(4.61)

compared, the following results:

2wbiosh . 2wt fr2T?
Adpigs — Adegp ~ R sinBGSln T (1 ~ T (4.62)

roll

Therefore, the effect of the sinusoidal roll is to smooth out the measured differential phase.
When the last bracket in this expression is zero, the roll does not effect the measured differential
phase. The resulting height estimate using the instantaneous antenna positions will therefore
have an error term that follows the sinusoidal roll. When ’T:% < 1 then f ~ 1, and when
TZ,T > 1 then f ~ 0. Thus, the amount of smoothing depends upon the specific parameters of
a given situation. If the smoothing is significant then the conventional (ideal) dual reference
track interpretation of the differential phase will be less sensitive to sinusoidal roll coupled
with unknown terrain.

Translational Motion

It is now helpful to evaluate how translational motion of the aircraft contributes to the
differential phase error. Beginning with the change in the error in the off-nadir angle to the

target:

Adgp(t) = %b sin (aab + 040 + -Aiz(t—)-) sin (A—Z(-t—)) (4.63)
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and differentiating, yields:

aA¢ab(t) ~ 27h 1106
oA T\ (464

Expanding in an Taylor’s series yields:
27rb.l.los
Adap(t) = Agap(0) + —=(A6(t) — A6(0)) (4.65)

By considering displacements M from the center of aperture position one obtains:

M;,s(t)A6(0)

AB(t) — AG(0) ~ =

(4.66)

This yields a differential phase error that varies along the aperture governed by the translational

deviation of the antenna baseline:

AQAH(t) ~ 27rbllosj‘{\l§(t)A0(0) (4 67)
~ 27rb_Lloleos(t)h )
AR2sin 6

If this analysis is repeated for changes in the assumed off-nadir angle to the target:

Adgp(t,1) =~ -4;r—b sin <aab + 040(t) + %) sin (%) (4.68)
, differentiating yields:
0AGa(t,1) N 2w byosh
08, ~ ARsin# (4.69)
Expanding in an Taylor’s series yields:
N 27mbyosh
A¢ab(t) ~ A¢ab(0) + AR sina(ea(t) - 06(0)) (470)
By considering displacements M from the center of aperture position one obtains:
M
8a(t) — 0(0) =~ Miios(t) (4.71)

R
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This yields a differential phase error that varies along the aperture governed by the translational

deviation of the antenna baseline:

Ay, (1) ~ z”b’;ﬁgg”o(t)h @72)
Combining these two error sources gives:
AB(E) N (b1 Mo1o(1) + b110sMios(t)) (4.73)
AR?sin 6
It is easy to show that:
BlosM 110s(t) + b1iosMios(t) = bM (t) sin (Bbios + Opt10s) Wt

<bM(t)

where the angles are measured from the line-of-sight direction. Therefore, the effective

differential phase error along the aperture is:

_ 2mhbM(t)

AD(t) ~ AR2 sin 0

(4.75)

When linear and quadratic motions are analyzed for differential shifts and phase errors,
the results are negligible for realistic aircraft motions and rugged terrain. This is presented in
Appendix H. Therefore, the differential phase errors along the aperture caused by the unknown
terrain coupled with translational motion pose no problem. It should be noted that the effects,
such as defocussing, observed for the single channel case will still apply to both channels in
the InSAR case. Therefore, the predominant effect from translational motion is the azimuth

shift and defocussing that occurs essentially identically in both channels.
4.4.4 FM Rate Induced Differential Phase Errors

An analysis of the effect of motion compensation induced FM rate errors for a single
channel was made in the previous chapter. A quadratic phase error was observed along the
aperture that was proportional to the constant offset displacement between the antenna position

and the position used to generate the matched filter (Equation 3.28). In the interferometric case,
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the displacement to the track used to generate the matched filters may be different between
channels. This leads to a different quadratic phase error in each channel. This differential
phase error along the aperture is:

N 2mvit? AR,y

AB(t) =

(4.76)

where AR,; is the difference in the displacements to the track(s) used to generate the filters
or equivalently the inter-channel difference in the slant range matched filter errors. Using the
results from [27] it is known that the differential phase bias error is about 1/3 of the magnitude
of the differential quadratic phase error at the edge of the processed aperture. Therefore, one

can estimate the differential phase error at the peak:

2
12702 (—2'1:) ARy,
AQbias ~ 3 \R2 (477)
If processing to the 3 dB azimuth beamwidth is performed,
T =T34 = AR (4.78)
Dv

and using the sensitivity in height estimate to differential phase errors result from Equation
4.24, one can obtain the bias in the height estimate:

M RAR,; sinf

Altbias 7 = 12bD? sin (0 + agp)

(4.79)

This expression can be used to limit the difference in the displacements for matched filter
generation. If typical CCRS parameters are used (Table 1), and a 1 m height bias error is

allowed, one finds that the difference in the displacements must be:
AR;; <13 m (4.80)

This gives a good indication of how often each matched filter must be updated in order to keep
the difference in the quadratic phase errors between channels very small. Clearly, the matched

filters must be updated for every azimuth line across the range swath.
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In addition to this, the inter-channel resampling that is performed prior to motion compen-
sation will result in data along azimuth that requires different matched filters. If block azimuth
processing is performed then the length of the block is limited by the amount of flight motion
along the block. Errors in the matched filter along azimuth that are different between channels

will result in differential phase biases according to the above expressions.

4.4.5 RCMC Induced Differential Phase Errors

In the previous chapter the effect of motion compensation induced errors when RCMC
was performed for a single channel was described. It was observed that a quadratic phase
error along the aperture exists that is proportional to the constant offset displacement between
the antenna position and the reference track (Equation 3.37). In the interferometric case, the
displacement to the track used to apply the phase correction can be different between channels.
This leads to a different quadratic phase error in each channel. The resulting differential phase

error along the aperture is:

2122 Ad] jos
R2tanf 2

where Ad j,, is the difference in the displacements from the reference track(s). The relative

(4.81)

AD(t) =~ 5

displacement is divided by two because of the one-way path difference between the two channels
(channel B is receive-only). Using the results from [27] it is known that the differential phase
bias error is about 1/3 of the magnitude of the quadratic phase error at the edge of the processed
aperture. Therefore, one can estimate the differential phase error resulting from the difference

in the displacements to the track(s):

210212 Ados
12AR% tanf 2

If processing is to the 3 dB azimuth beamwidth and using Equation 4.24 one can obtain

A(I)bias ~

(4.82)

the corresponding height estimate bias:

XN Rcos 0 Ad] s

Ahpigs = —
bias 245D? sin (8 + agp)

(4.83)
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This expression can be used to limit the difference in the displacements from the reference
track when RCMC is performed. If typical CCRS parameters are used (Table 1), and a 1 m

height bias is allowed, one finds that the difference in the displacements must be less than:
Adjj,s < 3.5 m (4.84)

For the single reference track case the difference in the displacements to the reference track
are on the order of the baseline length. It would appear that this RCMC induced error may
be significant for the single reference track case.

In the dual reference track approach the displacements from the reference tracks will be
very similar in the two cases, greatly reducing the sensitivity to the RCMC errors. Referring
to Figure 12 the effective difference in the displacements between the two channels can be

estimated from the difference in the applied phase correction:

2m Ad

2
¢A - ¢B = _TT = _%((Rtao - Rtbo) + (Rbo - Rao)) (485)

Expanding the slant range values in binomial series yields:

Ad ,
- ~ bcos (0ao(t) + agp(t)) — brr cos (0a0 + aRT) (4.86)

The antenna baseline is naturally chosen to be the same as the reference track baseline, thus:

Ad .1 '
-5 ~ 2bsin 3 (aRT + agp(t) + 0,, + 0a0(t))
1 (4.87)
sin = (—arr + aab(t) — 0o + Bao(?))
Defining:
Acgp(t) = agy(t) — arr (4.88)
and approximating:
' d t
0a0(t) — 0, ~ —-L%s(-l (4.89)
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which gives:

Ad

d
T ~ b_Llos (Aaab(t) + —J‘_éﬁ) (490)

For typical offsets from the reference track and roll of several degrees this effective difference
in the displacement from the tracks is negligible. It is clear that if RCMC is to be performed,

the dual reference track approach should be used.
4.4.6 Effects of No Motion Compensation Resampling

The idea of neglecting to resample during motion compensation for the single channel case
was introduced in the previous chapter. It is now important to extend this to consider what
differential phase errors might occur. More specifically, there may be a slight difference in
the effect on the PSF for each channel that decreases the correlation. If this difference can be
characterized as a differential residual range migration then one can use the results from [27] to
evaluate the correlation coefficienit. Appendix I considers the difference in the range migration
errors between channels due to neglecting to resample the data during motion compensation.

The resulting differential migration error along the aperture is:

M0(t)

AR(t) ~ Ltos = 4.91)

where M ;,4(t) is the linear deviation over the aperture from the center of aperture position.

For a linear flight variation leading to uncompensated differential linear range migration,

the inter-channel correlation coefficient can be shown to be [27]:

fus:4
fina,_Si(2)
2 sin o 2
lv| = o / ~ da = 7 (4.92)
0

where 3 is the range walk at the band edge in fractions of a range resolution cell. For
typical CCRS parameters, the effect on the correlation resulting from numerical integration is

negligible (y > 0.99).
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For quadratic flight motion leading to uncompensated differential quadratic range migration,

the correlation coefficient can be shown to be [27]:

. Ve
ly| = ———/sinc(az)da (4.93)
\/E 0

where e is the uncompensated quadratic migration at the band edge. Again, for typical CCRS
parameters the effect on the correlation resulting from numerical integration is negligible

(y > 0.99).

4.4.7 Effects of Inertial Data Errors

Inertial data errors can have a significant impact on the accuracy of InSAR. Errors in the
baseline length or angle translate directly to height estimation errors. In the single channel
case it was shown that errors in the assumed position of the antenna led to phase correction
errors during motion compensation. In the clutter data case the compression operation does
not smooth the phase noise like it does in the point target case. The compressed impulse
response will be broadened and have phase errors. In the InSAR case, the effect of INS errors
on the height estimate can be calculated by differential analysis. The differential analysis for
the general case of errors in baseline length and angle has been performed [10]. This work

also applies for the conventional dual track approach with INS errors.

The single reference track approach and new dual track method result in the same

sensitivities to baseline length and angle as previously reported [10]:
Oh Rsinéd

% " btan (0 + aw) (4.94)
and
Oh ~ Rsind (4.95)
0oy

It is therefore straightforward to calculate the effect of INS bias errors on the height estimates.
The bias errors will have a small impact at the motion compensation stage, but, can cause

significant errors in the estimated elevation through the above equations.
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High frequency INS errors will translate into high frequency differential phase errors. The
effect on the height estimate can be estimated from Equation 4.24. In addition, there will be
defocussing that will increase smoothly with increased phase noise. Provided the statistics of
the INS errors are about the same in both channels then the broadening will be about the same.

Differential broadening will lead to an increased height estimate variance through Equation 4.8.

Given that all three methods, conventional double, new double, and single, all have the
same sensitivity to INS errors there is no preferred approach to handle these errors. In all
cases, differential phase smoothing will help reduce the effect of high frequency INS errors.
Bias errors are much more difficult to deal with. In most cases control points will be necessary

in order to obtain height estimates on the order of one meter accuracy.

4.4.8 Summary of Errors and Constraints for InSAR

In ideal motion compensation all the required geometric parameters are known and there
is no restrictions placed on the processing. This leads to accurate compensation except that
the range varying phase correction induces a range spectral shift. This can be minimized
by keeping the reference track close to the antenna position by segmenting the track. Ideal

compensation is not possible in the InSAR case because the terrain elevation is not known.

In realistic InSAR processing situations non-ideal motion compensation must be used. The
following tables summarize the resulting errors and limitations given the assumptions made at

the beginning of the chapter.

« The range varying phase correction causes a range spectral shift as in the single channel
case. Subsequent processing, such as inter-channel registration, can lead to decorrelation
if baseband data is assumed.

* The coupling between the RCMC and the range varying phase correction, which can be

different between channels, can lead to differential phase biases.
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 Differences in the errors in the FM rates between channels can lead to differential phase

biases.

» The effect of unknown terrain that is common to both channels is the azimuth peak shift

and azimuth defocussing seen in the single channel case.

» The differential effects of the unknown terrain can lead to differential phase biases when

angular acceleration occurs.
* Most other effects will be almost identical in both channels and thus cancel out.

e Errors in the inertial data can lead to differential phase errors and biases in the height
estimates. The high frequency INS data errors can be reduced by filtering the interferogram

but INS bias errors will remain.

Table 6 outlines the main differences or similarities between the single and dual reference

track approaches. It is clear that each approach has certain advantages and disadvantages.

The issues compared are:

*  Whether the differential phase is continuous if the reference track(s) are segmented.

*  Whether there are differential range spectral shifts caused by the range varying phase

correction (RVPC). The effect of this will depend upon subsequent processing.

»  Whether there are biases caused by the coupling effect of RCMC and the range varying

phase correction (RVPC).

*  Whether biases due to slowly varying aircraft drifts coupled with unknown terrain can be

compensated for.

*  Whether there is a range dependent fringe in the interferogram phase even for flat terrain

at the reference level.
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Table 4 InSAR Motion Compensation Errors and Limitations #1

Physical Effect

Error or Limitation

Displacement Offset
(range varying phase correction)

Range Oversampling Factor O, :

2¢|d 110 <0

1+ AR tan 6BW, T

RCMC Induced Bias Errors
(range varying phase correction)

Differential Phase Error Along Aperture:

270212 Ad] s

AD(t) ~ AR?2tan@ 2

Differential Phase Bias Error:

70 T2Ad 156

APpigs ~ 12)AR? tan 6

Height Estimate Bias (processing to 3 dB):

M Rcos0Ad, 1,4

Ahtias ¥ — 5 Do (0 + o)

FM Rate Induced Bias Errors

Differential Phase Error Along Aperture:

2mv2t2 ARy

Ad(t) =~ Vi

Differential Phase Bias Error:

v T2 ARy

Aébias ~ 6)R2

Height Estimate Bias (processing to 3 dB):

M RAR, sin 6

Ahpigs = —
bias 12bD? sin (6 + ogp)
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Table 5 InSAR Motion Compensation Errors and Limitations #2

Effect of Unknown Terrain

Error or Limitation

Effects Common to Both Channels

Phase Error Along Aperture:

4drhd,s(1)
ARsin6

Aderr(t) =
Azimuth Peak Shift:

h ad_Llas
v2sind Ot

AP ~ —

(sec)

5% Defocussing:

AR sin @
alos < W

Processing to 3 dB:

Asin §D?v?

Allos < IR

Differential Effects

Differential Phase Error Along Aperture:

27hb] s (t)

Ad(t) m —p=

Differential Phase Bias due to Angular
Acceleration:

o Groli blos T2
A®bias ~ o3 Rsind

Height Estimate Bias due to Angular
Acceleration (processing to 3 dB):

Abhpigs ~ ’\ZRZblosa'rall
h 24bv2D? sin (0 + agp)
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Table 6 Comparison of Single and Dual Reference Track Motion Compensation

Properties Single | Dual
1 | Continuity of Differential Phase with Segmented Reference Track(s) Yes No
2 | Equal Range Spectral Shifts between channels due to RVPC No Yes
3 | Insensitive to Bias Errors caused by RCMC and RVPC No Yes
4 | Compensation for Unknown Terrain coupled with low freq. motion Yes Yes
5 | Removal of flat earth fringes Yes No

4.5 Proposed Motion Compensation Approaches

it is now possible to define recommended approaches. This section will begin with a review
of the system requirements followed by a discussion of the possible processing approaches. A

new approach will be proposed which combines the benefits of the dual and single reference

Given the analysis of the interferometric motion compensation problem presented above,

track methods.

4.5.1 Realization of Requirements

A general purpose InSAR system will require the following in order to generate topographic

maps accurately and efficiently:

1.

Differential phase fidelity. This means that all bias errors are minimized and random
errors are reduced by spatial filtering. Optimum smoothing is obtained when the samples

are uncorrelated. This may require full resolution azimuth processing making RCMC

necessary.

Capable of mapping rugged terrain (+/- 1 km) under typical flight conditions. This will

likely require segmentation of the reference tracks to follow the flight motion.

Continuous differential phase over the entire image scene is desirable. This means that

only one tie point is required to unwrap the phase of the entire image.
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The ability to meet the above requirements can be evaluated by considering the summary of
errors and limitations of motion compensation in the previous section. A quantitative analysis
can be carried out for a specific InSAR system. But, a qualitative approach can be formulated

for the general case.

Typical CCRS System Approach

For the typical InSAR scenario for the CCRS system a fairly simple approach to motion

compensation is adequate. This would include:

1. No motion compensation resampling.

2. Phase correction to a single reference track that may be segmented, if necessary.

3. No RCMC.

4. Azimuth matched filters determined separately for each channel based on the reference
level positions.

5. Phase unwrapping that assumes continuous differential phase (as far a motion compensation
is concerned)

6. Differential phase to elevation conversion based on the new formulation (Section 4.4.1).

Apart from the possible defocussing problems for severe terrain and translational acceleration
this approach should yield a motion compensation approach which contributes on the order of

a meter to the height estimate error budget.

Most Accurate Approach

The most accurate approach would be to implement the following:

1. Perform motion compensation resampling.
2. Phase correction to dual reference track that may be segmented if necessary.

3. Perform RCMC.
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4. Azimuth matched filters determined separately for each channel based on the reference
level positions.

5. Phase unwrapping that assumes discontinuous differential phase (as far as motion com-
pensation is concerned).

6. Differential phase to elevation conversion based on the new dual track formulation (Section

4.4.2).

The main problem with this approach is the discontinuous differential phase as a result of
segmentation of the reference tracks. A modification to this approach will now be presented

that combines the benefits of the single and dual reference track approaches.

4.5.2 Combination of Single and Dual Reference Tracks

A new approach to InSAR motion compensation will now be proposed which is a simple,
yet effective, extension to the dual reference track approach. It is clear that performing dual
reference track motion compensation is preferred for the compression operation, but, it is
desirable to have the single reference track differential phase for phase smoothing and phase
unwrapping. The proposal is to convert back to the single reference track form after dual track

motion compensation, optional RCMC, and azimuth compression have been performed.

This conversion can be accomplished by a post-compression phase correction that converts
the channel B reference track to the channel A reference track. Given that the reference track
positions are parallel over the segment, and the position of each range cell on the ground
is fixed if motion compensation resampling is performed, this means simply adding a range
depending phase constant to each azimuth matched filter. The resulting differential phase of
this two step approach is equivalent to performing motion compensation in one step to a single
track. In other words, the differential phase will be zero if each step is performed properly.

Again, because of the unknown terrain, errors will arise and the differential phase will be
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given by these errors. The combined errors from each step are in fact the same as if one
step of single track compensation were performed, except that the RCMC induced phase bias
(characteristic of single track motion compensation) will not be present (Equation 4.83). This
will now be described in detail.

From Equation G.9 of Appendix G and Figure 12, the differential phase error resulting
from the unknown terrain after dual track motion compensation, optional RCMC, and azimuth

compression is:

2
Eq(A) — E4(B) = _TW(Rtao — Rioh — Rivo + Ryo + Rupn — Rin) (4.109)

The next step is to apply a phase correction which makes the channel B reference track data
appear as though it were at the channel A reference track. The applied phase correction to

channel B is:
] 27
¢B(applied) = ——(Rtao = Ripo) (4.110)

Notice that this is constant along the aperture if motion compensation resampling is performed
and can therefore be applied as a range varying constant phase term for each azimuth matched
filter. Otherwise, it must be applied pixel by pixel on the compressed image or to the

interferogram. Due to the unknown terrain the ideal correction should have been:

2
#p(ideal) = ~(Ruah — Run) @“.111)

Therefore, there is a differential phase error from this operation which is:

2w

By(B)= -5

(Rtao — Rtso + Rith — Rian) (4.112)

The resulting differential phase after the two operations will be zero if all corrections were

ideal. Therefore, the differential phase is equal to the residual errors:

® = E4(A) — E4(B) — E4(B) (4.113)
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which results in:
27
¢ = —T(Rbo — Rpp) 4.114)

which is precisely the same result as if one step single track compensation had been applied

(Equation 4.15), except without the RCMC induced errors.

Most Accurate and Most Convenient Approach

The resulting most accurate and convenient approach would therefore be to implement the

following:

1. Perform motion compensation resampling.

2. Phase correction to dual reference tracks that may .be segmented if necessary.

3. Perform RCMC.

4. Azimuth matched filters determined separately for each channel based on the reference
level positions. Apply the extra phase constant term to each matched filter for Channel
B (Equation 4.110).

5. Phase unwrapping that assumes continuous differential phase.

6. Differential phase to elevation conversion based on the new dual/single track formulation

(Equation 4.114).

If motion compensation resampling is not performed the extra phase correction must be applied
after azimuth compression on the entire image. The benefits versus the extra computation would
have to be weighed. The validity of such approaches to motion compensation will be verified

by simulation and processing of real InSAR data in the next chapter.
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Chapter 5 Evaluation of Non-ldeal
INSAR Motion Compensation

In order to ensure that the modelling and analysis of the previous chapters is correct
experiments were performed using a point target simulator as well as processing real InSAR data
from the CCRS Convair 580 system [25]. The simulation and real data processing used the zero-
Doppler pulse processing and flat earth assumptions of non-ideal InSAR motion compensation.
This chapter will begin with a description of the point target simulator and the corresponding

results and conclude with results from real InSAR data processing.

5.1 Point Target Simulation

A comprehensive simulation of the InNSAR data acquisition and processing mechanism was
performed. Dual channel range compressed raw SAR point target data was generated for any
desired flight motion and target location. An InSAR processor was then used to process the
data into an interferogram and finally into a height estimate for the target. In this section, the
simulator will first be described followed by the modelling of typical flight motion. The results
obtained using the modelled motions will be described as well as the results from using real
motion data from the CCRS Convair 580 aircraft. When the predicted results are compared to

the simulation results good agreement is found.

5.1.1 The Point Target Simulator

The point target simulator consists of three parts. Fi;st, range compressed point target echo
data is generated for any aircraft trajectory, including roll effects, and for any target elevation.
Next, both channels of the raw data are processed by the InSAR processor. This consists
of motion compensation phase correction, azimuth compression and two-fold oversampling,

interferogram creation, phase unwrapping, and differential phase to elevation conversion. The
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third component of the simulator is the evaluation routines that monitor the results along
the way. This consists of performing point target analysis on the two compressed channels
and on the interferogram, as well as analyzing the final height estimate. The simulator was
implemented in the MATLAB simulation language. The simulator is based on typical C-band
airborne systems, but the specific parameters were taken from the CCRS InSAR system for the

Convair 580 aircraft. The simulation algorithm will now be described in more detail.

Simulation Algorithm

The simulation algorithm consists of the following processing steps:

1. Generate range compressed point target data for a particular flight and target position for
two channels (one transmit receive, one receive-only) assuming receive-only channel is
registered with main channel assuming flat terrain. The registration is implicit in the
sampling of the raw data. The data is 2048 samples in azimuth and 21 samples in range
(variable).

2. Apply phase correction to each channel assuming flat terrain and using either one or two

reference tracks. No motion compensation resampling is performed.

3. Perform azimuth Fourier Transform.

4. Optionally, perform RCMC in the frequency domain by baseband interpolation for each
channel. An 8 point FIR kernel is used and interpolation is made to 1/16 of a sample.

5. Performed azimuth compression using a matched filter for each channel. The slant range
used to generate the matched filter is correct at the zero Doppler pulse. Terms up to fourth
order in time are used.

6. Perform azimuth Inverse Fourier Transform including two-fold zero padding to prepare for

interferogram creation. This is required as interferogram generation doubles the bandwidth.
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7. Interpolate by a factor of 16 and analyze the compressed peak characteristics in each
channel.

8. Generate the interferogram using the original (not interpolated) compressed data from each
channel.

9. Interpolate by a factor of 16 and analyze the compressed peak characteristics in the
interferogram.

10. Unwrap the differential phase using the terrain elevation knowledge.

11. Convert the differential phase into a height estimate.
5.1.2 Modelling of Typical Aircraft Motions

In order to use the simulator, aircraft flight motions are required. Antenna displacement
data obtained from CCRS for the Convair 580 was used to come up with classes of motions that
could be compared with the predicted results (Figures 14 and 15). Data from a number of flights
was analyzed. From this data the following motions were selected for use in the simulator:

Table 7 Typical Flight Motion for CCRS Convair 580

Moti&Type L Peak Flight Motion _
Translational Velocity 05 B
Translational Acceleration 0.01g 3

Baseline Angular Velocity (roll) 0.2 d_zg

Baseline Angular Acceleration (roll) 0.3 i:;‘g

Sinusoidal Baseline Variation (roll) 0.15 deg peak
Displacement Offset 10m

5.1.3 Simulation Results of Modelled Motions

The typical peak flight motion shown in Table 7 were used, one at a time, in the
simulator using the parameters of Table 1 (unless otherwise specified). The motions were
divided into separate components in the line-of-sight direction and perpendicular to this to

allow the theoretical error analysis to be evaluated. Both single and dual reference track
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motion compensation was performed. Apart from the differential phase errors the results were
essentially identical between the single and dual track approaches. The dual track results will

be presented first, followed by the single track results.

Dual Reference Tracks with RCMC

Table 8 shows the results for the dual reference track approach for target elevations less
than or equal to 1000 m from the reference track and for motions that yielded insignificant
errors. In addition, there was no measurable inter-channel shifts. This indicates that these
flight motions are acceptable for the simulator algorithm (including the assumptions contained
there such as the center of aperture assumption, neglecting to resample, and non-ideal motion
compensation). The results for targets below the reference track are similar except for the

change in the angle to the target which makes the above/below results slightly asymmetric.

Table 8 Dual Reference Track Motion Compensation with RCMC

Flight Motion h <= 1000 m
Ah Azimuth Azimuth | Range Inter-channel
(m) Broadening Shift Broadening Broadening
(%) (m) (%) (%)
I with < 0.05 <1 0 <1 <1
d<=10m
Q%%L=0_5% < 0.05 <1 0 <1 <1
a1,s = 0.01¢g < 0.05 <1 0 <1 <1
dear — (0.2 924 <005 |<1 0 <1 <1
S

The most significant results are shown in the following figures. Figure 16 shows the
resulting azimuth shift from translational velocity perpendicular to the line-of-sight direction.

The predicted shift of Equation 3.48 agrees well with the simulation result.
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Velocity Induced Peak Position Shift
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Figure 16 Unknown Terrain with vy, = 0.5 2, and R = 10 km

Figure 17 shows the resulting azimuth defocussing occurring in both channels for a uniform
translation acceleration perpendicular to the line-of-sight of 0.01 g. By using Equation 3.55
there should be about 5 % defocussing for a terrain elevation of 500 m. This agrees quite

well with the simulation results.
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Acceleration Induced Azimuth Defocussing
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Figure 17 Unknown Terrain with a,j,; = 0.01g, and R = 10 km

Table 9 shows the results from an angular acceleration of 0.3 d—:} for a range of slant
range values. Predicted differential phase errors using Equation 4.52 and height estimate
biases using Equation 4.54 were compared with the simulation results (using no antenna beam

pattern) yielding good agreement. The larger discrepancy at near range is due to the errors in

estimating the effective baseline perpendicular to the line-of-sight as it gets smaller.

Table 9 Effects of Angular Acceleration, a,,;; = 0.3 %‘3‘1, h =1 km, and no antenna pattern

Slant Range |Processed Adpeory Adgim, Ahitheory Abhgim
(km) Aperture (mrad) (mrad) (m) (m)
(sec)
10 3 19 26 -0.5 -0.7
15 3 14 15 -0.7 -0.7
15 4.6 32 34 -1.6 -1.6
20 4.6 30 31 -2.1 -2.1
20 6 53 55 -3.8 -3.7
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Figures 18 and 19 show the results from sinusoidal roll of 0.15 deg peak and with
period = 3 sec. As was suggested by Equation 4.62, the effect of the phase bias error being
about equal and opposite to the change in the expected phase, and the smoothing performed by
the compression operation, combined to result in a very smooth measured differential phase.
The expected phase followed the roll motion thushleading to a sinusoidally varying height
estimation error. This smoothing effect was even more pronounced at far range due to the
longer aperture processed. It should be noted that using a smoothed version of the inertial data
to convert the differential phase to elevation will not solve this problem. What will happen
is that new height errors will occur even for targets at the reference level. At least under

the current approach it is only targets that deviate appreciably from the reference level which

are affected.
Sinusoidal Roll and Unknown Terrain
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Figure 18 Effect of Sinusoidal Roll on Differential Phase

(0.15 deg peak, period = 3 sec, h = 1 km, R = 10 km)
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Sinusoidal Roll and Unknown Terrain
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Figure 19 Effect of Sinusoidal Roll on Height Estimate

(0.15 deg peak, period = 3 sec, h =1 km, R = 10 km)

Single Reference Track with RCMC

The only difference between the results from the single and dual reference track approaches
was that involving an extra differential phase bias in the single reference track case. This was
predicted by Equation 4.82 to occur when RCMC was performed. Figure 20 shows how the

theory and simulation results agreed very well.

5.1.4 Simulation Results of Actual Motion Data

Actual motion data from Figures 14 and 15 were also used in the simulator. This data
corresponds to pass 6 of the Kananaskis flights in February 1992 of the Convair 580. Point
target simulation results were obtained along the flight line every 0.2 seconds and dual reference
track motion compensation with RCMC and single track without RCMC were performed. This

is equivalent to simulating a strip of point targets along azimuth separated by about 25 m. The
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Single Reference Track with RCMC
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Figure 20 Single Track Bias Errors, R = 10 km, and no antenna pattern

following results indicate the errors that would results from typical Convair 580 flight motion

coupled with unknown terrain and precise inertial data measurements.

Dual Reference Tracks with RCMC

The results from dual reference track motion compensation with RCMC and real motion
data were similar to those using the modelled motion data. Most effects were almost identical
in both channels. The significant results of differential phase errors, height estimation errors,

azimuth defocussing, and azimuth shifts will now be described.
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Differential Phase Errors The dominant differential phase error was due to the smoothing
effect of unknown terrain coupled with aircraft roll (Figure 21). The expected differential phase
itself followed the large scale motion of Ry, and Riq, with a small scale ripple due to the
aircraft roll. The measured differential phase followed the large scale motion but smoothed out

some of the ripple. This leads to a ripple in the height estimate.
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Figure 21 Measured Versus Expected Differential Phase Dual Track (R = 10 km, h = 1 km)

Height Estimation Errors Given that the differential phase errors follow the roll motion,
then the resulting height estimation errors will also follow the roll motion. Figure 22 shows
the resulting height estimation errors using the new double reference track interpretation of

the differential phase.
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Height Estimation Error
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Figure 22 Height Estimation Errors and Roll (R = 10 km, h = 1 km)

Figures 23, 24, and 25 compare the height estimation errors for the conventional (ideal
assumed) and new dual reference track approaches for different slant range values. The
reference tracks were chosen to minimize the possible biases that can occur in the conventional
approach. At near range the errors resulting from the aircraft roll are small in the new approach
compared to the residual biases of the conventional approach. At mid and far range the errors
are about the same size but the new approach has higher frequency errors due to the roll. An
explanation for this was given above for the case of point targets and sinusoidal roll. The

impulsive height errors come from regions where extreme defocussing occurred.
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Figure 23 Height Estimation Errors (R = 10 km, h = 1 km)
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Conventional Dual Track Approach
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Figure 25 Height Estimation Errors (R = 20 km, h = 1 km)

Azimuth Defocussing The theory predicted that acceleration perpendicular to the line-of-
sight would lead to defocussing in both channels. Figure 26 shows the resulting 3 dB width
azimuth broadening for a target elevation of A = 1 km above the reference track. Also plotted
is the general variation of the displacement from the reference tracks perpendicular to the
line-of-sight direction. The total variation over the processed extent was about 6 m. At a
few positions along the flight line significant defocussing occurs. Figure 27 shows the same
experiment but with ~ = 500 m. By halving the target elevation the defocussing is reduced to
reasonable levels. In either case, the inter-channel differential defocussing is less than a few
percent provided significant defocussing does not occur. When significant defocussing occurs

the interpretation of a 3 dB width loses its meaning as the sidelobes have joined the main lobe.
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Unknown Terrain and Real Motion Data
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Figure 26 Azimuth Broadening with Unknown Terrain (R = 10 km, h = 1 km)

Azimuth Shift Figure 28 shows the resulting mis-positioning of the peak in azimuth for a
target with A = 1 km. The results were the same across the range swath. Using Equation
3.48, and by low pass filtering the motion data with a 1 second long box-car filter to estimate
the velocity, the predicted shift was calculated. It is clear that the prediction and measured

results agree.

Single Reference Track without RCMC

The above simulations were repeated but with single reference track motion compensation

and no RCMC was performed. Most of the results were essentially the same as the dual
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Unknown Terrain and Real Motion Data
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Figure 27 Azimuth Broadening with Unknown Terrain (R = 10 km, h = 500 m)

reference track with RCMC results. The exceptions to this were the resulting differential phase
and a small bias error. Figure 29 shows how the expected differential phase follows the roll
motion but is otherwise unaffected by the larger drifts. The corresponding height estimation
errors are shown in Figure 30. The small bias at the peak is due to a coupling between the
range phase ramp in the interferogram PSF, caused by the difference in the range varying phase
corrections between channels, and a small migration of the compressed peak across range due
to the uncompensated range migration. If the phase at the correct slant range (slant range of
peak if RCMC had been performed) is evaluated, no bias is found. This bias does not occur

for dual reference track motion compensation without RCMC because there is no range phase
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Unknown Terrain and Real Motion Data
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Figure 28 Azimuth Shift with Unknown Terrain (A = 1 km)

ramp in the interferogram. This error can be minimized for the single reference track case by
keeping the processed bandwidth small.

The azimuth broadening and azimuth shift are slightly smaller than the dual track with
RCMC case due to the shorter effective aperture processed.

Processing with Segmented Tracks

In order to investigate the continuity in the differential phase of the new dual/single track
approach the point target simulator was used. The segmented tracks are handled by overlapping
the azimuth data sufficiently to ensure a constant reference track for a given compression

operation. The point target simulator was run using the real motion data for two cases of
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Measured and expected differential phase
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Figure 29 Measured Versus Expected Differential Phase Single Track (R = 10 km, h = 1 km)

reference tracks. The resulting two strips of data were then cut and pasted together at the
midway point. This was performed for the dual reference track approach and for the new
dual/single track approach where a phase correction is applied after compression to convert
from the dual track to the single track formulation. Figure 31 shows the resulting differential
phase of the interferogram. It is clear that the dual track approach results in discontinuous
differential phase. The new dual/single track approach has continuous differential phase across
the boundary. When the height estimates were compared between the two approaches the

results were identical, as expected (Figure 32).

5.1.5 Discussion of Point Target Results

There is a convincing correlation between the theoretical error modelling presented in this
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work and the simulated results using the point target simulator. As predicted, the following

main results were observed:

1. The majority of errors resulting from non-ideal motion compensation cancel out between

the two channels leading to accurate height estimation.

2. Unknown terrain coupled with velocity perpendicular to the line-of-sight direction leads
to an azimuth shift of the compressed peak in both channels identically. Provided this
is only a few meters the subsequent differential phase smoothing by spatial filtering will
reduce the impact of this error. Alternately, if the error is large the shift can be predicted
once a height estimate is available and corrected by a resampling operation. The predictive
ability of the theory is very good. But, this correction should not be necessary for the
CCRS InSAR system.
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Differential Phase Across Segmentation Boundary
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Figure 31 Differential Phase with Segmented Reference Tracks (R = 10 km, h = 1 km)
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Figure 32 Height Estimates with Segmented Reference Tracks (R = 10 km, h = 1 km)
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3. Unknown terrain coupled with acceleration perpendicular to the line-of-sight direction leads
to similar defocussing in both channels. For rugged terrain significant defocussing can occur
at a few positions along the flight line for the CCRS InSAR system. Only knowledge of
the terrain elevation and complete time domain motion compensation and processing can
reduce this effect.

4. The single reference track approach with RCMC has an inherent differential phase bias
due to the difference in the displacements from the reference track coupled with RCMC.
This bias did not occur in the double reference track approach, as expected.

5. The single reference track approach without RCMC also has a small bias error in the height
estimate at the peak due to the difference in the displacements from the reference track
coupled with the migration of the compressed peak due to uncompensated RCM. This bias
did not occur in the double reference track approach.

6. The dominant source of differential phase errors, and thus height estimation errors, is due to
aircraft roll coupled with unknown terrain. The roll motion produces angular accelerations
which cause bias errors. In addition, the motions are often oscillatory allowing for
smoothing to occur due to the compression operation. This resulted in smoothed measured
differential phase which did not follow the higher frequency expected differential phase.
The conventional approach to interpreting the differential phase is not as sensitive to this
effect as the new single and new dual track approaches. But, the conventional approach is

sensitive to the choice of reference tracks for a given segment.

5.2 Processing CCRS InSAR Data

In addition to the successful results from the point target simulations, processing with real
CCRS InSAR data was carried out to demonstrate the ability to obtain quality interferograms

for the various proposed approaches. In this section, the InSAR processor will be described
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followed by a description and display of the resulting interferograms and a slant range
topographic map. Some additional experiments with inertial data errors will also be described.
A basic InSAR processor was implemented in the MATLAB simulation language following

the process flow of Figure 2. The main processing steps included:

1. Resample channel B to register with channel A at the reference level.

2. Perform motion compensation phase correction to each channel using single or dual
reference tracks.

3. Perform azimuth compression using fast convolution without RCMC.

4. Form interferogram.

5. Perform phase smoothing and phase unwrapping.

6. Convert differential phase to elevation.

The processor was designed to operate on one block of range data at a time. The blocks could
then be pieced together to form a complete image. The processing parameters were those of

Table 1.

5.2.1 Three Hills Data Results

The data set processed was of the Three Hills area in Alberta. The data was acquired by the
CCRS InSAR system in February 1992, pass 10. The scene is of farm land with rolling hills.
The raw data was 12000 range lines with a swath width of 2048 samples. The interferograms
were phase smoothed by sample averaging of 10 samples in azimuth and down sampled by 10
producing a final image 2048 samples in range by 1024 in azimuth. This yielded about equal

sampling intervals of 4 m in each direction.

Figure 33 shows the interferogram square root of the magnitude image which is essentially
equivalent to a single channel SAR image. The image looks distorted because of the slant

range perspective.
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Figure 34 shows the resulting interferogram differential phase for the dual reference track
case. One cycle of the color wheel corresponds to a change of 27 radians. The dominant
variation is due to the flat earth fringes which depend upon the position of the reference tracks.
The discontinuity in the reference tracks at range line 512 will clearly cause phase unwrapping
problems. The flat earth fringes have to be removed before the variation due to topography

will be visible in the interferogram.

3 Hills, Alberia. Interferogram Root Magnitude
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Figure 33 Square Root of Interferogram Magnitude Image
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Figure 34 Dual Reference Track Interferogram Phase

Figure 35 shows the resulting interferogram differential phase for the new dual/single track
case. One cycle of the color wheel corresponds to a change of « radians. The extra phase
correction was applied to the phase smoothed and down sampled interferogram to reduce
computation. The new dual/single approach has the expected continuous differential phase

across the segmentation boundary.

Figure 36 shows the interferogram differential phase for the single reference track case.

One cycle of the color wheel corresponds to a change in differential phase of = radians. It
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Figure 35 Dual/Single Reference Track Interferogram Phase

is clear that the differential phase is continuous across the discontinuity at range line number
512. This result was compared to the interferogram using the new dual/single reference track
approach yielding a negligible mean difference of 2 mrad or 6 cm in elevation and 6 mrad
rms or 3 ¢m rms in elevation across the image. This result shows that the bias errors that
occur solely for the single reference track case without RCMC are small when the processed

bandwidth is small.
Further interferometric processing of the single reference track interferogram was per-

103



Figure 36 Single Reference Track Interferogram Phase

formed. The differential phase was phase unwrapped and converted into elevation estimates
without any control points or phase calibration. Figure 37 shows the resulting slant range
topography with one cycle of the color wheel corresponding to 50 feet. Figure 38 shows the
1:50 000 contour map for the region with contour intervals of 25 feet. A visual comparison
of the two demonstrates the effectiveness of SAR interferometry. The spatial distortion would

be removed if a projection to ground range were made.
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Figure 37 Elevation Estimates

5.2.2 Inertial Data Errors

In order to ensure the equality of all approaches with regard to inertial data errors real
data experiments were carried out. A baseline clutter data set was constructed from the
Three Hills data which used the INS data supplied by CCRS for motion compensation and
elevation estimation. In the test data set the same raw data was processed but with zero mean,
independent, Gaussian errors in the INS data. The single and dual track motion compensation

approaches were used as well as the conventional dual track interpretation of the resulting
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differential phase. The height estimates were compared to the height estimates from the baseline
data set and the errors computed. As expected, all methods produced the same variance of
height errors. As an example of the results for the CCRS processing parameters, a 1 mm rms
error in the position of the receive-only antenna produced about a 0.4 m rms height estimation
error at near range.

Another similar experiment was conducted, except that the INS errors were constant over
the aperture. As expected, all methods produced the same bias in the height estimates. For
example, with a 1 mm bias error in the horizontal and vertical position of the receive-only
antenna position lead to a height estimation bias of about 0.5 m at near range.

It would appear that an important hmltmg factor for airborne InSAR motion compensation
is in the ability to estimate the baseline length and angle. For the single and new dual
track formulations the errors arise in the differential phase to elevation equations. In the
conventional dual track approach the instantaneous baseline must be known in order to motion
compensate accurately to the two reference tracks. The resulting baseline induced errors appear

as differential phase biases. In either case, the effect on the height estimates are the same.
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Chapter 6 Conclusions

In this chapter the main conclusions drawn from this work will be listed and briefly
described. Following this, the ensuing recommended motion compensation approaches for

InSAR will be summarized. The following specific conclusions were made from this work:

1. The effect of motion compensation with unknown terrain on focussing can be severe for
turbulent flights and moderate terrain or typical flights and rugged terrain. The translational
velocity causes the compressed peak positions to be shifted (Equation 3.48) and translational
acceleration leads to peak broadening (Equation 3.54).

2. Due to the range varying phase correction (RVPC) and the ensuing range spectral shift
induced, the allowed displacement offset between the reference track and the antenna track
is limited by the range oversampling factor if subsequent baseband processing is used
(Equation 3.21). This spectral shift may cause problems for interpolation in RCMC or
subsequent range filtering.

3. Differential phase bias, and thus a height estimation bias, can occur that dependent upon
the difference in the displacements between each channel and the reference track due to
the range varying phase correction (RVPC). This difference is much larger in the single
reference track case and can lead to significant differential phase biases. This difference is
typicaliy very small in the double reference track case. When RCMC is performed the bias
is due to differences in quadratic phase errors (Equations 4.82 and 4.83). When RCMC is
not performed, the bias is due to the peak shift caused by uncompensated RCM coupled
with the range phase ramp of the differential RVPC.

4. The effect of motion compensation with unknown terrain on the differential phase is small
in most cases due to the phase errors cancelling out between channels. Differential phase

biases can occur if the offset between the antennas and the reference tracks become large,
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combined with rugged terrain (Equation 4.31). These effects can be compensated for in
the differential phase to elevation equations. The single reference track approach handles
this automatically (Equation 4.15) but the double reference track case must include an
extra term in the equation (Equation 4.27). Severe angular (roll) acceleration coupled with
rugged terrain can lead to differential phase biases (Equations 4.52, 4.54, and 4.60).

If block azimuth processing is used then the length of the block is limited by the amount of
range resampling performed over that block as this determines the slant range required for
the matched filter. The important parameter is the difference in the errors in the matched
filters between the two channels as this leads to differential phase biases (Equations 4.77
and 4.79).

Neglecting to resample for motion compensation does not have much effect for typical
flights but will cause broadening and a reduction of the useful part of the aperture for very
turbulent flights.

Errors in the inertial data can lead to differential phase errors and biases in the height
estimates. The high frequency errors can be reduced by filtering the interferogram but
bias errors will remain. An important factor for airborne InNSAR motion compensation
is in the ability to estimate the baseline length and angle. For the single and new dual
track formulations the errors arise in the differential phase to elevation equations. In the
conventional dual track approach the instantaneous baseline must be known in order to
motion compensate accurately to the two reference tracks. The resulting baseline induced
errors appear as differential phase biases. In either case, the effect on the height estimates
are the same, requiring extremely accurate inertial data. In the absence of this correction,

control points will be required.

The single reference track approach yields continuous differential phase even when the

reference track is segmented (Equation 4.15). In addition, the flat earth fringes have been
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10.

removed.

The dual reference track approach yields discontinuous differential phase when the reference
tracks are segmented (Equation 4.27).

The benefits of both the single and dual reference track approaches can be realized by
using the dual track for motion compensation followed by a conversion to a single track by
a subsequent phase correction. If motion compensation resampling is performed then this
extra correction can be very efficiently applied as a constant to the receive-only channel
azimuth matched filter for each azimuth line in the segment (Equation 4.110). If motion
compensation resampling is not performed the correction must be applied pixel by pixel to

the entire receive-only image or to the phase smoothed and down sampled interferogram.

6.1 Recommended Approach for CCRS System

For the typical C-band InSAR scenario for the CCRS system a fairly simple approach to

motion compensation is adequate. This would include:

No motion compensation resampling.

Phase correction to a single reference track that may be segmented, if necessary.

No RCMC.

Azimuth matched filters determined separately for each channel based on the reference
level positions.

Phase unwrapping that assumes continuous differential phase (as far as motion compen-
sation is concerned).

Differential phase to elevation conversion based on the new single track formulation.

Apart from the possible defocussing problems for severe terrain coupled with translational

acceleration, this approach should yield a motion compensation approach which contributes on

the order of a meter to the height estimate error budget.
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6.2 Recommended General Approach

A very accurate approach, which might be required for system parameters other than that

of the CCRS case, would be to implement the following:

1. Perform motion compensation resampling.

2. Phase correction to dual reference track that may be segmented if necessary.

3. Perform RCMC.

4. Azimuth matched filters determined separately .for each channel based on the reference
level positions. Apply the extra phase constant term to each matched filter for channel B
to convert the channel B reference track to the channel A reference track.

5. Phase unmappiﬁg that assumes continuous differential phase (as far as motion compen-
sation is concerned).

6. Differential phase to elevation conversion based on the new dual/single track formulation.
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Chapter 7 Suggestions for Future Work

The following is a list of possible extensions to the current work or new ideas that have

come up:

1.

Remove the restriction in the current work of a yaw steered antenna and zero Doppler
processing. Investigate how this changes the sensitivities and recommended processing for
motion compensation for InSAR.

Investigate the role of Autofocus for InSAR motion compensation. For instance,

a. Investigate the potential of absolute phase ambiguity determination by manipulating
the defocussing sensitivity to unknown terrain.

b. Use Autofocus to handle defocussing caused by unknown terrain.

Investigate the modifications to motion compensation for InSAR that might be required if

the Split-frequency approach [21] is needed.
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Appendix A Effect of Quadratic Phase
Errors on Compression

It is useful to evaluate the effect of quadratic phase errors on the compression of a linear FM
pulse. The ideal signal is:

s(t) = eIkt (A.1)
The signal to be considered is:
s(t) = eI E+AK) (A2)

By requiring a large time-bandwidth product (KT? > 50, from Oliver, 1989) one can obtain an
accurate approximation to the true compression by correlating with the following matched filter:

s(t) = rect (%) eI Kt (A.3)

where T is the processed aperture time. The compressed peak is therefore:

p(t) = / Tect(;rf)e—J'W((K+AK)(t+-,-)2)ej,rKTsz

ol 8

e~ ((K+AK)(42tr)) —jnAKT g

I
~

(A.4)

N ]

e—-j1r(K+AK)t2 e—j21r(K+AK)t‘re—j7rAK1'2dT

S~y

T

2

The remaining integral can be evaluated resulting in Fresnel integrals. As the phase at the peak
is of most importance, one can simplify:

T
z
p(0) = / e~ITAKT g (A.5)
-3

This expression is a complex Fresnel Integral or Cornu Spiral. Of interest is the angle of the
Cornu Spiral. The following substitution can be used to put this into a more recognizable form:

TAKT? = 42 (A.6)
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yielding,

%‘- TAK
1 . o
0) = —iv'q
P0) = =% / ©T
ZVrAK

T
2 . 3
= e " du
vrAK /
i 0

Now the Cornu Spiral can be evaluated using an asymptotic expansion for small values of x:

7 3 7
S(z) = \/gfsinfdum \/g(% —%)
0

z ; (A.8)
2 2 2 x
C(z) = \/;/cosu du =~ \/;(x— = o1 )
0
The phase error at the peak is:
_ S(z) S(z) z?
Ad(z) =tan"! | — R —— N —— A9
@ = (-565) =55~ 3 *2)
Back substituting values gives:
: 2
A~ —TAKT (A.10)
12
In terms of the applied quadratic phase error at the edge of the processed band:
2
Ad = ”AfT (A.11)
one obtains:
AD ~ —% (A.12)

The exact solution was obtained using numerical integration and compared to this approxima-
tion. The approximate relation is an upper bound and is very accurate up to an applied error
of about 7 at the band edge. In addition, the phase error across the compressed peak was
observed from the numerical solutions. It was found that the phase was parabolic about the
peak with the error initially decreasing toward the first null, passes through zero, then increases
toward 7 at the first null. In other words, the expected zero phase response has zero phase
over the main lobe and a change of 7 radians across each null. When a quadratic phase error is
present along the aperture the edges of this step-like phase response are smoothed out. About
90 percent of the main lobe has a phase error less than that at the peak and the remaining 10
percent is around the null.
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The effect of quadratic phase errors on the compressed peak 3dB width is very non-linear. For
applied phase errors at the edge of the band of less than about #/2 the broadening is less than
about 5%. For applied errors of about 2.5 radians the broadening is about 20%. Above this
value the peak deformation becomes extreme and the broadening increases very rapidly.

The effect of quadratic phase errors on the compressed peak sidelobe levels is fairly linear.
Above 2.5 radians the sidelobe level has dropped from —13 dB to —5 dB. It would appear that
to maintain a reasonable peak shape the phase errors should be kept below about 7/2 at the
edges of the processed band.

For sinusoidal type motions with periods less than the processed aperture, the phase error must
be less than 7/2 for a maximum allowable broadening of 10% according to Hovanessian, 1979.
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Appendix B Single Channel Phase
Errors due to Unknown Terrain

Given that the off-nadir angle to the imaged patch is initially unknown, this leads to phase
errors in the applied motion compensation phase correction. Referring to Figure 7 one applies
a correction of:

4
dmc(applied) = ——;—r-(Rto — Rg) B.1)

for the zero Doppler pulse of a particular target. The proper correction is:

bmo(ideal) = —%’(Rﬂ, ~ Rao) B2)

Therefore, the phase mismatch between the data and the assumed data for matched filtering is:

Aderr =~ (Riy — R ®.3)

One can expand this expression for the phase errors to first order to better understand what
parameters are important by using the cosine law and a truncated binomial expansion:

d? d
Rip = Raor |1 + —— RZO ZR cos (a + 0,1)

(B.4)
~ Rqao ah))
Rto = Rao\/ R2 R cos (Ol + 00:0)
Rao ao (B.5)
~ Ra ( ao))
Therefore, the phase error is
drd
Aderr = —%(cos (ct + 0an) — cos (a + 0a0)) (B.6)
defining
0= a0 ®B.7)
Aa = oah - 9ao )
and using
.1 .1
cosa —cos b = —2sin §(a + b)sin E(a —b) (B.8)
yields:
Aderr(t) = 87rd(t) sin ( (t) +6(¢) + A0(t)> siné-oth)- (B.9)
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The time dependence has been shown to indicate that the phase error for a particular target will
vary across the aperture depending upon the flight motion, the applied motion compensation,
and the error in the assumed off-nadir angle to the target. It is clear from this expression that
the phase error is sensitive to flight motion perpendicular to the line-of-sight of the beam. The
phase error variation over the aperture is therefore,

8md 1105() . AH(2)
) sin 2

where d05(t) is the flight motion displacement variation perpendicular to the line-of-sight.
One can approximate the error in the off-nadir angle with the upper bound:

Aderr(t) = (B.10)

h
R ——— B.11
Al Ry, sin 6 ( )
and another upper bound approximation:
Af Al
in— ~ — B.12
sin — 5 (B.12)
Therefore, 4 dygos(2)
T 110skl
err(t) R ———— 7 B.13
Aderr(t) ARyos1n 6 ( )
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Appendix C Effect of Linear Phase
Errors on Compression

It is useful to evaluate the effect of linear phase errors on the compression of a linear FM
pulse. The ideal signal is:

s(t) = e~ITKE (C.1)
The signal to be considered is:
s(t) = e~ Im(KP*+L1) (C2)

By requiring a large time-bandwidth product (X T? > 50, from Oliver, 1989) one can obtain an
accurate approximation to the true compression by correlating with the following matched filter:

S(t) = rect (%) ejﬂ'K‘tz (C3)
where T' is the processed aperture time. The compressed peak is therefore:
oo
p(t) = / rect (%) e_j"(K(t+")2+L(t+r))eijrsz
—00

—jn(K+2Ktr+L(t+7)) dr

[
ol S~

= |¢ (C4)
T
— e—jw(Kt2+Lt) / e—ijKtre—ij‘rdT
-z
T
2 . T
/ o—i2nKtr —jxlr g _ _Tsm T(2tK + L)% (C.5)
A (2tK + L)%
-3
Therefore, the final solution is:
. I )
p(t) = _Tsm T(2tK + L)% —in(KE+Lt) ©6)
m(2tK + L)L
The position of the peak is no longer at time zero but has been shifted to:
L
tpeak = 5% (sec) (C.7)
In addition, there is a phase error at the peak:
rL?
oerr = R (rad) (CS)
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Appendix D Directional Random Walk Model

The complex pixel result from azimuth compression with random phase noise can be described
by a directional random walk model. The statistics of the complex summation result for the
case of communication theory problems has been studied by Beckmann, 1967. The summation
can be characterized by:

N
Re® = X +jY =) Aiel® (D.1)

=1
where each contribution is independent and the expectation of Y is zero (expect zero phase).
The A;’s can be regarded as the modulated scattering strength along azimuth including any

compression windowing. According to Beckmann, the probability density function (PDF) for
the resultant phase is:

Ke[—0.532(1+K2)]

) = 1+G G? 1 e D.2
P0) = 5 renr s sy L+ OVRe (L +erd (@) ©2)
where
14+ K2
G = BK cos 6 D3
COS \/2 (K2 C082 0 + Sin2 0) ( )
B= — (D4)
\/<(X—X) >4 <Y2>
2
K= <Y _>2
< (X — X) > (D.5)
X=<X>
G
f(G) 2 /e_zzdz (D.6)
er = —_— .
VT J
Of interest is the variance of the resultant phase:
2 _ 2
o5 = | 0°p(6)d0 (D.7)
—0Q0

A closed form solution to this integral does not exist. But, in most cases of interest an
approximate result is sufficient.

When the variance of X and Y are the same (K = 1) one obtains:

2
C—B

p(0) = - [1 + B+y/m cos 0(1 + er f(B cos 0))sz2 cos® 9] (D.8)
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Furthermore, when the mean of the real part of the resultant is much larger than its variance
B >> 1)

Bcos@
2 2
B ) = — -z ~~ .
er f(B cos 6) = / e “dzm1 (D.9)
0

and ,

cos?f ~ 1 — 62 (D.10)
yielding:

Bcosf _p2p2
p(0) ~ NG e~ B0

Due to the very narrow peak of this function one can ignore the cos @ term. Therefore, the
PDF of the resultant phase is approximately Gaussian:

(D.11)

p(6) ~ %6-32"2 (D.12)
The variance of the resultant phase is clearly:
o\ 2
1 <(X-X)">
2 __ —
% = 57 = < (D.13)

Of interest is to evaluate the phase variance for the case of Gaussian phase noise applied to
the signal prior to compression as a result of high frequency inertial data errors. It is assumed
that the phase noise is zero mean and independent from element to element. The result of
compression including compression weighting is:

N N N
R’ =X +jY =) A =) Ajcosdi+j ) _ Aising; (D.14)
1 =1 1=1

1=1

The variance to be solved is:

o} = _ =L =2 (D.15)

Xz X2 X2
Furthermore,
oo 9 _ N 1— 6—263) N
0 sin? g —2= 9 ( 2
= d E e — E - d
<Y*> (/ \/2_M¢e ¢do A; 5 ' A; (D.16)
0o 1=1 =1
oo 2 N 2 N
_ cos¢p —r e
X = ed A; = p) A; D.17
/ \/.27ra¢e ¢ ; ¢ ; ( )
o = =
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The exponential integrals are evaluated using Gradshteyn, 1980, p480. The resulting phase
variance is:

N
(1 _ 6_263’) ; A12
ol = =1 (D.18)

2¢™% N 2
£
=1

where ag is the variance of the Gaussian phase noise. When there is uniform weighting this
reduces to:

(1-)
R — (D.19)
2N e %
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Appendix E Inter-channel Azimuth Broadening

It is possible to calculate the inter-channel correlation coefficient for distributed homogenous
targets given the point spread function of each channel. The point spread functions will be
assumed to be weighted sinc functions that are scaled relative to each other. To evaluate the
effect of inter-channel azimuth broadening one needs to evaluate the following expression:

_ofo Pa1(z) Paz(z)dz

\](f Pal(:z:)Pal(:z:)d:z:> ( J Paz(:z:)Pag(:z:)dz)
where o
sin27Wax
Pal (III) = W ® w(a:) (E.Z)
and
Pas(z) = sin% _
w2(z) = —5we— ® w(z) (E.3)

n

are the azimuth point spread functions for channel 1 and 2, respectively, and where n > 1,
(® means convolution) and w(z) is the inverse Fourier Transform of the frequency domain
applied window. These integrals are evaluated by invoking the following property of Fourier
Transforms:

Fla®)} =5()
/ o(t)dt = §(0)

-0

(E4)

- Therefore,

00 00 . 2 W
/ Par(2) Pas(2)dz = / { (%’f ® 6(x)) (TZ,T”- ® w(x)) }dx (ES5)

— 00 —00 n
sin2rWz 1 f
Ui

sin 2xWz
f{wr ® w(w)} girect (2 ) x w(1)

7Pa1(x)Pa2(:c)dx - [(%rect( 2W>w( n)e (% ect(%)w( f))] @

(E.6)
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then,

[ Pa@Pateiz = gy [
/Pal(:lr:)P,,l(:lr:)dac=Z—2 / w2(f)df (E.8)
—00 -W
i oz
/ Pao(e)Paale)de = 71 / w2(f)df
Resulting in:
e | 0 () [ wir)as
N = — 7 = = | = (E.9)
w , T w2(f)d
{wlvr_{v wz(f)df}{ e | w“’(f)df} \ 0
If w(f) = 1 on [-W,W], then
y = % (E.10)

For example, if there was 10 % inter-channel azimuth broadening this would reduce the inter-

channel correlation coefficient by a factor of 0.95.
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Appendix F Single Reference Track Phase Errors

In the single reference track case both channels are motion compensated to the same reference
track (Figure 13). The channel A (transmit/receive) applied phase correction is:

) 47
¢A(apphed) = _T(Rto - Rao) (F.1)
What should have been applied if the target elevation had been known is:
. 47 ‘
da(ideal) = ——)‘—(Rth - R;,) (F.2)

Therefore, the channel A phase correction error, due to the target height being above the
reference level, for this particular range cell and this particular azimuth pulse is:

E(A) = ¢ a(applied) — ¢ 4(ideal)
4
= —_/\7£(Rto — Ry — (Rth - Rao)) (F.3)
= _%(Rto - Rth)

The channel B (receive-only) applied phase correction is:

((Rto - Rao) + (Rto - Rbo)) (F-4)

. 2r
ép(applied) = Y

What should have been applied if the target elevation had been known is:

. 2T
¢p(ideal) = —=((Rin — Rao) + (Rin — Run)) E.5)
Therefore, the channel B phase correction error for this range cell and this azimuth pulse is:

E(B) = ¢p(applied) — ¢p(ideal)

2w (F.6)
= __/\"(2Rto - Ra‘o - Rbo + Rao + Rbh - 2Rth)
The difference in the two errors, which is the differential phase, is:
27
®=E(A)-E(B) = ——/\-(Rb,, — Ryp) E.7)
By expanding the slant range values into binomial series one obtains:
27h
¢ = T(cos (otgb + Oan) — cos (agp + 40)) (F.8)
defining
AO =0, — 0,6 (F.9)
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and using

yields

But,

therefore,

cosa —cos b= —2 sin—;-(a + b)sin —;—(a —b)

®~ ——sin

A
47b11,s . AB
N ———sin—

2

Af N h
2 2R4, sin 8

27b ) josh

® N SR om0

128

47d Ab
agp + g0 + —

(F.10)

(E.11)

(F.12)

(F.13)



Appendix G Dual Reference Track Phase Errors

In the dual reference track approach each channel is motion compensated to its own track
(Figure 12). The applied phase correction in channel A is:

4
$a(applied) = —T”(Rm — Ry,) (G.1)

What should have been applied if the target elevation had been known is:

. 4
a(ideal) = ——=(Riah — Rao) (G.2)
Therefore, the channel A phase correction error for this range cell and this azimuth pulse is:

E(A) = da(applied) — pa(ideal)
dr (G.3)

= X (Rtao - R‘tah)

The channel B (receive-only) applied phase correction is:

$(applicd) = ~2((Riso ~ Rao) + (Buto — Fio)) G4

What should have been applied if the target elevation had been known is:

. 27
¢p(ideal) = "‘T((Rtah ~ Rgo) + (Rgpn — Ryp)) (G.5)
Therefore, the channel B phase correction error for this range cell and this azimuth pulse is:
E(B) = ¢p(applied) — p(ideal) =
27 (G.6)
- T((Rtao - Ra,o) + (R'tbo - Rba) - (Rtah - Rao) - (Rtbh - Rbh))

In the dual reference track case, one would expect that the differential phase will be the path
length difference phase, using the reference track positions, plus a component due to the errors
in the applied phase correction because of the unknown target height.

The component of differential phase due to pure triangulation is:

2
By = —T”(Rtah — Rua) (G.7)

Combining the conventional term with the new term results in:

®= ~2T(Rian ~ Ran) + B(4) — E(B) G.8)
where

2
E(A)~ E(B) = ——TW(RW, ~ Rao — Righ + Rao — Rivo + Ryo + Rupr — Ryg) (G.9)
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which results in:
27
DP = —==(Rtao — Ruso + Rso — Ryn) (G.10)

It is helpful to express the difference in the errors between the channels in a more understandable
form. By pairing together terms that can be converted into known parameters and invoking
the parallel ray approximation this yields:

Riqo — Ripo = —bRT cOs (6’;0 + aRT)

Riph — Riah = bR cos (H;h + aRT) (G.11)
Ryo — Rpp = b(cos (040 + cgp) — cos (Ba1 + aap))

Therefore,

E(A)— E(B) =~ (27rl;\RT) (cos (0;0 + aRT) — cos (O;h + aRT))+

9rb (G.12)
(B2) (cos (0 + ) = cos (0a + )
Extending this by defining:
A0 =06,,—6
g (G.13)
A =0,—-0,
and using
! .1
cosa — cosb = —2sin -2-(a + b) sin -2-(a —b) (G.14)
yields:

E(A) — E(B) ~

Ambgr A8 . (A8
( ) )Sm (“RT+0“°+ 2 )sm (T)‘ (G.15)

(52 ottt 580} (20

When the displacement from the reference track is small and the antenna baseline is the same
as the reference track baseline (which it is):

E(A) - E(B) ~
(#) sin (ézﬂ) (sin (aRT + 040 + ——) —sin (aab(t) + 040 + A20)) (G.16)
using .
Af =~ R (G.17)

130



one obtains:
E(A)— E(B) =

47bh ORT + Qg 1o 4 Af \ . QRT — Qgp (G.18)
ARsinf ) \“° ) T g ) )
which gives:
E(A) - E(B) =
2w hbyos ( _ o) (G.19)
ARsin @ “RT — %ab

This represents the error recovered by this new approach that is not considered in the conven-
tional dual reference track approach.

131



Appendix H Unknown Terrain and
Translational Motion

It is helpful to evaluate how translational motion of the aircraft contributes to the differential
phase error. Using the result of Equation 4.75 for the differential phase error along the aperture
the possible effects on the interferogram can be analyzed:
2rhbM(t)
AR2 sin 0
For linearly varying deviations one would expect to observe a relative mis-positioning between
the two channels (Appendix C):

Ad() ~ (H.1)

__ 2mhbM(t)

Lt ——1
4 AR2sin 6

(H.2)
Differentiating:
2rhd  OM(t)
AR2sin@ Ot
The resulting differential phase at the peak is:
L2 _ Th2b? oM\?
4K  202)\R3 sin20( ot )
For any reasonable parameters this differential phase error is negligible.
The resulting differential shift in samples is:
L PRF hb PRF 0M(t)
2K = 202Rsinf ot
Using 1/16 of a sample as an upper bound we obtain:
OM(t) < v2Rsin 6
ot 8hb PRF
For typical CCRS parameters (Table 1) this yields:
OM(t) < 18100 m
ot h s
Clearly, this is not a very limiting factor.
If one consider quadratic roll motion (uniform angular acceleration) the peak error along the
aperture must be less than 1/3 of our maximum allowed differential phase error (Appendix A):
27hbM oz

L ~

(H.3)

AP =

H.4)

AP = — (samples) (H.5)

(H.6)

H.7)

N ——— H.
A®rmas AR2siné (H3)
In terms of uniform acceleration:
12AR? sin A ®y;
a< —HT? (H.9)
For typical CCRS parameters (Table 1) this gives:
< —1% (H.10)

were g is the acceleration due to gravity. Again, it is clear that the differential phase errors
due to translational motion coupled with unknown terrain elevation is negligible.
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Appendix | Motion Compensation Resampling

When resampling for motion compensation is neglected there is a residual range migration
error in each channel that varies along the aperture depending upon the geometry and flight
motion. It is important to explore the nature of the difference in the errors between the two
channels (Figure 39).

Figure 39 Differential Resampling Geometry

Assuming that the point P is the correct sample to follow (flat terrain) the energy of a target
for flight motion parallel to the reference tracks, the residual migration in channel A is:

AR(A) = Rao — Ras @1
The residual migration error in channel B is:

AR(A) = Ry, — Rps (1.2)
The difference between them is:

AR(A) — AR(B) = Ryo — Ry + Rps — Rus (13)
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This can be approximated from:

Ra,,\/l + — R2 + 2 cos (agp + 040)

1.4)
~ Rao (1 + ao))
and
Ras\/l + = 7 +2 cos (agp + bgs)
Fas 15)
~ Rgs ( as))
Yielding:
AR(A) — AR(B) ~ —(cos (agp + 0a0) — cos (agp + bgs)) (1.6)
defining
0= bas 17)
Af = 0ao - aas ¢
and using
.1 .1 ‘
cosa — cos b= —2sin -2-(a+ b) sin §(a —b) (18)
yields:
AR(A) — AR(B) ~ 2bsin (aab +0+ %) sin A—20- 9
With further approximations from Figure 11:
Af =~ z(t) cos €(t) (1.10)
Rao
AR(A) — AR(B) ~ bsin (agp + 0)z(t) cos £(t) @11

R
Provided the roll angle «,;(t) does not vary significantly over the aperture the resulting error
is proportional to the product of the flight deviation and antenna separation perpendicular to
the line-of-sight direction:

MJ_los (t)

AR(t) s 2los = L.12)
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Appendix J MATLAB Program Listings

The following is a sample of the macros used for the MATLAB simulator and InSAR processor.
They are written in the MATLAB simulation language.
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2L ER AL LLLLLLLLLLLLILLLLLLRLLLR
$ simulatorl.m

Dual channel point target simulation with aircraft motion, motion
compensation to one or two reference tracks, RCMC, azimuth compression,
interferogram generation, and point target analysis

Change control

June 8/93 Initial release, modified from rcmcl.m to add RCMC

June 10/93 added interpolation by 2 of ch A and B before i’gram generation
June 17/93 shifted azimuth profile by one sample

Dec 16/93 added sinusoidal roll

90 9P 0P 00 0P 0P 0P dP P 0P 0P Of

P IR L L LT ITL LTI LLLLILILILLLLIITILLTLLILILIRLRLT9S
% Initialize Parameters

L AL It E I LT AL I ET LTI LIRII LI IR LRI LILLELBLLS
%

vV = 131.0; A/C velocity m/s

PRF = 337; Hz

wave = 0.0565646; wavelength (m)

D=1.0; antenna azimuth length (m)
Fr = 37.5E6; Range sampling rate Hz

c = 2.9979E8;
slpix = c/(2*Fr);
‘slres = 5.6;

H = 6000;

Rao = 10000;

speed of light (m/s)
slant range pixel spacing (m)
slant range resolution (m)
reference altitude (m)
slant range at nearest approach (m)
$ from "nominal® antenna position (delhlc,delvlc)
Ka = 2*V~2/(wave*Rao) ;% Azimuth FM rate Hz/s

0P 0P 0P J° 0P oP JP P Je JP

etac = 0; % azimuth time of nearest approach (sec)
Na = 2048; % number of azimuth samples generated
BWproc = 3; % processed beamwidth (deg.)

$Nmf = BWproc* (pi/180)*Rac*PRF/V; % length of azimuth matched filter (sampl.)

Nmf = 1024; % number of azimuth samples processed

K = 50; $ azimuth beamwidth constant (3.1 deg one-way)

M = pi/(1.125*slres); % range point spread function constant

Ni = 16; % number of azimuth elements about peak to interpolate
Nr = 21; $ number of range cells (must be odd!)

Ir = 16; % interpolation factor for peak analysis

NNi = Ni*Ir; % interpolation length

beta = 0; % beta used for matched filter kaiser window
div_zero = 1E-11; $ avoids divides by zero in sinc(x)

k = 2*pi/wave; % wave number

interp_size = 16; % interpolate in RCMC to 1l/interp_size of a sample
Nk = 8; % length of RCMC kernel

Wn = 1l/interp_size; % Cutoff for RCMC kernel =1 ~ Fr/2

betai = 3.5; % RCMC kernel kaiser beta

%

TS5 2222222822482 222LLLTLITLLLLLLLLLLLLLLLLLLTILLINNLY
% generate motion compensation data
T EEE2E B2 L LA ETLLLLLLILLLILLLLLLLTLILLLLLLLLLRRY

%

h = 1000; elevation of target above reference level (m)
offset = 0; offset for extracting azimuth peak

Bec =1; distance from antenna a to reference track

off horizontal angle of antenna a to ref. track
horizontal offset of channel a from reference
vertical offset of channel a from reference
dabh = 1.812; offset between antenna a and b horizontal

dabv = 2.141; offset between antenna a and b vertical

b = sqgrt(dabh”~2+dabv~2); % antenna baseline distance

alphart = atan2(dabh,dabv); % antenna baseline angle

thetaBc = 50*pi/180;
delhc = Bc*cos(thetaBc);
delvc = Bec*sin(thetaBc);

0P 00 0P IO P JC 0P P

brt = b; % reference track baseline distance

Mh = 5; $ flight motion horizontal amplitude

Mv = 5; % flight motion vertical amplitude

Mr = 0.15*(pi/180); % roll variation (rad)

eta = -(Na-1)/(2*PRF) : 1/PRF : (Na-1l)/(2*PRF); % azimuth slow time
prd = 3; % period of sinusoid in seconds
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pphase = 0.25 ; % phase offset of motion in seconds

delva = zeros(size(eta));

delvb = zeros(size(eta)):;

delha = zeros(size(eta)):;

delhb = zeros(size(eta));

%

% linear flight motion (+/- M/2 peak)

%

$delva = (Mv*PRF* (Na/Nmf)/(Na-1)).*eta + delvc;
$delha = (Mh*PRF* (Na/Nmf)/(Na-1)).*eta + delhc;
%delvb = (Mv*PRF*(Na/Nmf)/(Na-1)).*eta + delvc; .
$delhb = (Mh*PRF*(Na/Nmf)/(Na-1)).*eta + delhc;
%

% quadratic flight motion ( 0 to +M peak)

%

SAV Mv*4*PRF*2* (Na/Nmf)~2/ (Na-1)"2;

$Ah Mh*4*PRF*2* (Na/Nmf)*2/ (Na-1)~2;

g$delva = Av* (eta-pphase).”2 + delvc;

$delha = Ah* (eta-pphase).”2 + delhc;

$delvb = Av*(eta-pphase).”2 + delvc;

$delhb = Ah*(eta-pphase).”2 + delhc;

%

% sinusoidal flight motion (+/- M peak)

%

$delva = Mv*sin((2*pi/prd).* (eta-pphase)) + delvc;
$delha = Mh*sin((2*pi/prd).*(eta-pphase)) + delhc;
$delvb = Mv*sin((2*pi/prd).* (eta-pphase)) + delvc;
$delhb = Mh*sin((2*pi/prd).* (eta-pphase)) + delhc;
%

% roll motion
%

% linear roll (+/- Mr/2)’

%

$roll = (Mr*PRF*(Na/Nmf)/(Na-1)).*eta + alphart;
%

% quadratic roll (0 to +Mr peak)

%

$Ar = Mr*4*pPRF"2* (Na/Nmf)~*2/(Na-1)"2;

$roll = Ar*(eta).”2 + alphart;

%

% sinusoidal roll (+/- Mr)

roll = Mr*sin((z*pi/prd).*(eta—pphase)) + alphart;

%

$ roll

%

delva delvc*ones (size(eta));

= delhc*ones (size(eta));
delvb = b*cos(roll) - dabv + delvc;

delhb b*sin(roll) - dabh + delhc;

%

% mocomp displacements at center of aperture
%

delvac = delva(Na/2);

delhac = delha(Na/2);

delvbc = delvb(Na/2);

delhbec = delhb(Na/2);

%

% Calculate registered channel b range to h=0 target for middle of aperture
%

delv = dabv + delvb - delva;

delh = dabh + delhb - delha;

alphaab = atan2(delh,delv);

alphaabc = alphaab(Na/2);

thetaaco = acos((H+delvac) /Rao); )

Rbo = sqgrt(Rao”2 + b"2 +2*Rao*b*cos (alphaabc+thetaaco));

%

% Calculate antenna to reference track geometry along aperture
%
alphala = atan2(delha,delva);
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alphalb = atan2 (delhb,delvb);
lla = sgrt(delha.”2+delva.”2);
llas = lla.*1lla;
11b = sqgrt(delhb.”2+delvb.”2);
llbs = 11b.*1lb;
%
% mocomp displacements
% .
TITTIITLLILLTLLLLLLLTILTILLLTITLLLLILLLLLLTLTLLLLVLLLLLLLLLLLLILLILLLE22329%9%%
% Generate range varying matched filters for each channel
TELETLLBRLTLLLL LT IILLLTLLLTITLLELLLTLILLILLLTLLLVLTITLL 2L LLLTL2T22222283%04%%
%
rg = 0; ,
etamf = - (Nmf-1)/(2*PRF) : 1/PRF : (Nmf-1l)/(2*PRF);
for Ras = Rao-(Nr-1)*slpix/2+div_zero : slpix : Rao+ (Nr) *slpix/2+div_zero

rg = rg + 1;

thetalas = acos((H+delvac) /Ras);

Rbs = sqrt(Ras”2 + b*2 + 2*Ras*b*cos(thetalas+alphaabc));

Ka = 2*V*2/(wave*Ras) ;

mfa = exp(j*pi*Ka*(etac-etamf).”*2-(j*pi*V*4* (etac-etamf) ."4)

/ (wave*2*Ras”3));

MFA(rg,:) = fft(mfa,Na);

Kb = 2*V*2/(wave* (Ras+Rbs) /2) ;

mfb = exp(j*pi*Kb*(etac-etamf) .2~ (j*pi*V"4* (etac-etamf).”4)

/ (wave*2* ((Ras+Rbs) /2)7"3));

MFB(rg,:) = fft(mfb,Na);
end ]
%
% Assume that delva,delha,delvb,delhb are measured from individual ref. tks
%
% calculate deviation of antenna from center of aperture position
%
13a = sqgrt((delva-delvac) .”2+(delha-delhac).”2);
13as = 13a.*13a;
alpha3a = atan2(delha-delhac,delva-delvac);
13b = sqrt((delvb-delvbc) .”2+(delhb-delhbc) .*2) ;
13bs = 13b.*13b;
alpha3b = atan2(delhb-delhbc,delvb-delvbc) ;
%
$ calculate actual range from center of aperture to target for channel b
%
thetaah = acos((H+delvac-h)/Rao);
Rbh = sqgrt(Rao”2+b”*2+2*Rao*b*cos (alphaabc+thetaah));
thetabh = acos((H+brt*cos (alphart)+delvbc-h)/Rbh);
%
Rt R R R R R R R R R R R Rt A R I A L e L L
% generate signal data then mocomp it using flat earth for each channel
I R R R T R IR I e L L L e L
%
fprintf (‘raw data generation in progress\n’');

az = 0; .
for eta = ~-(Na-1)/(2*PRF)+div_zero : 1/PRF : (Na-1l)/(2*PRF)+div_zero

az = az + 1;

if (rem(az,64) == 0)

fprintf(‘line %4 \n‘,az);

end
%
$ calculate Ra in range-elevation plane from antenna a to target: assuming
% that range to target from *nominal® track is always Ras independent
$ of h (this is for simplicity of equations for changing h)
%

Rla = sqrt(Rao”2+13as(az) +2*Rao*1l3a(az)*cos(thetaah+alpha3a(az))):
%
% calculate Rb in range-elevation plane from antenna b to target
%

R1lb = sqgrt (Rbh”2+13bs(az) +2*Rbh*13b(az)*cos (thetabh+alpha3b(az))):
%
$ calculate instantaneous range from antenna a to target
% (RCM included)
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Ra
Aa

sqrt (Rla”2+V*2* (eta-etac)"2);
(sin(K*V*eta/Ra)/ (K*V*eta/Ra))"2; % antenna a beam pattern

calculate instantaneous range from antenna b to target
(RCM included)

a0 0P P 0P

Rb
Ab

sqrt (R1b"2+V"~2* (eta-etac) *2);
(sin (K*V*eta/Rb) / (K*V*eta/Rb))"2; % antenna b beam pattern

Generate range compressed data in range

a0 00 o0

rg = 0;
for Ras = Rao-(Nr-1)*slpix/2+div_zero : slpix : Rao+(Nr)*slpix/2+div_zero
rg =rg + 1;
thetalas = acos((H+delva(az))/Ras);
Rbs = sqrt(Ras”2 + b"2 + 2*Ras*b*cos(thetalas+alphaab(az)));
thetalbs = acos((H+brt*cos(alphart)+delvb(az))/Rbs);
data_a(rg,az) = Aa*exp(-j*2*k*Ra) * sin(M* (Ras-Ra))/(M*(Ras-Ra));
data_b(rg,az) = Ab*exp(-j*k* (Ra+Rb))*
sin (M* ( (Ra+Rb) /2- (Ras+Rbs) /2) )/ (M* ( (Ra+Rb) /2- (Ras+Rbs) /2) ) ;

Calculate required motion phase correction, dual track

a0 00 0P

Rtao = sqgrt(Ras~2 + llas(az)- 2*Ras*lla(az) *cos(thetalas+alphala(az))):
delra = Rtao - Ras;
Rtbo = sqrt(Rbs~2 + llbs(az)- 2*Rbs*1llb(az)*cos(thetalbs+alphalb(az)));
delra = Rtao - Ras;
delrb = Rtbo - Rbs;

now mocomp it to reference paths using flat earth assumption

o0 o0 d0

data_a(rg,az) = data_a(rg,az)*exp(-j*k*2*delra);
data_b(rg,az) = data_b(rg,az)*exp(-j*k*(delra+delrb));
end
end
fprintf (‘raw data generation complete\n’);
%

% Calculate expected differential phase from center of aperture positions

%

thetalas = acos((H+delvac) /Rao);

thetalbs = acos((H+brt*cos (alphart)+delvbc) /Rbo) ;

Rtao = sqrt(Rao”2 + llas(Na/2)- 2*Rao*1la(Na/2)*cos(thetalas+alphala(Na/2)));
Rtbo = sqrt (Rbo”2 + 1llbs(Na/2)- 2*Rbo*11b(Na/2) *cos (thetalbs+alphalb(Na/2)));

DPP = k* (Rtbo - Rtao + Rbh - Rbo);

DPe = atan2(sin (DPP),cos (DPP));

%

%

% generate interpolation kernel for RCMC
%

kernel = interp_size*firl(interp_size*Nk,Wn,kaiser (interp_size*Nk+l,betai));
%

% extract every 8th value to generate 16 different filters

% - one for interpolating to the ith/16 sample interval

%
for l=l:interp_size;
for m=1:Nk;
filt(1l,m) = kernel((m-1)*interp_size+l+1l);
end
end
tt = 1:Na;

cdata = zeros(size(data_a)):

fftdata = zeros(size(tt));

cfftdata = zeros(size(tt)):;

Fa = 0 : PRF/Na : (Na-1)*PRF/Na;

phaser = exp(j*2*pi*(Nmf/(2*PRF)).*Fa);

% v

I I IR R I I R IR R I R I I I R I T R L AL A

$ perform RCMC on channel A

PRI SLERELELELE LT LLLLLLILTLLTLITLLLTLILLLILTILELEVTILYY
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%
for rg = 1:Nr;
fftdata(rg,:) = fft(data_a(rg,:));

end
for az = 1:Na;
if (rem(az,64) == 0) )
fprintf(’line %4 \n’,az);
end

if (az <= Na/2+1)
shift = (2*Fr/c)*0.5*v*2*((az-1)*PRF/Na)"~2/(Ka~2*Rao); % in samples

else
shift = (2*Fr/c)*0.5*Vv*2*((Na+l-az)*PRF/Na) "2/ (Ka”2*Rao); % in samples
end
%
% determine integer shift part
%
int_shift = floor(shift + 1/(2*interp_size));
%
% determine fractional shift
%
frs = round(interp_size*(shift - int_shift));
%
% perform integer shift on data
%
fftremedata (l:Nr-int_shift,az) = fftdata(int_shift+1:Nr,az);
%
% perform fractional interpolation and discard Nk/2 points at start
% leaving them zero and leave last Nk/2+1 points zero, note also
% that the last int_shift non-zero values are throwaway
%
filt_no = interp_size - frs;
for rg = 1:Nr-Nk+1l;
fftremcdata(rg+Nk/2-1,az) = sum(fftremcdata(rg:rg+Nk-1,az).*
filt (£ilt_no,:).’);
end
end
%

T AT I AT TIILITLLLATTILILLLALLTLLLTITILLLITILTILILLTLITILLHLLE%Y
% compress channel A
FEFEE I IR IS AL L LTS ILLILLLLIELLLLTLLLTITLLTTILLILLE2LE94%%
%
for rg = 1:Nr;

MF = MFA(rg,:):

cfftdata = fftroemcdata(rg, :).*MF.*phaser;

cdata_a(rg,:) = ifft(cfftdata);
end
%
A A AR A R R R R R A R R I R e L T L L
% perform RCMC on channel B
A R I R R R IR I R R A i R R Rt e I S
%
for rg = 1:Nr;

fftdata(rg,:) = fft(data_b(rg,:));

end
for az = 1:Na;
if (rem(az, 64) == 0)
fprintf(‘line %d \n’,az);
end :

if (az <= Na/2+1)

shift = (2*Fr/c)*0.5*V*2*((az-1) *PRF/Na)~2/(Ka"“2*Rao); % in samples
else

shift = (2*Fr/c)*0.5*V*2*((Na+l-az)*PRF/Na)”~2/(Ka“2*Rao); % in samples
end

determine integer shift part

int_shift = flqor(shift + 1/(2*interp_size));

0P 0P 0P 0P 0P

determine fractional shift
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frs = round(interp_size*(shift - int_shift));

perform integer shift on data

fftremecdata (1l:Nr-int_shift,az) = fftdata(int_shift+1:Nr,az);
perform fractional interpolation and discard Nk/2 points at start

leaving them zero and leave last Nk/2+1 points zero, note also
that the last int_shift non-zero values are throwaway

[ I Y

filt_no = interp_size - frs;
for rg = 1:Nr-Nk+1;
fftremcdata(rg+Nk/2-1,az) = sum(fftrcmcdata(rg:rg+Nk-1,az).*
filt (filt_no,:).");

end
end
%
TEITLLIETLLLLLLLILLLLLLLLILLLITTLILLLTTTLILLITLLLTLLTLLLTLILLLLLLILLIBLLI4%%%
% compress channel B
LTI LLIL LI ILEILLILLLLLLLLLLLLTLLTITLTTLITTLL2LTLITLLLLLLLITLLI23239%%%
%
for rg = 1:Nr;

MF = MFB(rg, :);

cfftdata = fftrcecmecdata(rg,:).*MF.*phaser;
cdata_b(rg,:) = ifft(cfftdata);

end

fprintf (‘data compressed\n’)

%
TEETRRLLLTLT ISR LLLTLL LT ILLLLLLTTLLLLLLLLLLLLLLLITLTLLLILLTL2LLLLTIEI%%S
% interpolate channels A and B by 2 to prepare for i’‘gram generation
EE e R Rt I R R IR R TR T R T T3 3
3
for rg = 1:Nr;
cdata_ar(rg,:) =
interp(cdata_a(rg,offset+Na/2-(Ni-1)/2:Na/2+(Ni-1)/2+o0ffset),2);
cdata_br(rg,:) =
interp(cdata_b(rg,offset+Na/2-(Ni-1)/2:Na/2+(Ni-1)/2+offset),2);
end
for az = 1:2*Nji;
cdata_arr(:,az)
cdata_brr(:,az)
end
inter = cdata_arr .* conj{(cdata_brr);
cd = inter(Nr/2:3*Nr/2-1,Ni/2:3*Ni/2-1);

%
BEEELXXIILLLTITLILLLLLLLTLLLTITIVLLLLITILLLILLLLTLLLLLETILLLLLL2L8%%9%%
% perform point target analysis of interferogram
EE I I It E  E R  E E TR T T T T 1]
%

interp(cdata_ar(:,az),2);
interp(cdata_br(:,az),2);

% interpolate in range

% .
cdf = fft(ecd); % fft columns (each of length Nr)
Nri = Ir*Nr;

cdfi = zeros(Nri,Ni);
cdfi(1l: (Nr-1)/2+1,:) = e¢df(1l:(Nr-1)/2+1,:);

cdfi(Nri-(Nr-1)/2+1:Nri,:) = cdf((Nr-1)/2+2:Nr, :);

cdi = ifft(cdfi);

%

% interpolate in azimuth

%

cdff = fft(edi.’); $ fft columns (each of length Ni)

Nai = Ir*Ni;
cdfii = zeros(Nai,Nri);

cdfii(1:Ni/2+1,:) = cdff(1:Ni/2+1,:);
cdfii(Nai-Ni/2+2:Nai,:) = cdff(Ni/2+2:Ni, :);
cdii = ifft(cdfii).’;

%

% find peak and plot results
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%

[Val,Row] = max(abs(cdii));
[val, midxc] = max(Val);
midxr = Row(midxc);

mid = Nai/2;

[w3a,sla)] = widlobe(cdii (midxr, :));
[w3r,slr] = widlobe(cdii(:,midxc));
peakphase = angle(cdii (midxr,midxc));
%

$ calculate estimated elevation
%
abs_phase = peakphase + ((DPP-rem(DPP,2*pi))/(2*pi)-1)*2*pi;
h_est = H+delvac-Rao*cos (-alphaabc+acos ((((wave*abs_phase/ (2*pi))+
Rtao-Rtbo+Rbo)”*2 - b”2-Rao”2)/(2*b*Rao)));
n = 1:Nai;
axis([1l Nai -val vall);
plot (n,abs(cdii (midxx, :)),n,angle(cdii (midxr, :))*.3183*val);
title(’Azimuth Cross-section through point target’);
xlabel (‘Azimuth samples’);
ylabel (‘Magnitude and phase’);
text (mid, .9*val, sprintf (/Error in estimated elevation %2.3f m’,h-h_est));:
text (mid, .8*val, sprintf('Measured Peak phase %2.3f rad.’, peakphase))
text (mid, .6*val, sprintf ('Expected Peak phase %2.3f rad.’, DPe))
text (mid, .4*val, sprintf (’Peak phase error %2.0f mrad.’,
1000* (peakphase-DPe) ) )
text (mid, .2*val, sprintf(‘Az. 3dB width %2.3f m’, V*w3a/(PRF*2*Ir)))
text (mid, 0, sprintf (’Az. First side lobe %2.2f dB’, sla))
text (mid, -.2*val, sprintf (‘Rg. 3dB width %2.2f m’, slpix*w3r/(2*Ir)))
text (mid, -.4*val, sprintf (‘Rg. First side lobe %2.2f dB’, slr)) .
text (mid, -.6*val,sprintf(’'Peak at %2.0£/%2.0f range’,midxr,Nri));
text (mid, -.8*val,sprintf(’'Peak at %2.0£/%2.0f azimuth’,midxc,Nai));
grid
fmeta plot
pause
n = 1:Nri;
mid = Nri/2;
axis([1l Nri -val vall);
plot (n,abs(cdii(:,midxc)),n,angle(cdii(:,midxc))*.3183*val);
title(’Range Cross-section through point target’);
xlabel ('Range samples’);
ylabel (‘Magnitude and phase’);
text (mid, .8*val, sprintf ('Measured Peak phase %2.3f rad.’, peakphase))
text (mid, .6*val, sprintf ('Expected Peak phase %2.3f rad.’, DPe))
text (mid, .4*val, sprintf (’Peak phase error %2.0f mrad.’,
1000* (peakphase-DPe)))
text (mid, .2*val, sprintf(’Az. 3dB width %2.3f m’, V*w3a/(PRF*2*Ir)))
text (mid, 0,sprintf(’Az. First side lobe %2.2f dB’, sla))
text (mid, -.2*val, sprintf (‘Rg. 3dB width %2.2f m’, slpix*w3r/(2*Ir)))
text (mid, -.4*val,sprintf(’Rg. First side lobe %2.2f dB’, slr))
text (mid, -.6*val, sprintf ('Peak at %2.0£/%2.0f range’,midxr,Nri));
text (mid, -.8*val, sprintf('Peak at %2.0£/%2.0f azimuth’,midxc,Nai));
grid
pause
%
LTSRS T ST LSS TTLETLLLLLLLLLLLLLLLLLLTLLLILLLLIILYLY
% extract peak area and do 2D interpolation of channel A
T IITEERSIEEEEEELEETETLLELLETILTLILLLLLLILTLILLILTLELTLLLILTLILLIILILLS
%
cd = cdata_a(1l:Nr,offset+Na/2-(Ni-1)/2-1:Na/2+(Ni-1)/2+offset-1);
%
% interpolate in range

%
cdf = fft(cd); ¢ fft columns (each of length Nr)
Nri = Ir*Nr;

cdfi = zeros(Nri,Ni);

cdfi(l:(Nr-1)/2+1,:) = cdf(1l: (Nr-1)/2+1,:);

cdfi (Nri-(Nr-1)/2+1:Nri,:) = cdf((Nr-1)/2+42:Nr,:);
cdi = ifft(cdfi);
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% interpolate in azimuth

%

cdff = fft(cdi.’); % fft columns (each of length Ni)
Nai = Ir*Ni;

cdfii = zeros(Nai,Nri);

cdfii(1:Ni/2+1,:) = cdff(1:Ni/2+1,:);

cdfii(Nai-Ni/2+2:Nai, :) = cdff(Ni/2+2:Ni, :);
cdii = ifft(cdfii).’;
%

% find peak and plot results
%

[Val,Row] = max(abs(cdii));
[val,midxc] = max(Val);
midxr = Row(midxc);
mid = Nai/2;
[w3a,sla] = widlobe(cdii (midxr, :));
[w3r,slr] = widlobe(cdii(:,midxc));
peakphase = angle(cdii (midxr,midxc));
Pae = angle(exp(-j*4*pi*Rtao/wave));
n = 1:Nai;
axis ([l Nai -val wvall);
plot (n,abs(cdii(midxr, :)),n,angle(cdii (midxr,:))*.3183*val);
title(’Azimuth Cross-section through point target Ch A’);
xlabel (‘Azimuth samples’);
ylabel (‘Magnitude and phase’);
text {mid, .8*val, sprintf ('Measured Peak phase %2.3f rad.’, peakphase))
text (mid, .6*val, sprintf ('Expected Peak phase %2.3f rad.’, Pae))
text (mid, .4*val, sprintf ('Peak phase error %2.0f mrad.’,

1000* (peakphase-Pae)))
text (mid, .2*val,sprintf(’Az. 3dB width %2.3f m’', V*w3a/(PRF*Ir)))
text (mid, 0,sprintf (’'Az. First side lobe %2.2f dB’, sla))
text (mid, -.2*val,sprintf('Rg. 3dB width %2.2f m’, slpix*w3r/Ir))
text (mid, -.4*val,sprintf(‘Rg. First side lobe %2.2f dB’, slr))
text (mid, -.6*val, sprintf (/Peak at %2.0f£/%2.0f range’,midxr,Nri));
text (mid, -.8*val,sprintf (’'Peak at %2.0£/%2.0f azimuth’,midxc,Nai)};
grid
$meta plot
pause
n = 1:Nri;
mid = Nri/2;
axis([1 Nri -val wvall);
plot(n,abs(cdii(:,midxc)),n,angle(cdii(:,midxc))*.3183*val);
title(’Range Cross-section through point target Ch A’);
xlabel (’Range samples’);
yvlabel(’'Magnitude and phase’);
text (mid, .8*val, sprintf(’'Measured Peak phase %2.3f rad.’, peakphase))
text (mid, .6*val, sprintf ('Expected Peak phase %2.3f rad.’, Pae))
text (mid, .4*val, sprintf ('Peak phase error %2.0f mrad.’,

1000* (peakphase-Pae)))
text (mid, .2*val,sprintf(’Az. 3dB width %2.3f m’, V*w3a/(PRF*Ir)))
text(mid, 0,sprintf(’Az. First side lobe %2.2f dB’, sla))
text (mid, -.2*val, sprintf('Rg. 3dB width %2.2f m’, slpix*w3r/Ir))
text (mid, -.4*val, sprintf (‘Rg. First side lobe %2.2f dB’, slr))
text (mid, -.6*val, sprintf(’Peak at %$2.0£/%2.0f range’,midxr,Nri));
text (mid, ~.8*val,sprintf (‘Peak at %2.0£/%2.0f azimuth’, midxc,Nai));
grid
pause
%
3 I R R R R R R R R R R A R R R I R R A R PR T TR R 2
% extract peak area and do 2D interpolation of channel B
A R R R R I R R R R R R R R A R R S 1 4
%
cd = cdata_b{(l:Nr,offset+Na/2-(Ni-1)/2-1:Na/2+(Ni-1)/2+offset-1);
% .
% interpolate in range

%
cdf = fft(cd); ¢ fft columns (each of length Nr)
Nri = Ir*Nr;

cdfi = zeros{(Nri,Ni); 143



cdfi(l: (Nr-1)/2+1,:) = cdf(1l:(Nr-1)/2+1,:);
cdfi (Nri-(Nr-1)/2+1:Nri, :) = cdf((Nr-1)/2+2:Nr,:);
cdi = ifft(cdfi);

%

% interpolate in azimuth

%

cdff = fft(cdi.’); $ fft columns (each of length Ni)

Nai = Ir*Ni;

cdfii = zeros(Nai,Nri);
cdfii(1:Ni/2+1,:) = cdff(1:Ni/2+1,:);
cdfii(Nai-Ni/2+2:Nai,:) = cdff(Ni/2+2:Ni, :);
cdii = ifft(cdfii).’;

%

% find peak and plot results

%

[Val,Row] = max(abs(cdii));
[val,midxc] = max(Val);

midxr = Row(midxc);

mid = Nai/2;

[w3a,sla)] = widlobe(cdii (midxr, :));
[w3r,slr] = widlobe(cdii (:,midxc));
peakphase = angle(cdii (midxr,midxc));

Pbe = angle(exp(-j*2*pi* (Rtao+Rtbo) /wave));
n = 1:Nai;
axis([1l Nai -val wvall);
$psfl1000 = abs(cdii (midxr,:));
$save psfl000_1024.mat psf1l000
plot (n,abs(cdii(midxr, :)),n,angle(cdii(midxr,:))*.3183*val);
title(’Azimuth Cross-section through point target Ch B’);
xlabel (‘Azimuth samples’);
ylabel ('Magnitude and phase’);
text (mid, .8*val, sprintf (’Measured Peak phase %2.3f rad.’, peakphase))
text (mid, .6*val, sprintf ('Expected Peak phase %2.3f rad.’, Pbe))
text (mid, .4*val, sprintf (’'Peak phase error %2.0f mrad.”,

1000* (peakphase-Pbe) ) )
text (mid, .2*val, sprintf(’Az. 3dB width %2.3f m’, V*w3a/(PRF*Ir)))
text (mid, 0, sprintf (‘Az. First side lobe %2.2f dB’, sla))
text (mid, -.2*val,sprintf (‘Rg. 3dB width %2.2f m’, slpix*w3r/Ir))
text (mid, -.4*val,sprintf(‘'Rg. First side lobe %2.2f dB’, slr))
text (mid, -.6*val, sprintf (’'Peak at %2.0£/%2.0f range’,midxr,Nri));
text (mid, -.8*val, sprintf(’'Peak at %2.0£/%2.0f azimuth’,midxc,Nai));
grid
fmeta plot
pause
n = 1:Nri;
mid = Nri/2;
axis([1 Nri -val vall);
plot(n,abs(cdii(:,midxc)),n,angle(cdii(:,midxc))*.3183*val);
title(’Range Cross-section through point target Ch B’);
xlabel (‘Range samples’);
ylabel (‘Magnitude and phase’);
text (mid, .8*val, sprintf ('Measured Peak phase %2.3f rad.’, peakphase))
text (mid, .6*val, sprintf ('Expected Peak phase %2.3f rad.’, Pbe))
text (mid, .4*val, sprintf ('Peak phase error %2.0f mrad.’,

1000* (peakphase-Pbe) ) ) )
text (mid, .2*val,sprintf ('Az. 34B width %2.3f m’, V*w3a/(PRF*Ir)))
text (mid, 0,sprintf(’'Az. First side lobe %2.2f dB’, sla))
text (mid, -.2*val, sprintf (‘Rg. 3dB width %2.2f m’, slpix*w3r/Ir))
text (mid, -.4*val,sprintf (‘Rg. First side lobe %2.2f dB’, slr))
text (mid, -.6*val, sprintf(‘Peak at %2.0£/%2.0f range’,midxr,Nri));
text (mid, -.8*val,sprintf ('Peak at %2.0f/%2.0f azimuth’,midxc,Nai));
grid
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T E LT LIS ITLILLLLILLTLLLLLLILLLTLLLILTLLLLLILLLLIILLLILLLILLER%S
% widlobe.m

1 D point target analysis

[width, slobe] = WIDLOBE (input_array)
- input_array must be amplitude units
- Calculate 3dB width, first side lobe level
Note: Peak and sidelobes must not be at an edge

change control
feb 92 - initial release
nov 12/92 - fixed up index checking
3333 A R R R R R R R S  E R R R R R R R et R R T T T 1
%
function [width, slobe] = widlobe (x)
%
$ Convert to power units
‘pow = 20*1logll(abs(x));
[maxval,maxidx] = max(pow) ;
pow = pow - maxval;
%
% locate 3dB width (to sample spacing accuracy only)
%
k = maxidx-1;
threshold = -3.0;
1l = length(x); _
while ((k>1) & (pow(k) > threshold))
k =%k - 1;
end
if (pow(k) > threshold)
sprintf (’could not find left 3dB point’);
end
left = k + (-3.0 - pow(k))/(pow(k+1l)-pow(k));
k = maxidx+1;
while ((k<l) & (pow(k) > threshold))
k =k + 1;
end
if (pow(k) > threshold)
sprintf (‘could not find right 3dB point’);

00 JP P IP 0P 0P P P I° 0P P

end

right = k - (-3.0 - pow(k))/(pow(k-1)-pow(k));
width = right - left;

%

$ Locate first sidelobe

%

k = maxidx-1;
while ((k > 2) & (pow(k-1) < pow(k)))

k =%k - 1;
end
if (pow(k-1) < pow(k))

sprintf(’could not find left sidelobe’);

end
leftlobe = max(pow(l:k-1));
k = maxidx+1; ' .
while ( (k < (1-1)) & (pow(k+l) < pow(k)))

k =%k + 1;
end
if (pow(k+1l) < pow(k))

sprintf (’could not find right sidelobe’);
end
rightlobe = max(pow(k+l:length(pow)));
slobe = max(leftlobe,rightlobe);
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TSR L LA LLL LTI LLLIRLILLLRLLILLLILLARLLLLLLLLALLLRLIBL222243%

$ regl.m

%

% Register Channel B to Channel A at reference level
%

% Change control

% Jan 18/94 Initial release

% Jan 20/94 modified for multi-segments )
%
R L e L 1]
% Initialize Parameters
TTLLTLTLILLLLILLFILLLLLLLLLLLLILTLTLILLLLLLLILLILTILLLLLTLLILTLTLLILTLLHI999%%%
%

atodfreqg=37.5; % Range sampling rate (MHz)
delay=[13.289, 13.2737]}; % SAW delay (usec) A,B
wave=0.0565646; % wavelength

c=299.79; % speed of light in m/microsec

delsr=c/ (2*atodfreq); % slant range pixel spacing (4 m)
rgd=51.99; $ range gate delay in microsec.
rbase=(rgd-delay(1l))*c/2; % base range, only ch A used

H=6059; . % elevation of reference track
K=2*pi/wave; $ wavenumber

D =1; % antenna length (m)

%

segment = 6; % segment number

interp_size = 16; % interpolate to l/interp_size of a sample
Nk = 8; % length of kernel '

Wn = 1/interp_size;% Cutoff for kernel =1 ~ Fr/2

betai = 3.5; % kernel kaiser beta

%

FEEITIITLLLLLLLLITLLLLLLLLLLLTLLLRILLLLTTLLILITTLITILLTILILLILILETLLLTLETILE%Y
% generate interpolation kernel
TIEETILLILIZILTLILLTLLLLIZLILLTILLLLLILITLLLTLILILLILLLIILITLILELLTLHLLIL%Y
%

kernel = interp_size*firl(interp_size*Nk,Wn,kaiser (interp_size*Nk+1,6betai));
%

% extract every 8th value to generate 16 different filters

% - one for interpolating to the ith/16 sample interval

%
for l=l:interp_size;
for m=1:Nk;
filt(l,m) = kernel((m-1)*interp_size+l+1l);
end
end
%
load kpl0_prf % load in motion data

ddelh = delh(:,2)-delh(:,1);

ddelv = delv(:,2)-delv(:,1);

b = sgrt(ddelh.”2 + ddelv."2);

alphaab = atan2(ddelh,ddelv);

n_range= 12000; % # of range lines no. available to process

srange= 1; % first range line no. to process
erange=srange+n_range-1l; % last range line no. to process

n_azimuth= 180; % # of azimuth lines to process

pstart= 1; % starting azimuth line

pend = pstart+n_azimuth-1;% last azimuth line
uniend=(segment-1) * (n_azimuth-10)+n_azimuth; % unimat last pixel #

unistart= uniend-n_azimuth + 1; % unimat file start range pixel no.

% : :
I R R R Rt  E e R
% Load in the data _ .
FETTELLILTLLLLLLILLTLLLLLLTRITLTILLILITLTTITIRILRTITITLITLTILTITLLLILTILILLLL3324%%
%

load pl0bs

k=pstart:pend;

Ra=(delsr* (k+unistart-2) ) +rbase;

%
TSI ELBILTILLTILITIL LT LTLLLLLLLTLLILLTILLLT2L22222%39%%%
% Perform the resampling 146



T LI TR T T I I L LT L LLLIELITILLLILLTLRLLLILTRLLLITTRIR%%%
%
rdata = zeros(size(data));
for l=srange:erange
temp= (H+delv(1l,1))./Ra;
temp2=find(temp>1) ;
temp (temp2)=ones(size (temp2));
theta_a=acos (temp) ; :
Rb = sgrt(Ra.”2 + b(l)~2 + 2*Ra*b(l).*cos(theta_a+alphaab(l)));

%
% chB pixel # - chA pixel # = deln for coincident scene patches
%
deln = -(Ra-Rb-c*(delay(2)-delay(l)))./(2*delsr);
int_shift = floor(deln + 1/(2*interp_size)); % integer sample shift
frs = round(interp_size*(deln - int_shift)); % fractional sample shift
fprintf (' Processing range line %4.0f\n’, 1);
%
% process integer and fractional shifts
%
index = 1;
for k=pstart:pend
istart = k + int_shift(index) - Nk/2 + 1;
iend = istart + Nk - 1;
if ((istart >= pstart) & (iend <= pend))
filt_no = interp_size - frs(index);
rdata(k,l) = sum(data(istart:iend,l).*filt(filt_no,:).");
else
rdata(k,l) = 0;
end
end
end

data = rdata;
save plObrs data
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EEEETEEETITLLITILTLILTLTLLLITLLITRLLLLLLTLTLLITLLILTLLITLTLALLTLTLLTLLLLH2%S
% igraml.m

Single channel motion compensation and azimuth compression

%

%

£

% Change control
% Jan 17/94 Initial Release

% Jan 18/94 modified for dual reference tracks

$ Jan 20/94 corrected transpose problem, modified for segment processing

% Jan 21/94 modified for dual track

%

I3 I R R R R R Rt R R A I e I e T T L2
$ Initialize Parameters :

3 R R I R I I I R R R R R I T R R TR R R

%

atodfreg=37.5; % Range sampling rate (MHz)
delay=[13.289, 13.2737]; $ SAW delay (usec)
wave=0.0565646; % wavelength

c=299.79; % speed of light in m/microsec

delsr=c/ (2*atodfreq) ; % slant range pixel spacing (4 m)
rgd=51.99;

rbase=(rgd-delay (1)) *c/2; % base range, only ch A used
H=6059; % elevation of reference track
K=2*pi/wave; % wavenumber

D=1; % antenna length (m)

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Obtain processing instructions
I R L R L L 1]
%

segment = 6;
channelsw=2;

%

n_range= 12000;

srange= 1;
erange=srange+n_range-1;

image segment number across range
processing channel A (1) or B (2)

# of range lines no. available to process

first range line no. to process

last range line no. to process

n_azimuth= 180; # of azimuth lines to process

pstart= 1; starting azimuth line

uniend= (segment-1) * (n_azimuth-10)+n_azimuth; % unimat last pixel#

unistart= uniend-n_azimuth + 1; % unimat file start range pixel no.

swathend = 2048; % last range pixel no. in swath to process

% .

I T L L T L
% load in the motion compensation file and extract relevant data
et R R Lt
%

load kpl0_prf % mocomp file name for single reference track
delha=delh(srange:erange,l);

delva=delv(srange:erange,l);

0P 0P 0P 0P 0P o0 0@

brt=2.8013; % reference tk baseline length (0 for single track)
alphart=40.22*(pi/180); % reference track baseline angle

%

% transform insar channel to its own reference track

£

delhb=delh(srange:erange, 2)-brt*sin(alphart);
delvb=delv(srange:erange, 2)-brt*cos (alphart) ;
delv = brt*cos(alphart) + delvb - delva;
delh = brt*sin(alphart) + delhb - delha;

b = sqgrt(delv.”2+delh."2); % antenna baseline length

alphaab = atan2(delh,delv); % antenna baseline angle

alphala = atan2(delha,delva); % channel A angle to reference track
alphalb = atan2{(delhb,delvb); % channel B angle to reference track

lla = sqrt(delha.”2+delva.”"2);

llas = lla.*1lla;

11b = sqrt(delhb.”2+delvb."2);

llbs = 11b.*11b;

%

% calculate azimuth processing parameters
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mspacing=mean (spacing(srange:erange)) ;

maxr=rbase+delsr* (swathend-1); % maximum range, channel A
proc_phi = 2.23*(pi/180); % azimuth beamwidth to process
nfft = 13824; $ forward FFT length
maxrefsize = proc_phi*maxr/mspacing; % maximum matched filter length
%

R I R R e e e L 3
% load in registered raw data
I A R R R I R R R I T R R A A R 1
% -
if ( channelsw == 1 );
load plo0as;
else
load plObrs;
end
%
I I IR IR R R R R R R R R R R R R R R  t E I A S L1
% phase correct the raw data based on the navigation data
R IR 3 IR R R R Y R A R AR R A R A A I AR R R R R A R R e T I T A L 1
%
index = 1;
for k=pstart:pstart+n_azimuth-1;
Ra=(delsr* (k+unistart-2) ) +rbase;
temp=(H+delva) /Ra;
temp2=find(temp>1) ;
temp (temp2)=ones(size(temp2));
theta_a=acos(temp);
Rtao = sqgrt(Ra”2 + llas - 2*Ra*lla.*cos{theta_a+alphala));
delra = Rtao - Ra;
if channelsw==1;
delr=2*delra;
else
Rb = sgqrt(Ra”~2 + b.”2 + 2*Ra.*b.*cos(theta_a+alphaab));
temp= (H+delvb+brt*cos (alphart))./Rb;
temp2=find(temp>1);
temp (temp2)=ones (size(temp2));
theta_b=acos (temp) ;
Rtbo = sqrt(Rb.”2 + llbs - 2*Rb.*1lb.*cos(theta_b+alphalb));
delrb = Rtbo - Rb;
delr = delra+delrb;
Rbmf (index) = Rb(n_range/2);
end % of if channelsw ==1 ..
fprintf ('’ Phase correcting azimuth line %4.0f, range=%8.1f\n’, k,Ra);
phc=exp (-sqgrt (-1) *K*delr) ;
data(k,1l:n_range)=data(k, l:n_range) .*phc(l:n_range).’;
index = index + 1;
end; % end of for k= loop
% :
33t i I I At R R R s Rt e AR R T AR A AR AR IR R A R T R A I R T T TR L+ 1
% Loop to azimuth process the data
I I I IR i Rt i i Rt A R R R R A A A R R R R Rt I T T I L T e
%
outl = zeros(n_azimuth,n_range-maxrefsize);
index=1;
for k=pstart:pstart+n_azimuth-1;
if channelsw==1;
r=(delsr* (k+unistart-2) ) +rbase;
else
r=Rbmf (index) ;
end
fprintf(’ Processing azimuth line %4.0f, range=%8.1f\n’, k,r);
temp=fft (data(k, l:n_range), nfft);
ref=refgen(r, mspacing, wave, proc_phi);
nref=1length(ref);
temp=ifft (fft(ref, nfft).*temp);
startindex=(nref+maxrefsize)/2;
endindex=n_range- {maxrefsize-nref)/2;
outl (index, 1:endindex-startindex+1l)=temp (startindex:endindex) ;
index=index+1;
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end
if channelsw==1;

save sega.mat outl
else

save segb.mat outl
end

$%¥%%% Generate azimuth matched filter FTEIILILLLLLLLTEIELLL%

function [refl}=refgen(r, spacing, wave, proc_phi)
Nref=1+2*round (r*proc_phi/2/spacing);

for j=1:Nref

ref(j)=exp(i*2*pi* (spacing)~2*(j-Nref/2)"2/r/wave);
end
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LTI LLILLTLLLLLLLLLLTLLLIELLLITLLLLLLILLLLLLTILLLLLTTLLLITLILLILLLLLILLL9%%
$ elevl.m

%

% Estimate terrain height from interferogram

%

% Change control

% Feb 1/94 Initial release

%
TETETTTLLTLLLLLLLTELTLLLBLLTLLLTLLLILITRLTLLILLTLLTLLLLTILLILLLILLLLLTRBTIT4%3%Y
% Initialize Parameters
FEELELLEELLLLLILLTTL LT ILTLIILLLILLILTTLITLLTLLLITTILLIILTLLLLILLLTLLL929%9%%
%

atodfreg=37.5; % Range sampling rate (MHz)
delay=[13.289, 13.2737); % SAW delay (usec) A,B
wave=0.0565646; % wavelength

©=299.79; % speed of light in m/microsec
delsr=c/(2*atodfreq) ; % slant range pixel spacing (4 m)
rgd=51.99; % range gate delay in microsec.
rbase=(rgd-delay (1)) *c/2; % base range, only ch A used

H=6059; % elevation of reference track
K=2*pi/wave; $ wavenumber

D=1; % antenna length (m)

%

FITLITLLLTLLLLLLITLILLITLILILLLLLITITLLLILLLTILIILILEITLLTTLTLLTITLLRILBILIYER
% load in igram

R R R R R R A L ]
%

load cigrams

%

%

$ load in the motion compensation file and extract relevant data

%

load kplO_prf % mocomp file name for single reference track
n_range= 1024; % # of range lines no. available to process
n_azimuth= 2045; % # of azimuth lines to process

delha=delh(1:10:10*n_range, 1) ;
delva=delv(1:10:10*n_range,1);

$brt=2.8013; % reference track baseline length
brt=0; % reference track baseline length
n = 1:512;

alphart = zeros(size(delha));

alphart (1:512)=40.22*(pi/180) *ones(size(n)); % reference track baseline angle
alphart (513:1024)=40.8*(pi/180) *ones{size(n)); % reference tk baseline angle
%

% transform insar channel to its own reference track

%
delhb=delh(1:10:10*n_range, 2)-brt.*sin(alphart);
delvb=delv(1:10:10*n_range, 2) -brt.*cos(alphart) ;
delv = brt*cos(alphart) + delvb - delva;
delh = brt*sin(alphart) + delhb - delha;
b = sqrt(delv.”2+delh."2); % antenna baseline length
alphaab = atan2(delh,delv); % antenna baseline angle
alphala = atan2(delha,delva); % channel A angle to reference track
alphalb = atan2(delhb,delvb); % channel B angle to reference track
lla = sqrt(delha.”2+delva.”2);
llas = 1lla.*1lla;
11b = sqgrt(delhb.”2+delvb."2);
llbs = 1lb.*11b;
%
I R R R R R I I I I IR I E R AT R TR L 31
% perform further phase smoothing
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
filtnr 6; % filter size range
filtna 6; $ filter size azimuth
for i=1:filtnr

for j=1:filtna

filt(i,j) = 1/(filtnr*filtna);
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end
cigramsf = conv2(cigrams,filt, 'same’);
cigramsf = rot90(cigramsf);
a = angle(cigramsf);
for i=1:80
a(:,1) = zeros(size(lla));
end
%
3333 R R A R e e R R T R R R R I I I IR I I IR R R R TR R 2 R R 2 T 337
% phase unwrap assuming no residues!
EE 322ttt et I R e et e  E E R R R R R R R R R TR LR R T 1]
% .
aa(l,:) = unwrap(a(l,:)); ’
for i=l:n_azimuth
for j=2:n_range
diff = a(j, i) - a(j-1,1);
if (abs(diff) < pi)
aa(j,i) = aa(j-1,1) + 4iff;

else
if (4iff < 0)
aa(j,i) = aa(j-1,1i) + 2*pi + 4iff;
else
aa(j,i) = aa(j-1,1i) - 2*pi + 4diff;
end :
end
end
end
%

TETEELAAT T LTSI LL LT LT LI LLLL LT ILLTLTLLLSILLILLLILLILTLLIITLILILLTLLLE2233%%
% Calculate motion compensation data and height estimate
E T Rt R R R e R it R R R R I L T T 3
%
h=zeros(size(aa));
for k=1:n_azimuth
Ra=(delsr* (k-1) ) +rbase;
temp= (H+delva) /Ra;
temp2=find (temp>1);
temp (temp2) =ones (size (temp2));
theta_a=acos (temp) ;
Rtao = sqrt(Ra”2 + llas - 2*Ra*lla.*cos(theta_a+alphala));
Rbo = sqgqrt(Ra”2 + b.”2 + 2*Ra.*b.*cos(theta_a+alphaab));
temp=(H+delvb+brt*cos (alphart))./Rbo;
temp2=£find(temp>1) ;
temp (temp2) =ones(size(temp2));
theta_b=acos (temp) ;
Rtbo = sgrt(Rbo.”2 + llbs - 2*Rbo.*1lb.*cos (theta_b+alphalb));

calculate height estimate

o0 0P of

temp0 = (wave* (aa(:,k)-2*pi)/(2*pi));
temp00 = (temp0 +Rbo)."2;
templ = acos((temp00 - b.”2-Ra"2)./(2*b.*Ra));
h(:,k) = (H+delva-Ra.*cos(-alphaab+ templ));
fprintf (‘processed azimuth line %d\n’,k);

end

save h.mat h

h_disp=rem((64*3.28/100)* (h+40),64);

index = 0;

for i=1:16:1024
temp(1:16,1:80) = index*ones(16,80);
h_disp(i:i+15,1:80) = temp(1:16,1:80);
index = index + 1;

end

image (h_disp)

title(’3 Hills, Alberta: Elevation’)

xlabel ('Slant Range Samples’)

ylabel (‘Azimuth Samples’)

152





