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Abstract

ISAR imaging is a well known technique which uses range and Doppler information from a radar to generate
an image of a moving target. Research performed on the combination of a large receive array with airborne
ISAR is scarce. This thesis is aimed to reach the highest possible image quality for AMBER, a radar with a 24
element receive array which was developed by TNO. Optimizing the image quality was split up in two parts,
motion compensation and clutter suppression. A literature study is performed to research the existing meth-
ods.

A performance evaluation is performed on different motion compensation techniques based on a simula-
tion which is set up to resemble the radar parameters of AMBER. Based on the results of this evaluation, key-
stone formatting combined with image contrast maximization is concluded to be the best fitting approach.

For clutter suppression a similar approach is followed with real measured data. Apart from the exist-
ing techniques, MVDR, DPCA and ODPCA, a new technique is proposed which filtered a target from clutter
based on motion. It is referenced to as the IDPCA. The techniques show better image quality than regular
beam forming.

To enhance the image quality more, a method is searched to combine different clutter suppression tech-
niques. This leads to a unique method which is proposed in this thesis. The new technique exploits the cir-
cular phase variance of pixels in the range Doppler image between different sub arrays. With this approach,
strong clutter can be filtered in the range Doppler domain based on its angle of arrival.

The newly proposed technique is applied as a mask, as it does not contain amplitude information of the
target. Combined with the ODPCA method, the final image is generated. The combination of techniques
shows clear improvements from the other discussed approaches.
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1
Introduction

Synthetic aperture radar (SAR) is a well known field in the world of radar. SAR is a processing technique
which images two dimensional surfaces from an airborne or space-borne vehicle. When imaging is done
with a radar, a distinction is made between two image dimensions. The range dimension, i.e. the distance
from an object to the target and the cross-range dimension (also called azimuth) which is perpendicular on
the range. Earlier techniques as the side looking airborne radar (SLAR)[1], only showed a high resolution in
range but not in azimuth. SAR utilizes a processing technique in which the length of the antenna is synthet-
ically increased, which drastically improves the azimuth resolution. SAR makes it possible to image areas in
low visibility conditions and exploit different wavelengths to alter the penetration depth in areas, creating the
possibility to look at environmental characteristics such as vegetation and soil [2]. These advantages against
other imaging systems give SAR a wide range of unique applications.

The direct counterpart of SAR and also the main topic of this thesis is called inverse synthetic aperture
radar (ISAR). While SAR is used to map a stationary area while moving the radar, ISAR images a target which
is moving with a stationary radar. An example of an application is imaging and classifying airborne vehicles.

This thesis is done in cooperation with TNO. TNO has developed a new affordable multi beam radar (AM-
BER) [3]. AMBER is an X-band SAR and uses a frequency modulated continuous wave FMCW signal. With
this specific radar, digital beam forming can be performed with its 24-channel receive array and a switchable
transmit antenna. This new set up gives rise to a whole array of possibilities. AMBER does not yet include any
algorithms for ISAR processing. The usage of airborne ISAR gives the possibility to image and classify moving
ground and surface targets.

In this project in particular, maritime targets are considered. The usage of ISAR on an airborne vehicle
is already less common than ground based ISAR. This is expanded one step further with the special digital
beam forming radar. There are few algorithms available to exploit digital beam forming (DBF) in ISAR [4].
The combination with an airborne platform makes the project novel and unique.

The main goal of this thesis project is to find ways to exploit digital beam forming in the creation of an
airborne ISAR image. It is important to take into account that during the creation of an ISAR image, a lot of
processing power is needed, especially in the case of 24 different receive channels.

A second goal considers the ISAR image quality. For the purpose of classifying vessels at sea, it is effective
to have a high range for detection, due to the vast space. Maximizing the range will result in a minimization
of the pulse repetition frequency (PRF). As a consequence, the unambiguous Doppler will shrink. The second
goal is to minimize or suppress the ambiguities that give rise through this consideration.

To effectively solve the goals stated above, they are put in a question format which can be answered. Also
known as the research questions. The main research question is as follows:

1



2 1. Introduction

• How can digital beam forming with an FMCW radar be exploited in airborne ISAR while maintaining
processing limitations?

As this question on its own is to large to answer, it has been split up in several sub questions. Answering these
sub questions will eventually lead to an answer on the main question in a systematic way. Each of the sub
questions is shortly discussed to point out its relevance to the project.

• What different ISAR algorithms exist and how do they work?

• How can conventional ISAR algorithms be applied to a moving platform?

• How do the different ISAR algorithms perform?

• What are the options of digital beam forming in ISAR?

• What is the added value of multi-channel processing?

Engineering is not about reinventing the wheel. Using past experiences from different researchers is key
to establishing the ideal approach for a problem. ISAR is a widely known topic and many different ways are
discovered on how it can be applied. The first order of business is to search through literature what the pos-
sibilities are and how they are applied.

In most cases ISAR is performed with a stationary radar while observing a moving target. However, in the
scenario discussed in this thesis, the radar is mounted on an aerial vehicle. This could result in a reduction of
ISAR algorithms that can be applied, or change the effectiveness of some of them. This is an important point
to consider. As the final algorithm should be optimized according to the system.

To determine the ideal ISAR imaging method, an evaluation will need to be performed for several options
that show potential. Based on the performance of the different algorithms, the ideal solution can be chosen
based on performance indicators which are related with the scenario at hand.

A big difference with conventional ISAR processing is the multichannel receiver array of AMBER. Re-
searching the possibilities of digital beam forming in ISAR may yield options that can greatly improve the
imaging quality. It will also be considered that beam forming techniques applied in different fields could be
effective.

Finally some conclusion will need to be taken from the different digital beam forming options in ISAR. It
will be determined if multi-channel processing is a tool that can improve the image quality of ISAR imaging.
As the combination of multi-channel with ISAR is relatively rare, this is be the point where some novelty in
terms of quality improvements can be generated.

Altogether, the research questions can be divided into two main problems which need to be solved in this
thesis. Firstly, ISAR imaging, which will greatly consist of a motion compensation problem. And secondly,
multi-channel processing, which will for the most part be a problem of clutter suppression.

The outline of the thesis is set up in such a way that the reader can logically follow the problems that are
defined and the solutions that are presented. The chapters display a chronological order to maintain struc-
ture. A distinction is made between two parts in the thesis. The first part is the background and the second
part the system design.

The background consists of four chapters. These chapters are written to give the reader enough back-
ground information about the used methodologies and algorithms. Chapter 2 will give a short overview of
FMCW radar. This chapter shortly discusses the signal that will be used for further processing. This is an
important discussion point as there is a difference between FMCW radar and pulse radar processing. The
next chapter discusses the collection geometry and the signal model. Although the main topic of this thesis
is ISAR, data collection of SAR and ISAR are the same in this setup. Creating an insight on how SAR works is
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useful to better understand the problems posed in ISAR. Chapter 4 will discuss ISAR. This chapter will com-
pare the differences between SAR and ISAR and will show in what way they are very similar. Furthermore,
motion compensation techniques based on range alignment and phase adjustment are discussed. Followed
by alternative approaches as backprojection and keystone formatting. The final chapter in the background
part will discuss beam forming and clutter suppression techniques. This chapter will show several options
on how the multichannel receiver array can be exploited to enhance the imaging quality.

The system design part continues with the theory discussed in the background. This part comprises four
different chapters to show the process of designing the optimal algorithm for the discussed problem. Chapter
6 will discuss several of the motion compensation techniques presented in the background. A simulation of
the geometric setup is created to generate a realistic model. First several algorithms are discussed based on
their imaging quality. Several adaptions are made to suppress artefacts. After each modified algorithm is able
to display a target correctly, a performance evaluation is done to determine which algorithm suits best. As
motion compensation is the first of two large problems in this thesis, chapter 7 discusses the problem of clut-
ter suppression. First, an alternate approach is proposed which differs from known literature. The proposed
inverse displaced phase centre antenna (IDPCA) method suppresses clutter based on its motion. The new
approach and several clutter suppression methods which were discussed in chapter 5 are tested and evalu-
ated. The results presented in chapter 7 are already of high quality. Chapter 8 aims to improve the results
more by combining the previously presented techniques by exploiting the multichannel receive array. Based
on several experiments by splitting the receiver array in different sub arrays, a new technique is found. This
newly proposed technique is very effective in discriminating the considered target from clutter from different
directions. Based on the circular phase variance of different receiver sub arrays, a mask is made to filter the
target from corrupting noise. To summarize the previous chapter in an understandable picture, chapter 9
shows a clear description of the final components and how they fit in the algorithm.

This thesis is concluded with a conclusion which discusses the answers to the research questions. It is
supplemented with an overview of the limitations of the proposed algorithm. Finally several recommenda-
tions are presented. From the results found in this thesis, two separate conference papers are submitted.
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Background
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2
FMCW Radar Principle

To grasp the algorithms and methods discussed in later chapters, a fundamental understanding of the radar
signal principles is required. Radars can be described in two different categories. The pulse radar and the
continuous wave radar. For this research AMBER is used, which is a frequency modulated continuous wave
(FMCW) radar. This chapter will give an introduction of how an FMCW radar measures range and velocity.

As indicated in the abbreviation, the transmitted signal of an FMCW radar uses a modulation in frequency.
A few different types of modulation are commonly used: an upchirp FMCW signal, downchirp FMCW signal
and sawtooth FMCW signal. An example of an upchirp FMCW signal is shown in figure 2.1. This figure shows
that the transmitted signal changes frequency over time linearly, also known as linear frequency modulated
continuous wave (LFMCW). The frequency sweep is limited by how large the bandwidth of the radar is and is
centred around the carrier frequency. The pulse repetition time (PRT) indicates how long the chirp takes. To
understand how this radar is used, first consider the phase of the transmitted signal.

φ(t ) = 2π fc t + πB t 2

T
+φn(t ). (2.1)

Here fc is the carrier frequency, B is the bandwidth over which the chirp is performed, T is the chirp time and
φn is the phase noise. The phase noise will be ignored as it mainly impacts bi-static FMCW radar [5]. The
transmitted signal can then be described as.

st (t ) = cos(φ(t )). (2.2)

This waveform travels through space until it interacts with a target. The target reflects the waveform, causing
it to travel back to the radar. The distance dependent time shift can be measured in the receiver. The received

Figure 2.1: FMCW upchirp signal over time
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8 2. FMCW Radar Principle

reflected signal from a single scatterer can be described as.

sr (t ) = cos
(
2π fc (t −τ)+kπB(t −τ)2) . (2.3)

Here, k is the chirp rate defined as k = B/T and τ is the time delay which is dependent on the range and LoS
velocity of the target as.

τ= 2(R + v t )

c
. (2.4)

The received signal is then mixed with the transmitted signal. In this manner, the difference in frequency
between the two signals can be measured, also called the beat frequency.

sm(t ) = st (t )sr (t ). (2.5)

This mixing procedure can be calculated by using the following trigonometric formula [6].

cos(α)cos(β) = cos(α+β)+cos(α−β)

2
. (2.6)

Filling in this equation will yield one component with a very high frequency (2 fc ) and a differential compo-
nent. The high frequency component can be filtered out. The differential component is used to determine
the range. Filling in equation 2.5 gives and removing the high frequency term gives.

sm(t ) = 1

2
cos

(
2π( fcτ+kτt − kτ2

2
)

)
. (2.7)

This equation contains 2 phase components and one frequency component, kτ. This frequency component
is also called the beat frequency. To determine the beat frequency spectral estimation techniques such as the
fast Fourier transform (FFT) is taken over the duration of the sweep. Resulting in a peak at the corresponding
frequency. From this the time delay τ can be determined. Which gives the possibility to compute the range
according to equation 2.4.



3
Collection Geometry and Signal Model

Although the focus of this thesis is on ISAR, the data collection is performed the same as in SAR and is there-
fore helpful to understand the geometry and signal model. The description of SAR in this section will closely
follow the theory given in [7]. First, a geometrical representation will be given of the scenario, along with
some key terms required to describe SAR. Then a description of the transmitted and received signal will be
given. This will be followed by an explanation of how SAR utilizes a ’synthetic aperture’ to create higher res-
olution in azimuth. Several SAR processing techniques are briefly presented in appendix A: Backprojection,
RDA, CSA and omega-k.

3.1. Geometry
Before the characteristic SAR processing can be discussed, it is important to define clear variables for the
geometry scheme. SAR comprises a moving antenna whilst scanning under an angle, which makes a geomet-
rical example very useful. Although there are multiple forms of SAR, such as strip-map SAR, scanning SAR
and spotlight SAR, this section will focus on strip-map SAR. Due to its simplicity it is most effective to create a
general understanding of the topic. Figure 3.1 shows the geometrical setup of strip-map SAR. The slant range
is defined as the distance between target and antenna. This distance changes over time while the target is
illuminated with the beam. The squint angle is measured in the so called ’slant range plane’. The slant range
plane is spanned by the slant range vector and the velocity vector of the antenna. The squint angle is defined
as the angle between the slant range vector and the zero Doppler plane measured in the current slant range
plane. The zero Doppler plane is defined as the plane perpendicular to the velocity vector of the antenna.
This plane is called the zero Doppler plane, since no Doppler is measured due to the perpendicularity.

3.2. Range Equation
As typical for all different kinds of radar, range plays the most important role in SAR as well. In SAR a target
is illuminated over a longer time period. During this illumination time, the slant range varies. The SAR pro-
cessing creates an image based on this variation. The range equation can take multiple forms, but generally
the hyperbolic form is used.

For satellite based SAR, the curvature of the earth needs to be taken into account. However, for this re-
search, airplane based SAR is considered. In this case the curvature of the earth has a negligible impact on
the measurements due to the relative small range from the airplane to the earth compared to satellite based
SAR.

The hyperbolic form of the range equation assumes the Earth to be locally flat and the flight path is as-
sumed locally straight. Assume that R0 is the range at closest approach, va is the velocity of the antenna and
η is the relative time between the measurement and the measurement at closest approach. Then the time
dependent range is given as.

R2(η) = R2
0 + v2

aη
2. (3.1)
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10 3. Collection Geometry and Signal Model

Figure 3.1: A geometrical overview of strip-map SAR

The squint angle can be defined as.

sinθsq =− va

R(η)
. (3.2)

When a target is still ahead of the radar, the squint angle is defined as a negative. This means that there is a
negative time delay for positive squint angles. We can rewrite the squint angle as a cosine as.

cosθsq =
√

1−
(

vaη

R(η)

2
)
. (3.3)

Which we can use to simplify the range equation.

R0 =
√

R2(η)− v2
aη

2 = R(η)

√
1−

(
vaη

R(η)

)2

= R(η)cosθsq (3.4)

R(η) = R0

cosθsq
. (3.5)

3.3. Transmission
In transmission a distinction can be made between 2 cases: pulsed radar and continuous wave radar.[8] As
this chapter is set up to inform about the basics of SAR, the simpler case, pulsed radar will be discussed for a
plain explanation.

The radar transmits a frequency modulated time dependent pulse spul se (τ). Usually the pulse has a linear
frequency modulated (FM) characteristic as in equation 3.6, although differently modulated pulse types are
used as well. This project is focused around FMCW radar, so the FM pulse will be used for convenience.

spul se (τ) = wr (τ)cos
(
2π fcτ+πKrτ

2). (3.6)

Here wr is the pulse envelope which is approximated by a rectangular function.

wr (τ) = r ect

(
τ

Tr

)
. (3.7)
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Figure 3.2: Representation of pulse propagation in the 2D plane orthogonal to the direction of motion of the radar

Where Tr is the pulse duration, fc is the carrier frequency and Kr is the rate of change in frequency over
time. Such that the instantaneous frequency for a linear frequency modulated wave is defined as.

fi = fc +Krτ. (3.8)

Whether an upchirp as in equation 3.8 is used or a downchirp, does not influence the SAR equations and
neither does it have an impact on the results of a measurement.
The duration of the pulse and the steepness of the chirp together indicate the used bandwidth as.

B = |Kr |Tr . (3.9)

The range resolution is measured as the size of a range-bin in distance. It corresponds to the -3dB peak-width
of a range compressed signal. The range resolution is directly linked to the bandwidth and is described as.

δr = c

2

0.886γw

|Kr |Tr
≈ c

2|Kr |Tr
. (3.10)

Here, the factor 0.886 is the -3dB peak width of a compressed pulse and γw is a broadening factor due to
window weighting. These 2 factors tend to cancel each other and are often left out in the equation for the
range resolution.

3.4. Reception
So now that the transmission parameters are defined, the receiving signal can be computed. Consider figure
3.2. The radar transmits a pulse under an angle φ, called the look angle. For now lets focus on this 2 dimen-
sional setup. The leading edge of the pulse interacts with the near region first and the trailing edge of the
pulse interacts with the far region last. A target which the pulse interacts with may induce a phase shift or
change the amplitude of the pulse, which can later be used to classify the object.

The received pulse for each individual point scatterer in the illuminated area between near range and far
range can be described as.

sr (τ) = Ar spul se

(
τ− 2Rps

c

)
. (3.11)

Where Ar is the amplitude of the pulse, caused by the back-scatter coefficient of the point target and Rps is
the range to the point scatterer. When combining equations 3.6 and 3.11, the received signal can be written
as.

sr (τ) = Ar wr

(
τ− 2Rps

c

)
cos

[
2π fc

(
τ− 2Rps

c

)
+πKr

(
τ− 2Rps

c

)2

+ψ
]

. (3.12)

Where ψ is a variable which indicates the phase shift caused by the target.
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3.5. Synthetic Aperture
While different targets in the range direction are distinguished by their time delay, different targets in the az-
imuth direction can be distinguished by Doppler. Targets left of antenna bore sight have a relative negative
velocity and show a negative Doppler, and targets right of antenna bore sight have a relative positive velocity,
showing a positive Doppler. The change in Doppler over azimuth is linear with the velocity of the antenna.
Based on the Doppler and the round trip time delay, the location of a target can be estimated, as is done in
the Range Doppler Algorithm (RDA).

The range resolution has been defined in equation 3.10. In the azimuth direction, the resolution is depen-
dent on the beam-width of the radar. When no SAR processing is applied, target points on varying azimuth
are indistinguishable for the entire projection of the beam-width on the ground. Such that the azimuth reso-
lution becomes.

δa = R(ηc )θbw = 0.886R(ηc )λ

La
. (3.13)

Where La is the antenna length and R(ηc ) is the range to the beam center. This resolution is the resolution
of a real aperture radar. SAR uses a synthetic aperture to increase the resolution. As can be seen in equation
3.13, decreasing the beam-width will improve the resolution. Since the range to the target is not a change-
able variable and the wavelength is limited by factors such as propagation loss, the antenna length can be
exploited to improve the resolution.

To clearly explain why the resolution improves when the antenna length is increased, and how this can
be applied in SAR, it is useful to first consider a phased array. In a phased array, multiple antennas are used
to decrease the main lobe beam-width of the radar pattern. When considering the far-field, the radiation
pattern can be described as the summation of the antennas.

Pa(θ) =∑
n

exp

(
− j 2π

x[n]θ

λ

)
. (3.14)

Where x[n] is the distance of the nth antenna element and θ is the radiation direction in azimuth. This
sum corresponds to the discrete Fourier transform of the rectangular function and converges to the following
Fourier integral.

Pa(θ) =
∫ La /2

−La /2
exp

(
− j 2π

xθ

λ

)
d x = Lasinc

(
Laθ

λ

)
. (3.15)

This equation shows a clear relation between the antenna length and the beam-pattern. Increasing the an-
tenna length will decrease the width of the main lobe of the beam and thus improve the resolution.

To understand how this feature can be exploited in SAR, consider figure 3.3. This figure shows the com-
parison between SAR and a phased array. These 2 scenarios are very alike. It is important to note that for SAR
a 2-way channel is used, giving an extra factor 2 in the range equations. The length of the synthetic aperture
can be written as.

Ls = 0.886R(ηc )λ

La
. (3.16)

And the new resolution in the azimuth direction can be described as.

δa = R(ηc )
0.886λ

2Ls
. (3.17)

3.6. Data Storage
Although each pulse contains both range and azimuth information, it is still received at the radar as a one
dimensional signal of the amplitude of the received voltage versus time. To prepare the data for process-
ing, each consecutive pulse is stored parallel to the previous one, creating an array. In this array, each row
represents a single measurement with varying ranges. Such a row is also known as a range line, and also ref-
erenced to as fast time. For each point in a single column of the array, the value describes a point measured
at the same range. These columns are known as range gates, and are referenced to as slow time.



3.6. Data Storage 13

Figure 3.3: Illustration of the similarities between a phased array and SAR

To process the data, first the received signal is demodulated, the radar carrier is removed. This is done by
a quadrature demodulation process. The demodulated signal for a single point scatterer written as a function
of slow time and fast time is then given as.

s0(τ,η) = A0wr

[
τ− 2R(η)

c

]
wa[η−ηc ]exp

(
− j 4π fc

R(η)

c

)
exp

(
jπKr (τ− 2R(η)

c
)2

)
. (3.18)

Where A0 is a complex constant dependent on the real amplitude coefficient, A′
0

A0 = A′
0e jψ. (3.19)

All types of data processing start with this demodulated base-band signal. Several SAR processing techniques
that use this signal can be found in appendix A.





4
ISAR

As the main principles of SAR have been discussed, the main princples of ISAR will be discussed in this chap-
ter. The theory given in [9] is followed closely. The techniques SAR and ISAR are very similar, but have some
generic differences. With SAR, the radar platform moves to create a synthetic aperture, while targets in the
constructed image are considered stationary. In ISAR, logically enough, the inverse of this procedure hap-
pens. The radar platform is stationary, and moving targets are observed. When comparing spotlight SAR with
a simple ISAR configuration as given in figure 4.1, it can be seen that both configurations are equall except for
a change of reference system.

Figure 4.1: Comparison between spotlight SAR and ISAR

Although this is defined as the difference between SAR and ISAR. The most important distance is the mat-
ter of target cooperation [9]. Between the two cases, the movement of the radar platform for SAR can be
compared to the movement of the target for ISAR, as in figure 4.1. The problem is that for SAR the movement
is known of the radar platform, but for ISAR it may be possible that the movements of a target can not be pre-
dicted, the target shows noncooperative motion. ISAR processing techniques are aimed to perform motion
compensation for the target to acquire sharp images.

4.1. Target Model
Before going into the ISAR algorithms, lets first consider a model for a target in motion. Such a target can be
described as a rigid body with six degrees of freedom. Translation movements in the x, y and z directions and
the rotational movements roll, pitch and jaw (Ωr ,Ωp ,Ω j ).

Motion can generally be described as a velocity and an acceleration component (v, a). In ISAR the trans-
lational motion is then again subdivided into 2 components, the component along the line of sight (LOS)
(vl os , alos ) and the component perpendicular to the LOS (v⊥, a⊥). The LOS component determines the Doppler
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shift measured at the receiver. The perpendicular component changes the target aspect angle over time, giv-
ing a similar effect as the rotational motions.

The rotational motions can be modelled as constant for a short period of time. Different scatterers on
the rigid body will cause different Doppler shift, but all scatterers show the same rotational constants. This
assumption can only be made for a very short period of time, as non-cooperative motion can change jaw,
pitch and roll at any moment.

The round trip delay in ISAR is similar as in SAR. For now, the acceleration term has been left out, since it
is negligible in this setup.

τ(t ) = 2
|r(t )−R0|

c − vr
. (4.1)

In this equation, R0 is the vector from the center of the target to the radar and r(t ) is the time dependent
position vector of a scatterer.

r(t ) =R(θr ,θp ,θy )r(t0). (4.2)

Where r(t0) is the time dependent position vector at t0 with respect to the target center, R is the rotation
matrix and the roll pitch and yaw angles correspond to.

θr =Ωr t ,

θp =Ωp t ,

θy =Ωy t .

(4.3)

Now that the scatterers’ range is determined, the next step is to determine the Doppler in this model. First of
all, vl os is defined as the projection of the velocity vector of the target on the LOS unit vector i(t).

vlos (t ) = v(t ) · i(t ). (4.4)

The Doppler frequency is given as.

fd (t ) = 2 fc |v(t ) · .i(t )|
c

(4.5)

Where v(t ) can also be rewritten as.
v(t ) =Ω(t )× r. (4.6)

In this equation, r is the distance vector between a scatterer and the target center andΩ(t ) is the targets ro-
tation vector.

Knowing the basic motion model of a target, lets take a view at the basic ISAR procedure. In general ISAR
can be described in 3 simple steps: preprocessing, range processing and cross-range processing.

• Preprocessing removes amplitude and phase errors, unwanted artifacts, modulations and interfer-
ences from the raw data which occurred during data collection.

• Range processing is done to compensate for the translational motion of the target. Also referred to as
translation motion compensation (TMC).

• Cross-range processing is done to compensate the rotational motion a target may have. Also referred
to as rotational motion compensation (RMC).

The general key to creating an ISAR image is to estimate the motion parameters. If all motion parameters can
be precisely predicted, then the phase can be compensated and a sharp ISAR image can be created. To do
this, there are many different methods. Some will be discussed in the following sections.

4.2. ISAR Imaging
The range Doppler algorithm is the most straightforward algorithm to create an ISAR image [10, 11]. It shapes
the foundation on which the other imaging algorithms are formed. The regular RDA does not include any
motion compensation but directly forms the image from the retrieved demodulated signal by applying the
2-dimensional Fast Fourier transform. Figure 4.2 shows the simplicity of the model.
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Figure 4.2: Flow diagram of the range Doppler algorithm

However, since the RDA does not take into account any motion of the radar or target, a smear is created
in the image. The ISAR image is a capture of the targets range and Doppler, but can not include any time-
dependent changes, since it is only 2-dimensional. Since the target has a different range at each sweep, all the
different ranges are displayed in the image, creating a smear. An example of such a smear is shown in figure
4.3. This figure shows a smear in Doppler as well due to range Doppler coupling.
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Figure 4.3: Moving point target processed without any motion compensation

To understand where this range Doppler coupling comes from, consider the demodulated signal.

S( f , t ) = exp

(
i

4π

c
( f + f c)

(
r + vlos t + alos

2
t 2

))
. (4.7)

The coupling is clearly visible in this equation as f vl os t . The final term, f alos
2 t 2 contributes as well, although

this is generally not the dominant term due to the exponent over the short time interval.

The following sections will describe some algorithms which ’manipulate’ the time signal such that the
target appears to be in the same range bin at all times, solving the smearing problem. Within this process,
a distinction is made between range- and Doppler-smearing. Range alignment and phase adjustment are
applied respectively. During the discussions on these algorithms the theory in [9] is followed.

4.3. Translational Motion Compensation
In a scenario where the target, the radar or both are moving, it is necessary to apply translational motion
compensation to generate an image. The reason for this compensation is the movement of scatterers through
range profiles in the image. The TMC can be split up in two procedures. First, ’range alignment’ is applied to
force a single scatterer to remain in the same range bin. Hereafter, phase adjustment is necessary to remove
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(a) Scatterer showing range cell mirgration over time
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(b) Scatterer after range alignment

Figure 4.4: Range-time domain image of a single scatterer before and after range alignment

phase errors. There are several different techniques that are used for TMC. The following common techniques
will be discussed in this chapter.

Range alignment techniques

• Range centroid

• Cross-correlation

• Minimum entropy

Phase adjustment techniques

• Doppler centroid

• Phase Gradient

• Minimum variance

• Entropy

4.3.1. Range Alignment
Cross-correlation method (CC) The cross-correlation method is a means of range alignment. Although the
method itself is very straightforward, the implementation is often different and at times it is combined with
different algorithms [12–14].

The cross-correlation method is applied in the range-time domain. As a scatterer changes range bins over
time, range alignment is necessary to force the scatterer to remain in the same range bin. An example where
range alignment is applied is shown in figure 4.4.

For each pulse, the cross-correlation is taken between the range vector of that pulse and a reference pulse.
This will yield a maximum at the bin number which indicates the displacement of the scatterer with respect
to the reference pulse. The range vector is circularly shifted according to this bin-displacement and this pro-
cedure is repeated for all range vectors.

Since calculating the cross-correlation is computationally expensive, this operation is done in the Fourier
domain. As the cross-correlation is equal to a multiplication in the Fourier domain, this procedure increases
the computational speed significantly. A flow chart of the cross-correlation method is shown in figure 4.5.
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Figure 4.5: Flow chart of the cross-correlation method

Figure 4.6: Flow chart of the range centroid method

Range centroid method (RCM) The range centroid method is a different method to determine the re-
quired range cell migration. This method does not require a comparison between range-vectors as the cross-
correlation method, but considers each range-vector individually.

In this method, the required shift is determined by the center of mass in each range-vector. This center of
mass, or ’centroid’ can be calculated for a discrete signal S = [s1, s2, ..., sK ] as.

Centr oi d =
∑K

k=1 k · sk∑K
k=1 sk

. (4.8)

Although this method is faster than the cross-correlation method, it is also sensitive to noise. A flow chart of
the range centroid method is shown in figure 4.6.

Entropy minimization Another method which is used for TMC is entropy minimization. Entropy itself is
not an algorithm, but a function and thus has this method many forms of implementations [15],[16]. Entropy
minimization is widely used, but relatively slow due to the exhaustive searching procedure it uses [17]. This
is a statistical method where entropy stands for a measure of unpredictability. Consider the discrete random
variable S = [s1, s2, ..., sK ] which has a probability density function of p(sk ) ≥ 0. The expected value is then
E(S) =∑K

k=1 sk p(sk ) and the Shannon entropy is defined by [18].

H(S) =−
K∑

k=1
p(sk ) log p(sk ). (4.9)

This equation is a quantification of the unevenness from the probability density function. This method uses
the entropy to evaluate the range cell alignment. The entropy is small when p(sk ) is high i.e. there is a dom-
inant scatterer. When summing over the ranges, the peak at the scatterer should be largest when range cell
alignment is applied correctly, which gives a minimum entropy. The minimum entropy can be found by
rewriting the Shannon entropy function as.

H(Sn ,Sn+1) =−
C∑

c=1
p(m,c) log p(m,c). (4.10)

Where C is the number of range cells in a profile. The probability density function (PDF) is then defined as;

p(m,c) = |Sn(c)|+ |Sn+1(c −m)|∑C−1
c=0 (|Sn(c)|+ |Sn+1(c −m)|) . (4.11)

The required range bin shift, m, can then be determined by finding the value of m for which the entropy
function is minimum.
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Figure 4.7: Unwrapped phase angle of a point scatterer after range alignment

Figure 4.8: Flow chart of the minimum variance algorithm

4.3.2. Phase Adjustment
As the range alignment is performed by shifting range-vectors to create a stationary target in range, phase
errors originate from this very shift apart from the smear in Doppler that was already apparent. Consider
figure 4.7. This figure shows the unwrapped phase of the point scatterer after range alignment is applied.
Clearly, the phase has become non-linear due to the range correction. This will result in replicas of the target
in the image. This effect is unwanted, such that phase adjustment needs to be applied. Several methods to
apply phase adjustment are discussed in this section.

Minimum variance algorithm (MVA) The minimum variance algorithm is used to linearise the phases of
the scatterers. This method consists of 2 main steps;

• The variance of all time-vectors is determined and a small number of vectors (e.g. 3) with the minimum
variances are picked. These picked vectors are generally scatterers.

• For each of the scatterers, a phase compensation function is created to linearise the phase. The average
of the phase functions is taken and applied to all the time-vectors.

The algorithm is quite simple and fast. However, since the phase change is different for each scatterer, it is
not possible to linearise the phases of all the scatterers. A flow chart of the minimum variance algorithm is
shown in figure 4.8.

Doppler centroid The procedure for applying Doppler centroid for phase compensation is very similar as
the range centroid method. First, the Doppler spectrum is created to show the different Doppler components
over time. Then, the Doppler centroid is determined by calculating the center of mass as in equation 4.8. The
Doppler vectors are then shifted according to a reference vector. From this new adjusted data-set, the image
is created and the smears in Doppler are solved as the point scatterers are set to a stationary velocity by this
method.
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Entropy minimization Applying entropy minimization for phase adjustment is a so called parametric method.
This means that before this method can be applied, an estimation needs to be done for the velocity and ac-
celeration of the target. One effective way to determine these parameters is by prominent point processing
(PPP). When the estimated motion parameters are not optimal, a smear still exists in the range Doppler im-
age. A 2-D entropy minimization method is applied to find the 2 optimal parameters. This follows the same
procedure as for range alignment. When the velocity and acceleration are determined, the required phase
shift can be calculated as.

φ(t ) = v t + 1

2
at 2. (4.12)

This phase is added to the range compensated signal in the range time domain. Just as in the other methods,
an FFT is then taken to generate the focussed range Doppler image.

4.4. Rotational Motion Compensation
After the translational motion compensation is applied, the target can be seen as fixed at a position in space.
However, the target may still display rotational behaviour about its own axis. When considering maritime
vessels as in this thesis, this rotational motion is mostly caused by the displacement of the radar with respect
to the target. To counter this, rotational motion compensation needs to be applied. Some methods that
are commonly used are polar reformatting, entropy minimization, phase gradient autofocusing and image
contrast maximization.

4.4.1. Image Contrast Maximization
Compensating the valid acceleration parameter of a target will change the image quality considerably. To
understand how this acceleration parameter can be found, a better look needs to be taken at the relation be-
tween the acceleration error and the image contrast. The image contrast function is an image quality measure
and is defined as [19].

IC =
√

A
(
(|I |− A(|I |))2

)
A(|I |) . (4.13)

Where A(·) is the mean and I is the complex image after compensating for the acceleration by the acceleration
term.

φa( f , t ) =−i
4π

c
( f + fc )αest

(
fc t

f + fc

)2

. (4.14)

Whereαest is an estimation of the acceleration. A parameter sweep on the acceleration estimate is performed
to find the highest resulting image contrast. The complex image can be described as.

I =F2(Sc ( f , t )exp(φa( f , t ))). (4.15)

Where Sc ( f , t ) is the demodulated signal after fold-over correction andF2 indicates the 2-dimensional Fourier
transform.

4.4.2. Prominent Point Processing
The polar formatting algorithm [20] is an imaging technique that does require information about the angular
velocity of the target. Due to this prerequisite, this algorithm is combined with a technique to estimate the
rotation parameters. This is usually done by prominent point processing.

Prominent point processing selects one or multiple prominent scatterer and follows them to extract mo-
tion parameters of the target. In the stage of RMC, it is assumed that the translational motion compensation
is already done and the center of the target is known. The range to a point on the target can then be described
as.

RP (t ) = R0 + rP cos

(
θ0 +θP +Ωt + 1

2
γt 2

)
. (4.16)

Where θ0 is the original aspect angle of the target, rP and θP are the polar coordinates of the point scatterer,
Ω is the angular velocity and γ is the angular acceleration. The angular acceleration is considered negligible
at this stage. Then the velocity and the acceleration of a scatterer are described as.

vP (t ) = d

d t
RP (t ) =−ΩrP sin

(
θ0 +θP +Ωt + 1

2
γt 2

)
. (4.17)
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aP (t ) = d 2

d t 2 RP (t ) =−Ω2rP cos

(
θ0 +θP +Ωt + 1

2
γt 2

)
. (4.18)

To determine the angular velocity of the target, a prominent point which is located at zero Doppler (or zero
velocity) is chosen (preferably far away from the target center) and the range is taken from the center of the
target. This gives.

vP =−ΩrP sin θ̂P = 0. (4.19)

Where θ̂P is the average rotation angle during the CPI. The range and acceleration in this interval can be
written as;

RP = rP . (4.20)

aP =−Ω2rP . (4.21)

From which the angular velocity can be derived as.

Ω=
(

aP

RP

)1/2

. (4.22)

A similar procedure can be done to determine the acceleration parameter by picking a prominent point which
has the same range as the target center, but a different velocity.

4.5. Range Doppler Backprojection
Not all algorithms are based on the principle of range alignment and phase adjustment. The Range Doppler
Backprojection algorithm was inspired by the time domain backprojection algorithm used in SAR imaging
[21]. The idea of this function is to estimate the target’s range and velocity by ’trying’ different velocities and
adding the contribution of each velocity to the corresponding range bins. This algorithm is applied in the
range time domain. Consider the time delay induced by the target’s range and potential velocity as.

τi (vp ) = 2
R0 − i vp T f

c
. (4.23)

In this equation vp is a potential target velocity, R0 the initial range, T f is the fast time and i is the pulse
index. According to this time delay estimate, motion compensation and phase correction can be applied to
the range time domain signal y .

zi (t , vp ) = yi (t +τi (vp ))e j 2π fcτi (vp ). (4.24)

After the motion compensation and phase correction are applied, a summation is done over the pulses to
determine the contribution of each selected velocity;

d(r, vp ) =∑
i

zi (t = 2r /c, vp ). (4.25)

Where r contains the considered range vector (Rmi n < r < Rmax ) and vp contains the considered velocity
vector. It is important to note that it is possible to choose these vectors according to prior knowledge of the
target. This way, only the relevant ranges and velocities are considered, reducing the computational resources
necessary for this algorithm.

Although this variant of backprojection is quite different as time domain backprojection in SAR, time
domain backprojection can also be applied in ISAR with a few adaptions. Appendix B shows a simulation of
how time domain backprojection can be applied. However, this form of the method can not be applied with
airborne ISAR, as the rotation angle caused by the translational motion is too small.

4.6. Keystone Transform
Just as the Range Doppler Backprojection algorithm, keystone formatting does not rely on the typical range
alignment and phase adjustment procedures. The keystone algorithm directly applies an interpolation filter
on the demodulated signal [22]. This filter is shaped as a keystone, whereas the name originates. Let’s directly
consider the demodulated signal for N targets.

S( f , t ) = P ( f )
N∑

n=1
An exp

(
i

4π

c
( f + fc )

(
rn + ṙn t + r̈n

2
t 2 + ...

))
. (4.26)
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In the demodulated signal, the range is expressed as a Taylor series expansion defined as follows.

Rn(t ) = rn + ṙn t + r̈n

2
t 2 + ... (4.27)

Where each individual term can also be written as.

rn =
√

(xp −xt )2 + (yp − yt )2 + (zp − zt )2. (4.28)

ṙn = xẋ + y ẏ + zż√
x2 + y2 + z2

. (4.29)

r̈n = (ẋ2 + ẏ2 + ż2 +xẍ + y ÿ + zz̈)− (xẋ + y ẏ + zż)2

x2 + y2 + z2 . (4.30)

Where x = xp − xt , y = yp − yt and z = zp − zt . Note that the first and second order terms in equation 4.27
represent velocity and acceleration. The higher order terms in the range expansion are generally negligible.
Consider equation 4.26, each of the terms in this equation contributes to the final range Doppler image after
applying the 2-dimensional Fourier transform. To get a clear idea of how the image is formed, it is useful to
consider what impact each individual term has on the created image. Table 4.1 gives an overview [23].

Event Phase term
Range position f rn

Range walk f ṙn t
Range curvature f r̈n t 2/2
Azimuth phase fc rn

Azimuth translation fc ṙn t
Azimuth smear fc r̈n t 2/2

Table 4.1: Phase terms and their consequences of the received demodulated signal

Table 4.1 shows that the coupling between time and frequency results in range walks and range curvatures
in the imaging domain. The first order keystone compensates the range walk by applying an interpolation
filter which cancels the time-frequency dependency. The time scaling for this interpolation filter is.

tk = t
fc

fc + f
. (4.31)

Such that the signal after the keystone transform becomes.

S( f , tk ) = P ( f )
N∑

n=1
An exp

(
i

4π

c

(
ṙn fc tk + ( f + fc )

(
rn + r̈n

2

(
fc tk

f + fc

)2

+
...
r n

3

(
fc tk

f + fc

)3)))
. (4.32)

This shows that the term causing range walk is compensated, sharpening the image.
An important thing to consider is that the keystone transform is bound to the ambiguous velocity of the
target with respect to the radar. If a target exceeds this threshold, it will remain blurred. However, this can be
compensated as long as the number of fold-overs in ambiguity is known.
When fm is the measured frequency and F is the fold-over number, the real frequency fr can be written as.

fr = fm + F

T
. (4.33)

Where T is the pulse duration. The fold-over can then be compensated as.

Sc ( f , tk ) = S( f , tk )exp(i 2πt
F

T
). (4.34)

After compensating this term, the image may still be unsharp due to the second order time-frequency cou-
pling. Another phase compensation term considering the acceleration can be applied to sharpen the image.
This term is expressed as.

φa( f , tk ) =−i
4π

c
( f + fc )αest

(
fc tk

f + fc

)2

. (4.35)
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To correctly compensate for the acceleration,αest , an estimation of this term is required. This can be done by
techniques as prominent point processing or image contrast maximization.
A different option which does not include the necessity for prior knowledge on the acceleration of the target
is the second order keystone transform [23]. As the name implies, this method compensates for the second
order term in the demodulated signal given in equation 4.26. Which simply gives an interpolation filter as
follows.

tk = t

(
fc

fc + f

)1/2

. (4.36)

After interpolation of the demodulated signal according to the second order keystone transform, the resulting
signal is written as.

S( f , tk ) = P ( f )
N∑

n=1
An exp

(
i

4π

c

(
( f + fc )rn + ṙn tk f 1/2

c ( fc + f )1/2 + r̈n fc

2
t 2

k

))
. (4.37)

This shows that the time-frequency coupling which resulted in range curvature is solved. However, the time-
frequency coupling responsible for the range walk is still present. In this case, it can be compensated by a
term which is dependent on velocity.

φv ( f , tk ) =−i
4π

c
vest tk f 1/2

c ( fc + f )1/2. (4.38)

Since applying a 2-dimensional interpolation filter on a large data set is computationally expensive, methods
have been devised to accelerate the processing speed. By using the chirp-scaling principle, the keystone
transform can also be performed by only applying multiplications and Fourier transforms [24].



5
Beam Forming and Clutter Suppression

Techniques

The property that differs in AMBER from other airborne ISAR imaging systems is its multichannel receive ar-
ray. With 24 receivers, there are a lot of options to use beam forming techniques for an increased performance
of the ISAR image. Some of those are discussed in this chapter.

5.1. Digital Beam Forming
Once the location (i.e. range and angle of arrival) of a target is known, the data in the receiver array can be
manipulated to form a ’digital’ beam towards the target. In this manner, all reflections coming from a chosen
angle form constructive interference. While different angles do not, or suffer from destructive interference.

Consider an ideal isotropic transmitter. When forming an array of such transmitters, the radiation pattern
is named the array factor (AF) [25]. The array factor is dependent on the electric length between the trans-
mitters, kd , and the induced phase shift β. The array factor of an N -element linear array with a progressive
phase shift can be described as.

AF =
N∑

n=1
exp i (n −1)(kd cosθ+β). (5.1)

Which can also be written as.

AF =
[

sinψN
2

sin ψ
2

]
exp i

(
N −1

2

)
ψ. (5.2)

Where ψ is the phase shift between adjacent transmitters, ψ= kd cosθ+β. Note that for each induced phase
β there exists a θ at which all transmitters sum up coherently, which is the fundamental for beam-forming.
Given as β=−kd cosθ.
In case of DBF, the procedure is exactly the same. The progressive phase shift is not added to the transmitted
signal, but to the received signal, yielding the same antenna patterns. Figure 5.1 shows an example of the
array factor in 2 different scenarios. One where no phase shift is induced, and one where the beam is steered
20 degrees towards the front end of the antenna array. It is important to note that in this case θ is defined as
the angle along the antenna array.
Just as the antenna has maxima where there is constructive interference, it also has nulls where there is de-
structive interference. These nulls can be found by setting the numerator in equation 5.2 to zero.

sinψ
N

2
= 0. (5.3)

θn = arccos

(
1

kd

(
−β± 2n

N
π

))
,n = 1,2,3, ... (5.4)

In a similar manner, the secondary maxima of the array factor can be found by maximizing the numerator in
equation 5.2.

sinψ
N

2
=±1. (5.5)

25
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Figure 5.1: Array factor for different normal angles on the array with varying number of receivers

θm = arccos

(
1

kd

(
−β± 2s +1

N
π

))
, s = 1,2,3, ... (5.6)

To give an idea of how wide the beam of the 24 receive array is, consider the half power beam-width (HPBW).

AF 2 = 0.5. (5.7)

Which can be approximated as.
N

2
(kd cosθh +β) =±1.391. (5.8)

Such that,

θh = arccos

(
1

kd

(
−β± 2.782

N

))
. (5.9)

Note that the HPBW changes for different θ. If we define D as the cross-range distance covered by the HPBW,
this can be found as.

D = 2R sin(θ−θh). (5.10)

5.2. MVDR
Another application of DBF is suppressing clutter, a secondary target or a jammer. This can either be done
by the minimum variance distortionless response (MVDR) or any null-steering technique if the location of
the jammer is known. MVDR changes the weight vector such that the output power is minimized while the
power in the look direction remains the same [26]. The equation for the MVDR weighting vector is,

w = R−1a(θ)

aH (θ)R−1a(θ)
. (5.11)

Where a(θ) is the steering vector and R is the covariance matrix of sensors versus cropped fast time.

5.3. DPCA
The displaced phase centre antenna technique is performed with two or more sub arrays. The first sub array
measures from location x at t0 and as the platform moves, the second sub array reaches location x, measuring
at t1. Subtracting the two sub arrays from each other will remove all the stationary components in the image,
as their reflection did not change over time.
For this technique to work, the two sub arrays need to be exactly aligned: their locations should be the same
before subtracting each other. As this is generally not the case, an additional alignment step needs to be
performed, which will be elaborated on later.
Consider a radar platform of 24 receivers which moves at a velocity of vr ad ar . The best sub array size depends
on the radar velocity, the length of the array and the distance between the elements. Figure 5.2 shows an
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Figure 5.2: Example of DPCA for 3 time indices with 2 or 3 sub arrays

example of a radar consisting of 24 receivers at 3 different time indices. It shows that either two sub arrays of
15 or three sub arrays of 6 can be made. The sub array size can be written as.

sa = L− vr ad ar nT

d
. (5.12)

Where L is the array size, n the amount of sub arrays, T the PRT and d is the interelement spacing. Equation
5.12 does not yield an integer for receiver elements. This misalignment disturbs the DPCA procedure. This
is solved by interpolating the data of the receive channels of one array such that both are aligned. Note that
more than sa receiver channels in the sub array are used, the interpolation will fail. Using less is possible but
this will increase the beam-width and thus increase clutter.
The channels can be combined after beam forming and misalignment interpolation as follows.

SDPC A2( f , tp ) = S1a( f , tp )−S2( f , tp ). (5.13)

For 3 sub arrays this equation becomes,

SDPC A3( f , tp ) =−S1a( f , tp )+2S2( f , tp )−S2a( f , tp ). (5.14)

Where Sa indicates that this sub array is aligned with spatial interpolation.

5.4. ODPCA
As DPCA filters the stationary clutter, it is not very effective at the moving sea surface. Oceanic displaced
phase centre antenna (ODPCA) [27] was developed to filter a Doppler frequency which is more apparent in
the sea-Doppler distribution. A phase shift is applied to one of the sub arrays to shift the filtered frequency
as.

SDPC A2( f , tp ) = S1a( f , tp )−S2( f , tp )exp(− jθ). (5.15)

For 3 sub arrays this equation becomes.

SDPC A3( f , tp ) =−S1a( f , tp )+2S2( f , tp )exp(− jθ)−S2a( f , tp ). (5.16)

Where θ is the added phase shift, if this is set to 0, regular DPCA is applied. Instead of estimating the local
phase shift around the ship according to the sea state, image contrast maximization can be applied to find
the optimal θ.
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6
Motion Compensation

As the theoretical background necessary to develop an ISAR algorithm for multi channel SAR systems such
as AMBER has been discussed, the optimal form of implementation can be researched. This chapter will
compare the different motion compensation techniques and evaluate them based on several performance
indicators. According to the results of this evaluation, while also considering previous research on ISAR algo-
rithms in literature, a choice is made on how to implement motion compensation.

6.1. Simulation Setup
To get a good view on how the different algorithms perform and which are best suited to apply in AMBER, a
simulation is set up for a performance analysis. During the setup of the simulation a distinction can be made
between radar parameters, simulation parameters and motion parameters These will all be discussed briefly.

6.1.1. Parameters
Radar parameters The radar parameters are set to match AMBER to create a realistic scenario of how tar-
gets can be perceived. The used parameters are shown in table 6.1. For now, advanced effects such as non-
linearities, phase noise and idle-time are neglected.

Simulation parameters To generate an image which can create useful feedback on the motion compensa-
tion algorithms, simulation parameters are set such that imaging effects as smearing are clearly visible. This
will give a better overview of the impact from changing motion parameters and motion compensation tech-
niques. To achieve this, the radar will be simulated relatively close to the target.

While the simulation is performed in 3 dimensions, the target is simulated as a 2-D rectangle consistent
of point scatterers. With 1 additional scatterer at the origin. An indication of how the point targets are spaced
is shown in figure 6.1.

Some other important simulation parameters are listed in table 6.2. For now, white Gaussian noise is
added to the demodulated signal to show the impact of noise on the signal.

Motion parameters The features of each individual simulated scatterer is derived from an available data-
set. The data-set entails the motion parameters of a ship which is moving in a certain direction relative to the

Radar Parameters
Fc 9.5 GHz
B 500 MHz
PRF 1 kHz
Fs 20 MHz

Table 6.1: AMBER simulation parameters
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Figure 6.1: Point targets of the simulated 2-D rectangle

Simulation Parameters
Target location (0,0,0)m
Target velocity 10.28 m/s ŷ
Radar location (500,-500,500)m
Radar velocity -25 m/s x̂
Simulation time 0.5 s
SNR -5 dB

Table 6.2: Simulation parameters

sea-waves at a certain speed and sea state. This gives a realistic estimation of the motion from the scatterers.
The set parameters for the simulation are given in table 6.3. The ship motion is set to be parallel to the sea
motion, which results in a higher pitch and a lower yaw and roll. The sea state ’5’ on the Douglas sea state
scale indicates a rough sea with waves between 2.5 and 4 m height.

6.1.2. Simulation Details
This section will provide a step-by-step overview of how the simulation is performed.

• Initialization of all parameters.

• The ship motion is loaded and interpolated to match the PRF of AMBER radar system.

• The ship center point is taken as (0,0,0) and remains at the center point of the axis in this simulation.
The scatterer locations with respect to the center point are calculated over time dependent on the yaw,
pitch and roll.

• The time dependent locations of the radar are calculated dependent on the radar starting location,
motion of the radar and the motion of the ship. This means that the translational motion of the ship,
along with the surge, sway and heave are incorporated in the translational motion of the radar.

• The time dependent ranges between the radar and each individual point scatterer are calculated.

Motion parameters
Wave direction x̂
Ship direction ŷ
Sea state 5

Table 6.3: Motion parameters
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Figure 6.2: Range Doppler image after applying the RDA

• The retrieved demodulated signal is computed from the time-delays induced by the ranges. This also
involves the radar cross section (RCS) of the point scatterers. Which are set to 1, except for the centre
point scatterer which has an RCS of 5, which changes the final output power of each scatterer.

• An FFT is taken in range to convert to the range-time domain. The ranges containing the motion of the
target are cut out of the complete image to save memory.

• Several range alignment and phase compensation methods were applied. These will be discussed in
the next section.

6.2. Results
In this section several range alignment and phase compensation methods are discussed. It is followed by a
small conclusion on the performance of the algorithms. But before ranking the algorithms, lets first consider
why they are necessary by simply applying the RDA to the simulation setup as described in section 6.1. This
results in the image as given in figure 6.2. This figure does not resemble the created target but looks more like
a smear on its location. This is because each individual point scatterer is smeared in both range and Doppler
as shown in figure 4.3. The small parallelogram with a higher SNR in the middle of the image comes from the
single scatter at the center of the target which has an higher RCS than the others. Another interesting sight
is that the target is located at a velocity of -2.5 m/s. This is due to the ambiguous velocity. Since the targets
velocity with respect to the radar is higher than the unambiguous velocity, it is shifted through the spectrum.

6.2.1. Range Centroid
The range centroid method is applied as explained in section 4.3.1. The centroid for each vector is determined
and with this the required bin shift for range alignment is performed. Figure 6.3 shows the computed range
centroid bin location and the required bin shift. For the bin shift a Hampel filter is applied to remove outliers
[28]. The figure shows that the linear displacement of the scatterer is clearly visible and can be retrieved.

To get an idea of the impact of the noise on this method, a second simulation is done with an SNR of
-15dB. The results are shown in figure 6.4. It is clear that the range centroid method has difficulty in deter-
mining the center of the scatter cloud in a higher noise level. Although the general motion can theoretically
still be retrieved by fitting the bin shifts on a linear line, the additional translational motions sway, heave and
surge are lost.

After the vectors are shifted with the required bin shifts, an FFT can be taken in pulses to create an image
in the range Doppler domain. The resulting image for the two different noise levels are shown in figure 6.5.
The figures show that the smear in range is solved. But there still is a copy of the image as well as a smear in
the Doppler domain. Both of these artefacts can in theory be solved by applying phase adjustment.
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(a) Range centroid bin location (b) Bin shifts performed per sweep

Figure 6.3: Range centroid method applied for an SNR of -5dB

(a) Range centroid bin location (b) Bin shifts performed per sweep

Figure 6.4: Range centroid method applied for an SNR of -15dB
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(b) SNR -15dB

Figure 6.5: Range Doppler images with the Range centroid method at an SNR of -5dB and -15dB
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(a) Maximum bin per sweep at an SNR of -5dB (b) Maximum bin per sweep at an SNR of -15dB

Figure 6.6: Determination of the required bin shifts for the cross-correlation method at SNR’s of -5dB and -15dB
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(b) SNR -15dB

Figure 6.7: Range Doppler images with the cross-correlation method at an SNR of -5dB and -15dB

6.2.2. Cross-Correlation Method
The Cross-correlation method is applied as explained in section 4.3.1. Here, the required range cell shift is
determined with the cross-correlation. Just as for the range centroid method, figure 6.6 shows the estimated
bin numbers for the -5dB SNR and -15dB SNR cases respectively. During the computation of the estimated
bin shifts, a Hampel filter is applied in this case as well. Although for the cross-correlation method with these
SNRs, the shift can almost be perfectly found and the filter is nearly unnecessary.

When considering the range Doppler image for both the SNR cases, the same replica of the target as in
figure 6.5 is still apparent. However, due to the improved accuracy of estimating the bin shifts, the range
Doppler image generated with the cross correlation method is better focussed. This is displayed in figure 6.7.

6.2.3. Minimum Variance Algorithm
The minimum variance algorithm can be applied on a range-time image where range alignment has already
been applied. The range-time image produced by the cross correlation method is used since this yields better
results.

In this setup, only a single minimum variance scatterer is used to create the phase compensation func-
tion. The minimum variance scatterer is found by determining the minimum variance over the normalized
range-vectors. Figure 6.8 shows the unwrapped phase angle of the scatterer and the compensation function
required to linearise the phase. The phase compensation function is then applied to all the range-vectors and
an FFT in pulses is taken to create the range Doppler image.

The resulting range-Doppler image is shown in figure 6.9. The figure shows that the smears in Doppler are
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(a) Unwrapped phase angles (b) Phase compensation function

Figure 6.8: Phases of the minimum variance scatterer before applying the MVA
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Figure 6.9: Range Doppler image after applying the MVA at an SNR of -5dB

solved nicely. However, the process has created an extra replica image of the target. Although the amplitudes
of the replicas are lower than the actual target, more processing techniques need to be applied to resolve
these copies.

6.2.4. Additional Approach
As the previous mentioned methods appear to work, but not ideally, some additional techniques are applied
to improve the image quality. These techniques are based on the issue where the non-linear phase causes
duplicates in the image. This non-linearity comes from the change in bin-shift. Two ideas to restore the
linear phase change are proposed and evaluated in this section;

• Upsampling in time domain: As each point scatterer is located in a single range bin, upsampling in the
time domain will spread the point scatterers over more bins. After the range adjustment, discontinuities
only exist at the sides of the scatterer.

• Interpolation: An interpolation operation is applied to resolve the hard-cut in bins performed by the
range alignment. This interpolation is applied after the upsampling procedure [11].

The techniques are applied and the results are shown in figure 6.10. The duplicates that showed in the
previous sections have been completely removed and the resolution is improved significantly for both sce-
narios. Although the interpolated addition shows improvement in the smoothness of phases and amplitudes,
this does not show any visible changes in the quality of the range Doppler image. The SNR increase that the
interpolated addition gives on the upsampled signal is negligible when comparing it with the additional com-
putational time this operation needs.
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(a) Range Doppler image with upsampling, MVA and CC
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(b) Range Doppler image with upsampling, interpolation, MVA and CC

Figure 6.10: Range-Doppler images after applying additional processing
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(a) The regular range-time signal
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(b) Range-time signal after upsampling

Figure 6.11: Discontinuities are solved after applying upsampling to the time domain signal

To create a better understanding why these images do not have duplicates figure 6.11 shows a comparison
between the regular signal and the upsampled signal. This figure shows that without upsampling there are
discontinuities due to the bin shifts, which are resolved after the upsampling procedure.

6.3. Evaluation
Although all the mentioned techniques are capable of imaging the target of point scatterers effectively, there
are some differences in terms of performance. To decide which algorithm is best suited to further build on,
a performance analysis is performed on the different algorithms. Apart from the discussed methods above,
two techniques which do not rely on range alignment and phase adjustment separately are also evaluated,
backprojection and keystone formatting.

There are many known performance evaluation metrics, so it is important to choose an effective method
for analysis [29]. For the evaluation of the different methods, three different parameters are considered:

• Point spread function (PSF)

• Peak to background ratio (PBR)

• Computation time.

6.3.1. Point Spread Function
The point spread function is widely used in radar and optical images for evaluating the response of a single
point scatterer. For evaluating the PSF, two different scenarios are taken into account.
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1 The target shows constant motion directly towards the radar

2 The target shows constant motion towards and tangential to the radar.

First, scenario 1 is considered. Figure 6.12 shows the PSF for 8 different scenarios. Each sub-figure is limited
to the same range and velocity variance. Some interesting things about these spectra are noted and discussed
below.

General observations One glance at figure 6.12 shows that there seems to be a displacement of the point
scatterer in terms of range and velocity between the different algorithms. Within one coherent processing in-
terval (CPI), the target occupies different ranges and velocities as seen in figure 6.12a. When this is converted
to a single range and velocity, it can be anywhere within these boundaries as long as the relative location
remains equal for different measurements, which is the case for all considered algorithms. Furthermore,
when comparing the methods based on range alignment and phase adjustment with keystone formatting
and backprojection, there is no difference in resolution.

Cross correlation and range centroid combined with minmium variance algorithm After applying the
MVA, it can be seen that the replica of the point scatterer image is distorted. Since the range vector at exactly
the point scatterers range is compensated for the phase, the replica is dissolved at this range. However, the
side-lobes of the scatterer are not compensated and thus their replicas are still visible.

Zero padded and interpolated For both these functions the typical sinc function caused by the transform
to the Fourier domain is clearly visible. There does not seem to be a difference between the two methods.

Keystone The keystone function is very well focussed, the target is visible in the exact center of the range
Doppler response due to the ’keystone’ like shape that the interpolation filter has.

Range Doppler backprojection The PSF of the backprojection does not show the typical sinc fall off from
the point scatterer. The main reason is that there is that only in one dimension the FFT is applied.

Lets now consider the second scenario, this shows changes for keystone formatting and backprojection.
Consider the RDA response in figure 6.13. Since the target has a tangential velocity component, the change in
range is not linear, the target has an accelerating motion with respect to the radar. Since in both keystone as
in backprojection it is assumed that the Doppler is coupled linearly with range, the point spread function is
smeared in Doppler. For both these functions, this smear can be compensated if the acceleration parameter
is known. Which is shown in the figure as well for the keystone transform. Here IC maximization is applied to
estimate the relative acceleration parameter of the target.

6.3.2. Computational Time
A second important performance measurement is done on the computational time. Table 6.4 shows the com-
putational time for the different algorithms for generating the range Doppler image. Note that this measure-
ment is not performed on the final hardware, and is only a comparative method to determine the difference
in speed of the different algorithms.

The table shows a typical relation, more accuracy requires more computational resources. Keystone for-
matting and backprojection both appear to be relatively slow compared to the other algorithms. Note that
at this stage the regular keystone transform is applied. Different methods on how to improve the processing
speed of this algorithm are known and will be mentioned later.

6.3.3. Peak to Background Ratio
For the final evaluation metric the peak to background ratio is used. In figure 6.14 the different TMC methods
are plotted based on their peak to background ratio versus the SNR. White Gaussian noise is added to the
time domain signal to test the performance of the algorithms under more noise. The peak to background
ratio which is used is defined as,

PBR = max |S|
|S̄| . (6.1)
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(a) Range Doppler algorithm
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(b) Cross-correlation
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(c) Cross-correlation with minimum variance
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(d) Range centroid with minimum variance
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(e) Zero padded
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(f) Interpolated
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(g) Keystone

-21.5 -21 -20.5 -20 -19.5 -19 -18.5

Velocity (m/s)

485

490

495

500

505

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(h) Backprojection

Figure 6.12: Point spread functions without tangential velocity component



40 6. Motion Compensation

2.5 3 3.5 4 4.5 5 5.5 6

Velocity (m/s)

850

855

860

865

870

875

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(a) Range Doppler algorithm
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(b) Backprojection
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(c) Keystone
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(d) Keystone with image contrast maximization

Figure 6.13: Point spread functions with tangential velocity component

Algorithm Computational time
RD 0.018s
CC 1.19s
RC 0.602s
RC MVA 0.932
CC MVA 1.466s
CC MVA upsampled 3.550s
CC MVA upsampled and interpolated 3.7160s
Keystone 15.39s
Backprojection 36.56s

Table 6.4: Computational times for different TMC algorithms
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Figure 6.14: Peak to background ratio’s for different methods

Computational time PBR PSF
CC MVA Padded ++ ++ ++
Keystone +- + ++
Backprojection - + ++

Table 6.5: Performance indication of different TMC algorithms for measurements without tangential velocity components

Where S is the matrix under consideration. Figure 6.14 shows that the methods based on separate range
alignment and phase adjustment (RC and CC) have a higher accuracy, but tend to fail when more noise is
applied. Still they give a higher peak to background ratio then the Range-Doppler algorithm at higher noise.
This happens since the MVA forces a range vector to a linear phase. Which will always create a bright spot
in the range-Doppler spectrum, since this range-vector will have only 1 velocity component. However, the
location of this response is wrong and the algorithms are unable to distinguish multiple targets.

The range Doppler algorithm also fails at the -35dB SNR mark. At this point and below, the Peak to back-
ground ratio is just an indication of the variance of the noise in the image.

Both keystone formatting as backprojection appear to work at extreme high levels of noise. Where key-
stone has a slightly higher peak to background ratio as backprojection.

6.4. Conclusion
Since only 1 algorithm can be implemented, this section summarizes the performance evaluation and de-
cides what the best algorithm is to move forward with. The range Doppler algorithm and range centroid
method are left out of this evaluation since they clearly performed worse than the others. The 3 remaining al-
gorithms are CC with MVA and zero padding, keystone formatting and backprojection. Table 6.5 generalizes
the findings on these algorithms in the previous sections.

If this table were conclusive it would be clear that applying the first method is best. However, due to two
important discussion points, keystone formatting with IC maximization is chosen as the best approach.

• The keystone transform takes a lot more time to compute than the first method. This is due to the
interpolation that is done on the complete image. This interpolation can however be done in a different
manner after applying a Fourier transform, which will significantly improve the speed of the algorithm
[30]. Another approach is to apply the keystone transform over a range-cropped part of the data.

• How the keystone transform is applied does not depend on the received signal itself as with the other
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methods, but is an adjustment based on the properties of the transmitted signal. This is also the rea-
son that it still performs accurately while under severe noise. Which is a very important feature when
measuring targets at large distances which suffer from high propagation losses.



7
Clutter Suppression

As discussed in the previous chapter, keystone formatting combined with image contrast maximization is the
best method for motion compensation in this particular implementation. This chapter discusses some addi-
tional options for exploiting the multichannel receive array, apart from the methods discussed in the chapter
5. Evaluating these beam forming techniques is done with real measured data. A snapshot of the measure-
ment location with the targets is shown in appendix G. As the exact location of targets in the measured data
was unknown, several pre-processing steps were taken before the imaging procedures. These can be found
in appendix C. Furthermore, an overview of the advantage of effectively applying motion compensation and
adding more receivers with regular beam forming can be found in appendix E.

7.1. Multichannel Assets
The use of multiple receivers in an ISAR imaging system is advantageous regardless of the higher computa-
tional load that it gives. This section discusses some ideas of how DBF can be used as an advantage to create
sharper images.

7.1.1. Dual Array DBF
Due to the 24-channel receive array, the received beam is narrowly focussed to only several degrees. However,
preferably the side-lobes would be at a lower level, since a different target could reside in one of them. The
side-lobes can be lowered by windowing or weighting functions such as the Dolph-Tchebyschev distribution
[31].
In this section an alternative method is proposed. The 24-channel receive array is used to steer 2 different
beams, both containing the 24 receivers, close to the θ which contains a target, such that the nulls of first
beam will cancel the peaks of the second, and vice versa. Consider the first null right to the first beam and
the first secondary peak left to the second beam;

θn1 = arccos

(
1

kd

(
−β1 − 2

N
π

))
, (7.1)

θm1 = arccos

(
1

kd

(
−β2 + 3

N
π

))
. (7.2)

Now consider θn1 = θm1, such that;

−β1 − 2

N
π=−β2 + 3

N
π. (7.3)

Where β1 =β+βs and β2 =β−βs . This yields;

βs = π

2N
. (7.4)

The results of applying peak-null cancellation for a dual array are shown in figure 7.1. It evidently shows that
the side-lobes are suppressed at the cost of a small widening of the main beam. Whether this approach is
effective is strongly correlated with the location and power of interfering signals.

43
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Figure 7.1: Beam-forming with peak-null cancellation applied for the 24-channel receive channel for different incident angles

7.1.2. IDPCA
This section proposes an alternative on the known DPCA methods, the inverse displaced phase centre an-
tenna (IDPCA) method. The general idea can be described by the following steps;

• The array is split up in 2 or more sub arrays

• The sub arrays are aligned by spatial interpolation in the sensor direction such that their measurement-
locations coincide.

• DBF and motion compensation are applied on each individual sub array.

• The strongest scatterer is determined in the range - slow time domain. The phase difference between
the sub array of the concerned scatterer bin is calculated.

• The calculated phase shift is added to one of the sub arrays.

• As of now both sub arrays show the target in the same location and phase, they are summed.

Apart from the theoretical positive prospects of suppressing clutter, this theory has some drawbacks. First
of all, imaging is done with a sub array, decreasing the angular resolution and thereby decreasing clutter
suppression. Second is the increase in computational load of the algorithm. Whether the suppression of
clutter will be higher than the rising of clutter will be determined in practice in section 7.2.

7.1.3. Sparse Target Tracking
Using successive measurements to increase the image quality is another method which can rely on DBF.
Using the sparse measurements combined with the AOA technique, the course of targets can be tracked over
time. Considering that the platform motion is known, this technique can retrieve the ship motion in terms of
direction, velocity and acceleration. These parameters can be used to make a good initial estimate for finding
the optimal acceleration parameter, cutting down the computational load. This technique mimics spotlight
data collection in SAR by using DBF.

7.2. Evaluation
This section discusses the impact of applying OCPDA, IDPCA and MVDR to the imaging procedure. Each
of these techniques will be applied on real measured data. In the evaluation two targets in appendix G are
considered, target A and target C. Target A is isolated and is only disturbed by sea clutter, while target C is very
close to target D, disturbing the image.

7.2.1. ODPCA
A sweep on the phase shift θ is performed from −π to π. The relation between θ and the image contrast is
shown in figure 7.2. The figure shows that there is an optimal point in terms of phase shift to place the DPCA
clutter suppression. The minimum in the figure shows with which phase shift a null is placed on the target
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Figure 7.2: Image contrast function versus ODPCA angle for different sub array sizes and targets

itself.
That the peak for the two sub arrays does not align with the peak of three sub arrays, is possibly due to the
wider beam created by the 6 channels, giving the possibility for different clutter components. However, why
the minima of of the different sub arrays do not align is uncertain.
Furthermore, it is noted that the IC measured with three sub arrays in considerably lower than the IC where
two sub arrays are used. This may be caused by the fact that with three sub arrays of 6 overlapping receivers,
there is a total of 6 antenna elements that are never used since they do not fall within the sub array slot (three
elements left and three elements right of the sub array considered in t(2) in figure 5.2). The resulting ISAR
images generated by the ODPCA method are shown in figure 7.3

7.2.2. IDPCA
In stead of subtracting sub arrays from each other which removes objects that are stationary, a new technique
is proposed where the opposite is performed. Since motion compensation is done before the combining of
sub arrays, the target can be seen as a stationary object. Now the sub arrays are added instead of subtracted.
Which is in some way similar to coherent summation. Note that some assumptions are made within this
process.

• The targets motion between sweeps is assumed to be similar for all its scatterers.

• The sea surface is expected to show different motion between sweeps.

Consider the two different sub arrays after motion compensation. Their range - slow time plots for the first
target are shown in figure 7.4. As both the target and the radar move over time, the phase of the strongest
scatterer of both these range - slow time figures are not the same.

When considering the scatterer which shows the minimum variance over sweeps, the phase angle for both
the sub arrays is measured. As figure 7.5 shows, the phase angle for both sub arrays is different, as expected.
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Figure 7.3: Range Doppler images of the two considered targets after applying ODPCA

50 100 150 200 250

Sweep number

50

100

150

200

250

300

350

400

450

500

R
an

ge
 b

in

(a) Sub array 1

50 100 150 200 250

Sweep number

50

100

150

200

250

300

350

400

450

500

R
an

ge
 b

in

(b) Sub array 2

Figure 7.4: Range - slow time plots for two different sub arrays in IDPCA after motion compensation
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Figure 7.5: Unwrapped phase angle for the scatterer with minimum variance in both sub arrays of IDPCA

The phase angle between the two sub arrays is described as;

φc =∠(S1[tn−mi n , tp ])−∠(S2[tn−mi n , tp ]). (7.5)

Where S1 and S2 are the range - slow time data for both the sub arrays and tn−mi n is the range bin which
shows the minimum variance. In practice, this phase shift φc is smoothed to remove outliers, which must be
errors since the ship’s motion approximately continuous. This phase difference is applied to S2 to match its
phase to S1 as;

Sm(t f , tp ) = S2(t f , tp )exp(iφc ). (7.6)

Which is then as a final step added to the first sub array.

S I DPC A(t f , tp ) = Sm(t f , tp )+S1(t f , tp ). (7.7)

Adding an additional phase to one of the sub arrays as done in ODPCA is useless, since this phase will be
corrected in the phase alignment stage, yielding the exact same results. Applying IDPCA on two sub arrays
gives results on the IC as;

IC A = 8.2864.

ICC = 3.5311.

Which is for both cases slightly above the optimal case in ODPCA. The images generated by this process are
shown in figure 7.6

7.2.3. MVDR
The MVDR averages the output power of all directions that are not the AOA. This very idea is contradictory
with the IC. As this function favours high peaks and nulls. The calculated IC for both targets while applying
MVDR is;

IC A = 3.7361.

ICC = 2.7497.

Which is especially a significant drop for target A. To get a different perspective of what is going on, the range
Doppler images of both MVDR processed targets are compared to the regular processed images (as also seen
in figure E.5), which is shown in figure 7.7.
The image shows that the MVDR processing removes strong secundary scatterers from different directions
at the cost of a higher overall background power. This is exceptionally visible in the case of target C. Here, a
second ship appears in the same range bins as the target, but on a different AOA. The MVDR minimizes the
variance over all angles that are not the AOA of the target, thereby attenuating the power of the clutter.
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Figure 7.6: Range Doppler images of the two considered targets after applying IDPCA

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Doppler (m/s)

1120

1130

1140

1150

1160

1170

1180

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(d
B

)

(a) Target A, MVDR

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Doppler (m/s)

1120

1130

1140

1150

1160

1170

1180

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(d
B

)

(b) Target A, regular DBF

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Doppler (m/s)

850

860

870

880

890

900

910

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(d
B

)

(c) Target C, MVDR

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Doppler (m/s)

850

860

870

880

890

900

910

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(d
B

)

(d) Target C, regular DBF

Figure 7.7: Comparison for the two targets of imaging with MVDR versus imaging with regular DBF
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7.3. Conclusion
This chapter discusses the performance of several known methods which suppress clutter. An alternative
method which suppresses clutter based on the motion of the target is proposed and is referenced to as IDPCA.
The evaluation is performed on real measured data. The ODPCA and IDPCA show improved results compared
to regular beam forming according to the image contrast of images. The MVDR shows good imaging results,
but its image contrast decreases. In the next chapter, the DPCA methods will be researched for possible
extensions and improvements. It should be determined if and how these methods can be combined with the
MVDR. Based on the research done so far, a consideration of different possible design methods for the final
algorithm was performed. The considerations and conclusions of the different design methods are presented
in appendix D.





8
System Optimization

As the different clutter suppression methods, ODPCA and MVDR both show advantages in different areas,
some type of optimization is required. In this chapter an attempt is made to find the optimal way in how
to combine the methods with each other, based on newly defined performance indicators. Based on this
research, a new, innovative method is proposed on how clutter can be suppressed.

8.1. Performance Indicators
PTC The peak to clutter (PTC) ratio will give a clear indication of the difference in suppression of clutter
between different clutter suppression methods. The PTC is calculated as the maximum value divided by the
mean of the clutter region;

PTC = max |S|
〈|S(C )|〉 . (8.1)

PTB As previously shown the signal power contained in the background appeared to rise when applying the
MVDR. Thus is measuring the peak to background (PTB) ratio a very good performance indicator for clutter
suppression methods. The PTB is calculated in a similar way as the PTC, but only on a background region in
stead of a clutter region.

PT B = max |S|
〈|S(B)|〉 . (8.2)

PTT Some of the techniques which are used may apply procedures which alter the overall quality of the
target. The target may still be focussed at one singular point, but could be attenuated at a different location.
For this issue the peak to target (PTT) indicator is introduced. Where the difference in power between the
maxima and a different area on the target is measured. The PTT is defined as,

PT T = max |S|
〈|S(T )|〉 . (8.3)

The performance evaluation will be performed on a range Doppler image which clearly contains clutter
in an unfortunate location. The clutter, background and target region are manually selected and remain the
same for each different evaluation. The different regions considered in the range Doppler image are shown
in figure 8.1.

The performance progress achieved so far according to the used algorithms can be found in table 8.1.

51
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PTC PTB PTT
1 receiver 13.49 27.88 16.15
8 receivers 13.25 35.88 14.04
16 receivers 13.76 37.56 13.27
24 receivers 15.00 37.82 14.37
Foldover correction 27.48 49.00 17.35
Keystone 28.43 48.67 17.20
Acceleration compensation 38.21 60.93 21.53
MVDR 47.01 56.22 20.85
ODPCA 2 subarays 40.16 61.20 22.10
ODPCA 3 sub arrays 25.29 56.30 27.04
IDPCA 40.54 61.36 22.02

Table 8.1: Performance improvements of the ISAR image for different subcomponents of the imaging procedure concerning a singular
target, for PTC and PTB higher values show an increased performance. For PTT, a higher value shows a decrease in performance.
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Figure 8.1: Indicated the used measurement regions to compute performance indicators PTC, PTB and PTT

8.2. Sub Array Division Methods
As IDPCA is a method which can be applied when there are multiple range Doppler images available, there
are quite some possibilities on where to apply this algorithm. In this section possible combinations and
adaptations of ODPCA and IDPCA are discussed.

8.2.1. Stacked Sub Array Combining (SSC)
In section 5.3 was discussed that dependent on the receiver array size and radar velocity, different sub array
sizes can be chosen for DPCA. In the example image in particular, either 2 sub arrays of 15 receivers are used
or 3 sub arrays of 6 receivers. These two options both have a good image quality. Stacked sub array combining
is aimed to combine the 2 results, to increase the quality even more. The procedure on how to combine the
results is the same as in IDPCA. In this particular case, only 2 different sub array sizes can be combined.
However, if the radar moves with a lower velocity, more variations are possible. The combination of the sub
arrays can be done with or without adding the single sub array with MVDR, a flow chart of the process is
shown in figure 8.2.

8.2.2. Variable Array Shift (VAS)
The combining of sub arrays in DPCA and ODPCA is limited as both sub arrays need to be of equall size.
However, for IDPCA it is not necessarily obligated to use arrays with similar sizes. This approach could be
extra beneficial when nulls and secondary maxima of the different sub arrays align. The technique can be
applied to any number of different sub arrays possible within the amount of receivers. An overview of how
this method can be applied in practice with the maximum number of sub arrays used is displayed in figure 8.3.



8.2. Sub Array Division Methods 53

3 subarray ODPCA

 2 subarray ODPCA

1 subarray MVDR
Strong scatterer
phase and range

alignment

Strong scatterer
phase and range

alignment

Coherent summationData
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Note that this technique is applied within one sweep of the measured data. The motion parameter estimation
is done with the data which contains the maximum amount of receivers. This ensures the highest accuracy
of motion parameters. The compensation of all the different sub arrays is done based on the same estimated
parameters.

8.2.3. Static Array Shift (SAS)
Instead of combining sub arrays of different sizes, all sub arrays of the same size can be combined in al possi-
ble sizes. Just as in variable sub array combining, this technique is applied within one sweep of the measured
data. An example for a receiver array of 12 receivers with a sub array size of 7 is shown in figure 8.4.

8.2.4. Time Delayed Image Combining (TDIC)
The previous methods depend on variations which are created within one or two sweeps. This method was
devised with the intent to create a larger variation of the target motion between the different measurements.
The comparison in this case is made between different slow-time delayed versions of the image.
As an example, consider a measurement consisting of 400 sweeps. The 400 sweeps are split up in different
signals being: sweep 1:300, sweep 50:350 and sweep 100:400. Each of these signals is then processed, range
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and phase aligned and finally summed coherently.

8.3. Exploiting Coherent Summation
Coherent summation is an effective method to amplify the signal strength of the target. However, the maxi-
mum gain is limited. Suppressing clutter which exceeds the target in power for several decibels is impossible
with regularly applied coherent summation.

8.3.1. Adaptive Coherent Summation
As the range Doppler images are summed coherently and shown in absolute values some important informa-
tion is lost. Due to the appliance of IDPCA, the phases of a motion compensated target in the range Doppler
domain, have become similar for the different generated and range aligned images. Coherent summation
exploits this, but it is possible to let the phase differences have a bigger impact. The new proposed coherent
summation scheme which will be used in the following sections can be described in a few steps.

• According to the clutter suppression method, a number of range - slow time arrays are aligned in range
and phase according to the strongest scatterer

• On each range - slow time array a Fourier transform is applied to convert it to the range Doppler do-
main.

• The phases of all components in the new 3D data matrix are computed.

• The circular variance of the phases is calculated for each individual pixel in the range Doppler image.

• A 2-dimensional moving average filter is applied to the variance-matrix to smooth the images and filter
errors caused by overlapping clutter and multipath.

• The minimum is subtracted of the matrix to set the minimum to zero and keep coherence between
different clutter suppression techniques.

• The new variance-matrix is used to adjust the ISAR image output according to a filter.

A simple flowchart of the scheme is shown in figure 8.5. To compare the different clutter suppression
methods discussed in this section, a test-filter is set fixed. The optimization of the filter will be done based
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Figure 8.5: Flowchart of the adaptive coherent summation scheme
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Figure 8.6: Variance map of a target before and after moving average procedure

on which clutter suppression method proves to be most effective. The ISAR image generated in the following
sections will be computed as,

SI (R, fd ) =
∑N

n=1 Sn (R, fd )

N (β+Varc (∠S(R, fd ))2)
. (8.4)

Where S is a 3D matrix containing N range Doppler images. The +β in the denominator is necessary to avoid
division by zero and is set to β= 0.1 in the test filter. An example of the variance filter is shown in figure 8.6.
It is not possible to compute the regular variance over the phases, as phases are discontinuous. Thus the
circular variance is applied in this case. [32] Given a set of K vectors, the circular variance is defined as,

Varc = 1−
∣∣∣ 1

K

K∑
k=1

vk

|v |
∣∣∣. (8.5)

Note that the name ’circular variance’ can be confusing. The result this equation gives is a value of how
different the angles of vectors are on a scale from zero to one. Where at zero the angles are all exactly the
same and at one all angles are uniformly distributed on the unit circle.

8.3.2. Proof of Concept
To prove the validity of adaptive coherent summation, the performance of the different clutter suppression
methods stated in section 8.2 is tested. For this proof of concept the testing filter of equation 8.4 has been
applied. Each different method is evaluated by the given performance indicators for regular coherent sum-
mation, adaptive coherent summation for regular beam forming and adaptive coherent summation with the
MVDR.
The results for stacked sub array combining and the variable array shift are shown in table 8.2. For the static
array shift, the evaluation is performed for each possible sub array size. These results are displayed in fig-
ure 8.7. For each of these methods, the variance-filter-map and the corresponding range Doppler image are
shown in figures 8.8, 8.9 and 8.10. Where for SAS the optimum point, the MVDR with sub array size of 16 was
used. Ideally, the secondary target, left of the tanker, should be completely removed. From these figures some
conclusions can be drawn;
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PTC PTB PTT
SSC 33.02 58.93 22.08
SSC VarMap 35.81 62.73 22.65
VAS MVDR 37.76 57.81 21.42
VAS DBF 34.53 61.78 21.88
VAS MVDR VarMap 44.42 70.00 21.57
VAS DBF VarMap 38.39 71.42 22.02

Table 8.2: Performance table for different clutter suppression combination techniques with a test filter
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Figure 8.7: Performance indicators for different array sizes in static array shift, PTC-PTT indicates the target to clutter ratio

• The adaptive coherent summation method works.

• Table 8.2 and figure 8.7 show that SAS with MVDR and 16 receivers per sub array is the most effective in
this scenario.

• The optimum at 16 receivers with MVDR is caused by the location of the secondary clutter (with 16
receivers the main-lobe is small enough to put a null at the secondary clutter) and is thus scenario
dependent.

• The testing filter can be adjusted to filter out more clutter.

For the time delayed image combining, the results look useless. The variance-map of a setup where the time-
shift has been kept to a minimum is shown in figure 8.11. The figure clearly shows that the target is lost. This
is most likely due to difference in motion of the different components on the target itself. Only the strongest
scatterer remains visible.
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Figure 8.8: Performance of stacked sub array combining where the test filter has been applied
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(b) Range Doppler image with regular DBF and test filter

Figure 8.9: Performance of variable array shift where the test filter has been applied

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

Doppler (m/s)

850

860

870

880

890

900

910

R
an

ge
 (

m
)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

(a) Variance filter, denominator in equation 8.4

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

Doppler (m/s)

850

860

870

880

890

900

910

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(d
B

)

(b) Range Doppler image with regular DBF and test filter

Figure 8.10: Performance of static array shift with 21 overlapping sub arrays of 4 receivers where the test filter has been applied
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Figure 8.11: Circular phase variance map for time delayed image combining

8.3.3. Mathematical Substantiation
Lets examine why this altered coherent summation approach works for the methods where coherent sum-
mation is performed within one sweep. Consider a simple setup with four receivers with an interelement
spacing of a half wavelength. A target is located at some range rt and some angle θt . The steeringvector to
steer the beam towards the target is then defined as:

sm = exp(−i (m −1)πsinθt ). (8.6)

Where m is the mth receiver element. The received demodulated signal for the target after beam steering
is shown in equation 8.7. The third order term has been left out as its impact is negligible. Note that this
assumption will not have impact on the adjustments done in the equations below.

Sm( f , t ) = P ( f )At exp

(
i

4π

c
( f + fc )

(
rtm + ṙtm t + r̈tm

2
t 2

))
sm . (8.7)

Where rtm is the range from the target to element m;

rtm = rt1 + 1

2
(m −1)sinθt

λ

2
. (8.8)

Where rt1 indicates the range between the target and the first receiver. Note that the range difference should
only bet counted once, as the transmitter remains on the same position. The factor 1

2 is added to this equation
to cancel the multiplication which is performed in the demodulated signal for the round trip delay. The
additional phase is not doubled since it does not occur at the transmitter side.
Before substituting equation 8.8 in equation 8.7 two assumptions are made.

• The signal is in narrowband, f is small compared to fc .

• The changes in velocity and acceleration between the different receiver elements are negligible due to
the target being in far-field.

Combining the two equations yields;

Sm( f , t ) = P ( f )At exp

(
i

4π

c
( f + fc )

(
rt1 + ṙt1t + r̈t1

2
t 2

)
+

(
i fc

4π

c

1

2
(m −1)sinθt

λ

2
− i (m −1)πsinθt

))
.

(8.9)

Where the term in the second line of equation 8.9 is cancelled out, such that,

S1( f , t ) = S2( f , t )... = SM ( f , t ). (8.10)

Which means that all these signals will keep the same phase for the target scatterer and can be summed co-
herently with any form of how the different elements are combined before and after motion compensation.
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Now consider some clutter which has the same range rc1 = rt1, but has a different AOA, θc . The steer-
ingvector will remain the same, but the range to each individual element becomes;

rce = rc1 + 1

2
(m −1)sinθc

λ

2
. (8.11)

In this case, combining equations 8.7 and 8.11 yields,

Sm( f , t ) = P ( f )At exp

(
i

4π

c
( f + fc )

(
rt1 + ṙc1t + r̈c1

2
t 2

)
+

(
i fc

4π

c

1

2
(m −1)sinθc

λ

2
− i (m −1)πsinθt

))
.

(8.12)

To simplify the equations the demodulated signal of the clutter is abbreviated as the term Dc ( f , t ) is intro-
duced and equation 8.12 is rewritten as,

Sm( f , t ) = Dc ( f , t )exp(i (m −1)π(sinθc − sinθt )) . (8.13)

Lets now consider the 4 receiver elements. When applying SAS with an array size of 2, three different sub
arrays are formed,

S A12( f , t ) = Dc ( f , t )
(
1+exp(iπ(sinθc − sinθt ))

)
(8.14)

S A23( f , t ) = Dc ( f , t )
(

exp(iπ(sinθc − sinθt ))+exp(i 2π(sinθc − sinθt ))
)

(8.15)

S A34( f , t ) = Dc ( f , t )
(

exp(i 2π(sinθc − sinθt ))+exp(i 3π(sinθc − sinθt ))
)
. (8.16)

Note that the demodulated clutter signal is now multiplied by a scalar, which will cause a change in phase of
the signal. The equations are simplified as,

S A12( f , t ) = Dc ( f , t )p1, (8.17)

S A23( f , t ) = Dc ( f , t )p2, (8.18)

S A34( f , t ) = Dc ( f , t )p3. (8.19)

Which can be written in vector notation as,

S Aa( f , t ) = Dc ( f , t )pa . (8.20)

Such that a indicates the sub array number. The next step in the imaging scheme is to apply the keystone
transform. As the keystone transform is a time-rescaling operation, it does not influence pa and only alters
Dc ( f , t ). Next are the fold over correction, acceleration compensation and third order motion compensation.
All these operations are multiplications which add a time-dependent phase to the demodulated signal. Al-
though the clutter is not motion compensated, smearing it in range and Doppler, the differences between the
sub arrays remain dependent only on pa . The final operation is the two-dimensional Fourier transform. This
operation is also independent of the multiplication with a scalar.
This means that the variance in phase between the different sub arrays is caused by the phase differences of
pa . Independent on how the different elements are combined within a sub array, as long as the steeringvector
is applied correctly. This results in;

Var(∠S(R, fd )) = Var(∠pa). (8.21)

As equations 8.14, 8.15 and 8.16 show, pa is only dependent on the AOA of the clutter. And thus will the vari-
ance also dependent on the AOA of the clutter. The 2 different methods of combining range Doppler images
within one sweep are simulated for variance with clutter from different AOA. The result of this simulation is
shown in figure 8.12.

The figure shows that SAS improves when the number of receivers per sub array is reduced. SAS also has
a higher variance than VAS and is thus less sensitive to noise. There is a clear dip in variance for clutter which
has the same AOA as the target, as the beam is focussed on this clutter as well.
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Figure 8.12: Variance from clutter at a certain angle for different combination techniques while the radar is focussed at 0 degrees

8.4. Optimization
As previously only a test-filter was used, optimization is required. Based on the results of section 8.3.2, there
are some important items to consider before optimizing the filter.

• The quality of the variance-maps rises when the sub arrays are smaller. But the quality of the image
from coherent summation drops when the sub arrays are smaller.

• Due to overlapping sub arrays, not all elements are used an equal amount of times. Which may give
rise to more noise.

• The moving average filter may remove important features of the target.

As SAS proved to be better than VAS, only SAS will be considered in this section. Lets begin by redefining the
proposed adaptive coherent summation scheme according to the items above.

• The range Doppler image in SAS is created by coherent summation of the sub arrays. Herafter the
variance-map is applied onto this image. However, smaller sub arrays may yield a better variance-
map while having a poor range Doppler image. Thus as a new approach, the range Doppler image will
be created by regular DBF, MVDR or ODPCA, as the variance-map-filter is only an operation on the
amplitudes of the final range Doppler image.

• Overlapping sub arrays are avoided, given a receiver array of 24, this results in 7 possible sizes of sub
arrays: 1, 2, 3, 4, 6, 8 and 12.

• The moving average filter is removed.

• Strong target scatterers are very unlikely to have a higher variance, while strong clutter scatterers may
reside in these areas. According to this statement, the best filter is a simple rectangular window with a
threshold at a certain circular variance.

To find the distribution of the target and noise, first a gap between range-slots is considered which only con-
tains sea-clutter and no targets. For each of the different sizes of sub arrays, the circular variance histogram is
compared to a circular variance histogram of uniformly distributed random phase noise for each of the sub
arrays. The results are shown in figure 8.13. The figure shows that the sea clutter behaviour is very similar to
random noise.
This scenario can be compared to a scenario were a target is present in the sea clutter. The results of this sit-
uation are shown in figure 8.14. The target is clearly visible at the left of the histograms, as its phases remain
similar for the different range Doppler images and thus has a low circular variance.
More sub arrays lead to more variance in the noise and thus less noise on the target. However, more sub ar-
rays do also lead to a less sharp beam for each sub array and thus more noise on the target. This phenomenon
is also visible in the histograms of the real data. When more sub arrays are used, the peak at 0 variance indi-
cating the target decreases and is spread out.
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For each of the 7 options, a detection threshold is set on a probability of false alarm (PFA) of 0.05. Where it is
considered that the noise behaves as the random phases as in figure 8.13. This yields the following thresholds;

T1 = 0.6485,

T2 = 0.5056,

T3 = 0.3973,

T4 = 0.3103,

T6 = 0.1543,

T8 = 0.0593,

T12 = 0.0031.

(8.22)

According to these thresholds a rectangular filter is applied, yielding the black/white images of figure 8.15.
Where the white area indicates the target. It appears that the differences between the different setups are
rather small. However, when the amount of sub arrays is smaller, the distinction between target and noise is
harder to make. As was expected following the histograms of figure 8.14. A decision for the optimal number
of sub arrays is made to be 8 for the following two reasons:

• With more sub arrays the circular variance of sea-clutter overlaps less with the target distribution than
with less sub arrays.

• When setting the threshold higher, which is required for more sub arrays to cover the target, the prob-
ability of also detecting a second target rises. As the circular variance is coupled with AOA, secondary
targets close to the target may avoid this filtering scheme if the number of sub arrays is high.

8.5. AOA Estimation by Phase Variance
With the theory discussed in the previous section, it is possible to distinguish clutter from a target based on
its AOA. As figure 8.12 showed, clutter has a defined circular variance based on its AOA. Note that this figure
shows the relation of AOA versus circular variance for overlapping arrays. In appendix F a more detailed
evaluation on AOA estimation by phase variance for non-overlapping arrays is given. This appendix discusses
the possibilities of estimating the AOA by the phase variance.

8.6. Results
To show how the newly proposed technique performs, this section displays several imaging results for differ-
ent targets. The final imaging scheme consists of two parts.

• Firstly, an ISAR image is created by maximizing the image contrast for the ODPCA techniques, where a
sweep on θ is performed.

• Secondly, a mask is created according to the theory as discussed in this chapter.

The mask is then applied on the ODPCA generated image, yielding the final range Doppler image of the algo-
rithm. An image of the measurement site is shown in appendix G. Note that this snapshot is not taken at the
exact same time index as the radar measurement. The relative location of the vessels as well as the orienta-
tion angle of the piers is different. Each target is indicated with a letter such that it can be compared with the
generated results.
For each of the targets three different images are generated. The range Doppler image generated with IC
maximization in ODPCA, the mask generated with the phase variance map and finally the combined image
of the two. The results from all targets indicated are shown in figures 8.16, 8.17, 8.18, 8.19 and 8.20. Some
interesting phenomena and artefacts about these images are discussed.

In figure 8.16e, a large red spot can be found at 1170 m in range. This spot corresponds to a strong scat-
terer of figure 8.16a which has been unfocussed and is now disturbing the image. Figure 8.16f shows that the
red spot has been filtered out by the phase variance mask.

A very good example of how the phase variance mask is intended is shown in figure 8.17. The two targets
displayed in this figure are in proximity of each other and their range Doppler images suffer from this. The
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Figure 8.13: Probability density function of circular variance in the range Doppler image. Real data measurement performed in an empty
part of the measurement area. The predicted probability density function shows the circular variance of uniformly distributed phases.
Blue shows the real data while red shows the estimator
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Figure 8.14: Probability density function of circular variance in the Range-Doppler image. Real data measurement performed in a part
the of measurement area containing a ship. The predicted probability density function shows the circular variance of uniformly dis-
tributed phases. Blue shows the real data while red shows the estimator
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Figure 8.15: Mask for the different sub array sizes based on the thresholds indicated in equation 8.22
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pier displayed in figure 8.18a is also in the same range gate as these two targets. Nevertheless, the originated
clutter is effectively filtered by the ODPCA and phase variance mask.

From figure 8.18 two observations are made. The pier spans multiple AOA degrees due to the combina-
tion of close range and large size of the pier. As the targets contains multiple AOA degrees, the phase variance
over the target changes dependent on its location. Due to the sheer size of the pier, its phase variance does
not completely remain under the threshold. Resulting in the removal of only a part of the pier by the mask.
A second observation that can be made is related to the two ships laying side by side as in figure 8.18d. The
ships are not focussed very well and also after applying the phase variance mask, a part of the ship is deleted.
An explanation for this phenomenom is the AOA that the two ships occupy. The 38 degrees at which the ship
is located is outside the main beam of the patch antenna transmitter.

Figure 8.19a shows a lot of smears in Doppler which is visible in both the ODPCA result as in the phase
variance map. The fact that these smears are visible in the phase variance map means that they are caused
by something in the same AOA as the target, either the target itself or waves nearby. The actual reason for this
phenomenon is unknown.

The limitations of the low PRF used in AMBER are visible in figure 8.20a. Due to the orientation, range
and size of the target, it covers a multitude of the required fold over correction. Since no extra processing is
done to resolve this issue, part of the target remains unfocussed. Several intriguing repeating lines in range
are visible in figure 8.20d. They appear at the same Doppler and at equall spacing of about 9 m in range. Due
to their location in terms of AOA and range, these lines are either regular waves or wake waves of target G
which moved perpendicular to the radar and where therefore spotted.
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(a) IC maximization in ODPCA for target A
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(b) Phase variance map for target A
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(c) Final range Doppler image of target A
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(d) IC maximization in ODPCA for target B
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(e) Phase variance map for target B

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Doppler (m/s)

1120

1130

1140

1150

1160

1170

1180

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(d
B

)

(f) Final range Doppler image of target B

Figure 8.16: Resulting ODPCA image, phase variance map and final range Doppler image of target A and B
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(a) IC maximization in ODPCA for target C
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(b) Phase variance map for target C
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(c) Final range Doppler image of target C
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(d) IC maximization in ODPCA for target D
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(e) Phase variance map for target D
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(f) Final range Doppler image of target D

Figure 8.17: Resulting ODPCA image, phase variance map and final range Doppler image of target C and D
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(a) IC maximization in ODPCA for target E
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(b) Phase variance map for target E
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(c) Final range Doppler image of target E
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(d) IC maximization in ODPCA for target F
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(e) Phase variance map for target F
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(f) Final range Doppler image of target F

Figure 8.18: Resulting ODPCA image, phase variance map and final range Doppler image of target E and F
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(a) IC maximization in ODPCA for target G
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(b) Phase variance map for target G
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(c) Final range Doppler image of target G
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(d) IC maximization in ODPCA for target H
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(e) Phase variance map for target H
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(f) Final range Doppler image of target H

Figure 8.19: Resulting ODPCA image, phase variance map and final range Doppler image of target G and H
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(a) IC maximization in ODPCA for target I
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(b) Phase variance map for target I
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(c) Final range Doppler image of target I
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(d) IC maximization in ODPCA for target J
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(e) Phase variance map for target J
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(f) Final range Doppler image of target J

Figure 8.20: Resulting ODPCA image, phase variance map and final range Doppler image of target I and J



9
Sytem Overview

In the previous chapters, all the different subcomponents of the final algorithm have been researched and
evaluated. Based on evaluations and literature, a choice has been made for the best implementation for ISAR
imaging with AMBER. This chapter is aimed to give a clear overview of the complete system.

A flow-diagram of the algorithm can be seen in figure 9.1. The algorithm can be cut up in roughly three
different parts, motion estimation indicated in green, ODPCA in blue and the variance filter in yellow. How
each of these functions operate will be discussed in the following sections.

9.1. Input Data
The data used as input for this algorithm, indicated as 24 receiver raw data is not the complete raw data
received from the radar. As it is considered that the location of the targets is known beforehand the data
indicated in figure 9.1 has already been cropped.

9.2. Motion Estimation
The green part in figure 9.1 has the purpose of estimating the considered target. This is done separately, since
estimating the motion parameters is quite error-sensitive when there are other targets nearby. When using the
complete 24 receive array, the main lobe beam-width is smallest and the contribution from different angles
is minimized. This gives the best conditions to apply image contrast maximization to estimate the motion
parameters.
As the keystone algorithm solves RCM of the targets scatterers within the velocity ambiguity limits, only a
foldover estimate needs to be performed for the velocity compensation, as explained in section 4.6. A first
crude estimate of the velocity is done based on the position of the target with respect to the radar and on the
velocity of the radar.
For the estimation of the acceleration, the same principle is applied. An estimation is first performed based
on the location of the target, the velocity of the radar and the estimated foldover factor. The image contrast is
calculated for acceleration values close to the estimated value, to find its maximum which should correspond
to the actual relative acceleration of the target with respect to the radar.

9.3. ODPCA
The ODPCA is implemented as discussed in section 5.4 and is shown in blue. It was chosen to use two sub ar-
rays as this proved to give a better performance. The two sub arrays are aligned by using spatial interpolation
in the same manner as is done with regular DPCA. As the ideal phase multiplication for ODPCA is unknown, a
search is done of θ from −π to π. Note that the incrementation size can not be to small, as creating the range
Doppler image is no simple procedure. The resulting curve of image contrast values is then interpolated to
find the best estimate of the phase shift value for ODPCA.
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9.4. Variance Filter
The variance filter is displayed in yellow in the figure. As was discussed in section 8.4, 8 sub arrays of 3
receivers was the most ideal setup. This is done without overlapping the sub arrays. For each individual sub
array, motion compensation is applied according to the estimated motion parameters. The range Doppler
images are created, from which the phase variance of all the pixels within this image is computed. According
to the phase variance and the threshold of PFA set on 0.05, a mask in generated which is finally applied on the
image generated by the ODPCA method.
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Figure 9.1: System overview of the complete algorithm





10
Conclusion and Recommendations

At the beginning of this thesis, the research questions where stated. Consisting of a main question and sev-
eral sub-questions. This conclusion aims to give a concise answer to these questions and will also discuss
the novelty this thesis brings. The section will be concluded with several recommendations for future work
regarding this particular topic.

The main goal of the thesis was to find the best way to exploit DBF with an FMCW multichannel receive
radar in airborne ISAR imaging while maintaining processing limitations. This problem was to large to solve
at once and was split up in the sub-questions.

The first sub-question revolved around the required background information on existing ISAR algorithms
and on how they worked. Chapter 4 discussed the main principles of ISAR and elaborated on existing algo-
rithms. The RDA, Range centroid, cross correlation, minimum entropy, Doppler centroid, phase gradient,
minimum variance, IC maximization, PPP, range Doppler backprojection and the first and second order key-
stone transform where discussed.

Based on the findings of the first sub-question, research on the second sub-question could be performed.
The second-sub-question was about the performance of the different ISAR algorithms. A performance analy-
sis on the fundamental motion compensation techniques was performed and is discussed in chapter 6. Based
on simulations several ISAR algorithms as well as combinations were tested for their performance. Based on
the findings it was decided that the Keystone algorithm was most effective due to its independence of noise
and high quality point spread functions, as well as its ability to align scatterers in range which showed differ-
ent motion from each other. However, due to the high velocity of targets and low PRF of the system, targets
could appear outside the Doppler ambiguity limits. The keystone transform itself was not sufficient. To
solve these motions, an additional parametric approach was required. Which meant that an estimation of
the targets motion parameters had to be performed. This estimation was done with IC maximization. The
combined methods were ideal for ISAR imaging. With this combination, all the scatterers of a target can be
aligned in range even when due to the size of the target, they would show different motion.

The third sub-question asked about the impact of having a moving platform instead of the regular ISAR
setup with a stationary platform. As explained in chapter 4, the addition of having a moving platform does
only change the relative location of the radar with respect to the target. And does not have an impact on how
the ISAR imaging algorithms are applied.

As all issues regarding motion compensation have been solved, the fourth sub-question revolved around
beam forming. In particular, it questions what the added value of the multichannel receiver array is. Although
part of this question is answered with the next and final sub-question, a study on the effects of having a larger
receiver array can be found in appendix E. It was shown that having more receivers improved the image qual-
ity, since the image can be focussed better as more clutter from different AOA is suppressed.
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The final sub-question concerns about the options of digital beam forming in ISAR. First, the theory about
several methods of using the multichannel receiver array is discussed in chapter 5. In this chapter, regular
beam forming, MVDR, DPCA and ODPCA are considered. These techniques are applied on real measured
data and evaluated in chapter 7. The applied techniques improved the results, but more improvements were
sought. Coming to a point were the newly applied techniques exceeded literature and novelty was presented.

The first proposed technique was aimed to combine ODPCA with MVDR to reach results which would
trump both. This new technique, IDPCA, used multiple sub arrays over multiple measurements to filter a
target based on its individual motion. Section 7.2.2 explained the technique in more detail. In chapter 8 the
methods SSC, VAS, SAS and TDIC were proposed to find the optimal approach for combining sub arrays in
IDPCA. Based on the theory behind the approach as well as on measurements the following conclusions on
IDPCA were drawn;

• IDPCA shows improvement on the using the individual methods separately.

• The benefits gained from IDPCA are limited due to coherent summation. Due to the difference in
amplitudes of clutter, even scatterers with destructive interference can only be suppressed a limited
amount.

• Although some of the sub array combination techniques were time-independent, they still appeared to
improve the results. This was theoretically unexpected as IDPCA filtered based on motion and without
time difference, motion should not have any impact on the results.

The interesting phenomenon was researched and it was found that the improvements even with time-
independent sub arrays were caused by the AOA of clutter. Based on these findings a new approach was
sought which emphasised the phases of pixels in the range Doppler image. As was shown in section 8.3,
the phases of pixels could be used to identify whether this pixel belonged to the considered target or not. A
variance map was created which showed in which pixels the target was contained. This variance map formed
into a mask which was able to filter out clutter effectively. Several observations and conclusions can be drawn
from this new approach;

• If the beams of the sub arrays are steered towards the target, the target will show a theoretical circular
variance of zero. But this is only true if the steeringvector is applied to each individual receiver as if it is
part of the complete 24-channel receiver size array.

• There is a defined relation between the AOA of clutter, the number of sub arrays and the circular vari-
ance this clutter cell shows.

• The relation between AOA of clutter and circular variance show grating lobes of a circular variance of
zero. With more receivers per sub array, more grating lobes appear. However, with more receivers per
sub array, the beam is focussed more. Due to this effect, the grating lobes have little to no impact on
the results.

• As long as strong clutter is not located in the same pixels in the range Doppler image as the target, the
target can always be classified.

• The technique proved to be extremely effective to filter out strong clutter components which could not
be filtered with ODPCA or MVDR.

In engineering, achieving the ideal solution to a problem is close to impossible and although the solution
presented in this thesis is very effective, it is by no means perfect. Several recommendations on how the
algorithm could be altered to possibly improve the results are as follows;

• The amount of possibilities on how to combine sub arrays, be it overlapping or not overlapping, same
size or different size, is vast. From the tested possibilities the solution given in this thesis was the best.
However, there may be improvements by combining the sub arrays in different manners.

• The ideal ODPCA phase shift is found by searching the maximum IC. As was also the case for MVDR,
IC maximization may not be the ideal approach to reach the best image quality, as it works better for
focussing than for clutter suppression.
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• Since the rotation rate of the targets is very small for the scenario presented in this thesis, apart from ac-
celeration compensation, no further rotational motion compensation techniques are applied. It could
be worthwhile to find out if applying polar formatting at some stage in the algorithm can improve the
image quality more.
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A
SAR Processing Techniques

When speaking of SAR processing techniques a distinction can be made between 2 classes. Algorithms based
on the use of frequency domain techniques and algorithms that use time domain techniques. There is an
abundance of frequency based methods such as the Range Doppler Algorithm (RDA), Chirp Scaling Algo-
rithm (CSA), Omega-k Algorithm, Polar formatting and more. The frequency domain based techniques make
a lot of assumptions based on squint, range curve migration, platform motion and more. It is needles to say
that this degrades the performance. On the other side there is Backprojection (BP) in the time-domain. This
method does not make many assumptions and shows some advantages against the frequency domain algo-
rithms [33]. Although Backprojection has a lot of advantages, it is also relatively computational expensive and
requires precise knowledge of the imaging geometry. The different processing techniques will be discussed
in the following sections.

A.1. Range Doppler Algorithm
The Range Doppler Algorithm is the most basic and most used frequency based technique. The algorithm can
be described in several steps [7, 34, 35]. As mentioned above, all types of SAR processing start with the de-
modulated base-band signal as given in equation 3.18. The processing steps for the Range Doppler Algorithm
are as follows.

1 Range Compression

2 Azimuth FFT

3 Range cell migration correction (RCMC)

4 Azimuth Compression

5 Azimuth inverse FFT

Each of these processing steps will be discussed briefly. An important note is that this procedure follows the
stop-and-go protocol. This means that the position of the radar is considered stationary during the transmis-
sion and reception of a single pulse.

Range Compression (RC) In this first step, pulse compression is applied. This increases the range reso-
lution. First, the FFT in the range domain is taken, followed by a matched filter multiply in the azimuth-time
domain. Then the IFFT is taken to get back to the range-azimuth domain. This procedure is also known as a
fast convolution as it uses the Fourier domain to avoid the processing time it costs to perform a convolution
without changing the outcome. The term range compression comes from the fact that pulse compression is
applied in the range direction. Performing range compression yields the following equation.

s(τ,η) = A0pr [τ− 2R(η)

c
]wa[η−ηc ]exp(− j 4π f0

R(η)

c
). (A.1)
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Azimuth FFT The azimuth FFT transforms the domain to Range-Doppler. Resulting in equation A.2.

S(τ, fη) = A0pr

[
τ− 2Rr d ( fη)

c

]
Wa( fη− fηc )exp

[
− j

4π f0R0

c

]
exp

[
jπ

f 2
η

Ka

]
. (A.2)

RCMC Since the range between radar and a single target changes over time due to the squint angle,
targets appear to be moving in the range direction after each pulse. This is called range cell migration. Range
Cell Migration Correction, corrects this offset such that the trajectory of target detection becomes parallel to
the azimuth axis. After applying RCMC, the signal becomes;

S(τ, fη) = A0pr

[
τ− 2R0

c

]
Wa( fη− fηc )exp

[
− j

2π f0R0

c

]
exp

[
jπ

f 2
η

Ka

]
. (A.3)

Azimuth Compression In the azimuth direction, a second matched filter is applied for better focus-
ing. This filter is given in equation A.4, it removes the second exponential term. After the filter equation A.3
becomes equation A.5.

Haz ( fη) = exp

(
− jπ

f 2
η

Ka

)
. (A.4)

S(τ, fη) = A0pr

[
τ− 2R0

c

]
Wa( fη− fηc )exp

[
− j

4π f0R0

c

]
. (A.5)

Azimuth IFFT Finally an IFFT is applied. This yields the final result in the time domain given in equation
A.6.

s(τ,η) = A0pr

[
τ− 2R0

c

]
exp

[
− j

4π f0R0

c

]
exp

[
j 2π fηcη

]
. (A.6)

The steps given above are the general approach to the RDA. There are a few different implementations
of the algorithm. The steps remain the same but in some cases a Secundary Range Compression (SRC) is
applied. This SRC is necessary for processing SAR images which were created with a larger squint angle.

A.2. Chirp Scaling Algorithm
The Chirp Scaling Algorithm (CSA) was mainly developed to bypass the long computational times needed for
interpolation during RCMC in RDA [36]. Still RCMC is performed in a different manner to yield proper results.
The processing steps for CSA are as follows.

1 Azimuth FFT

2 Chirp scaling for differential RCMC

3 Range FFT

4 Reference function multiply for bulk RCMC, RC and SRC

5 Range IFFT

6 Azimuth compression and phase correction

7 Azimuth IFFT

In the chirp scaling algorithm, the RCMC is split up in 2 different parts. The bulk RCMC takes the average
correction necessary and applies this to all the cells. Although not all cells require the same correction. The
difference between the bulk and the correction that each individual cell requires, is determined with chirp
scaling. With this technique the differential RCMC is applied. Applying chirp scaling will avoid the need for
interpolation as with RDA.
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A.3. Omega-k Algorithm
The Omega-k Algorithm (ωkA) was developed since both RDA and CSA ignore range time dependence, which
is negligible for small beam-widths, but not over large ones. Some more typical characteristics are;

• Able to process data over wide azimuth apertures

• Able to process data with high squint angles

• Assumes that the radar velocity is range invariant

• Unable to process data in large range swaths

Which has its advantages and disadvantages against RDA and CSA. There are 2 different versions of the ωKA,
an accurate and approximate implementation. The approximate implementation replaces Stolt mapping
with a phase multiply. An overview of the steps needed to perform accurate ωKA are;

1 Two-dimensional FFT

2 Reference function multiply (bulk compression)

3 Stolt mapping

4 Two-dimensional IFFT

The ωKA performs operations in the two-dimensional frequency domain, and starts with a two-dimensional
FFT. The second step in the algorithm focuses on a selected range, usually midswath for convenience. A
reference function multiply (RFM) is created which counters the phase at the corresponding reference range.
This function takes frequency modulation and range cell migration into account. After the application of
this reference function, the reference range is correctly focused. The rest of the image needs to be refined.
This is done by the interpolation procedure called Stolt mapping. It performs the differential RCMC, SRC and
azimuth compression

A.4. Backprojection
Backprojection requires a known location of the antennas with respect to the grid, also called a digital ele-
vation map (DEM), unlike the frequency domain techniques. Frequency domain techniques do require in-
formation of the antenna location for motion compensation, but this is retreived from the radar information
such that no other sources are required [33].

Among the different processing techniques in frequency and time domain, backprojection is the most straight-
forward solution to create an image. Backprojection can be described in a few global steps.

1 Determine grid and range to each resolution cell

2 Create a matched filter for each resolution cell

3 Apply the matched filter for each cell corresponding to the time delay in the received signal

4 Iterate steps 1 to 3 for each transmission

5 Sum each resolution cell

As can be derived from these steps, backprojection does not take Doppler into account in processing. To get
a more in depth explanation of backprojection, lets first consider the transmitted signal.

st (t ) = w(t )exp
(

j 2π f0t + jπKr t 2 + jφ0
)

. (A.7)

Which corresponds to the transmitted signal in equation 3.6, but now complex and with the initial phase, φ0.
The time domain received signal for a single transmission can then be described as;

sr (t ) = Ac [t − tc ]Gc [t − tc ]w[t − tc ]exp
(

j 2π f0(t − tc )+ jπKr (t − tc )2 + jφ0
)

. (A.8)



84 A. SAR Processing Techniques

Where tc is the time delay corresponding to each resolution cell in the grid, Ac the corresponding amplitude
term dependent on the area and Gc is the amplitude term dependent on antenna gains and propagation
losses. The corresponding matched filter for each cell then becomes;

hc (t ) =Gc (t − tc )w(t − tc )exp
(− j 2π f0tc + jπKr (t − tc )2) . (A.9)

The matched filter is applied on the demodulated received signal. Then the contribution of each pulse is
taken as long as the cell is illuminated by the radar. The value that describes a single cell during the creation
of the SAR image is,

I = exp( jφ0)
∑

c∈N

∫
An(τ− tc )G2

c (τ− tc )w2
c (τ− tc )dτ. (A.10)

This procedure is done for each cell in the grid, providing the complete image.



B
ISAR Backprojection

Backprojection is one of the most used algorithms in SAR due to its simplicity and performance. In ISAR,
the backprojection algorithm can only be applied when the rotational characteristics of a target are known.
When they are known, ISAR time domain backprojection can be applied by following these steps:

• Create a grid

• Determine rotation rate of the target

• Rotate the grid at the same rotation rate as the target

• Apply the FFT over received signal

• Add the magnitude of the beat frequencies to the corresponding range bins

• Sum over all the measurements

Simulation To demonstrate the behavior of the backprojection algorithm, a simple simulation is created.
The simulation is done in the 2D plane using a few point scatterers. The simulation parameters are shown
in table B.1. A target consisting of 2 point scatterers rotates around the origin while the radar measures the
rotation on a distance of 10 meters. This does not uphold the far-field criteria, but for the sake of simplicity
in the simulation this is ignored.

Radar Parameters Target Parameters
Fc 9 GHz Rotation speed 1800 degrees/s
B 500 MHz x -0.5 m 0.8 m
T 1 ms y -0.3 m 0.8 m
Fs 40 MHz

Npulses 200
x 5 m
y 0

Table B.1: Simulation parameters

In this simulation a comparison will be shown between 2 cases. In the first case, Doppler will not be taken
into account. Assuming that the scatterers ’teleport’ to their new location at each pulse. In the second case
Doppler will be considered to show the impact. The number of pulses and the rotation speed are set such
that both scatterers will complete one rotation around the center point.

Target The measured signal caused by the 2 moving point scatterers is directly computed with the demodu-
lated signal as given in equation 2.7. After this calculation the retrieved signals of the scatterers are summed.
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Grid A square grid is created around the origin from -1x,-1y to 1x,1y. The grid contains 100000 grid cells. It
is important to note that the resolution of the image is limited by equation 3.10. However, a higher number
of grid cells improves the smoothness of the image.

Result The result of the simulation with no Doppler added is shown in figure B.1. The first subfigure shows
the demodulated time signal for a single chirp. In this chirp, the 2 targets are at a different distance from the
radar, causing 2 different beat-frequencies as can clearly be seen in the figure.

Figure B.1: ISAR backprojection simulation result

The second subfigure shows the FFT of the demodulated time signal. Zero padding and a hamming win-
dow have been applied to improve the quality of the frequency domain output.

In the following 3 subfigures, the imaging grid is shown for different time indices. Consider the imaging
grid of N = 1. Keep in mind that the radar is located at x = 5 m, to the right of the image. The target locations
are indicated as small crosses. In a single measurement, the radar is unable to determine the angle of arrival
of both the targets. Thus, the targets are mapped as a circle around the radar, corresponding to the distance
between the radar and target. As the targets rotate, their distance to the radar changes. But since the grid is
rotating along, the targets do not leave their position in the grid, although the grid turns with respect to the
radar. This is clearly shown in the images of measurements N = 25 and N = 50.

The last subfigure shows the summation over all the 200 measurements. Showing the locations of both
targets in the imaging grid.
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Doppler When velocity is taken into account, the delay to the target becomes time-dependent.

τ= 2(R + v(t )t )

c
. (B.1)

This dependence has an impact on the demodulated signal.

sm(t ) = 1

2
cos

(
2π( fcτ+kτt − kτ2

2
)

)
. (B.2)

This equation shows that when τ becomes time-dependent, the factors that were phase changes before be-
come frequencies. Apart from that, the beat frequency changes over time.

Since backprojection is based on knowledge of the target, the rotational speed must be known to perform
it. And when the rotational speed is known, these Doppler offsets can also be cancelled by computing the
matching beat-frequency for each grid cell.

To determine the new beat-frequency, equation B.1 is filled in B.2. This gives the following equation.

sm(t ) = cos

(
2π

((
fc

2v(t )

c
+ 2kR

c
+ 2kv(t )t

c
− 2kv2(t )t

c2 + 2kRv(t )

c2

)
t + fc

2R

c
− k2R2

c2

))
. (B.3)

Equation B.3 shows 4 new frequency terms that are added to the original beat-frequency. The final 2 time de-
pendent terms include a division of the light speed squared and are negligibly small. The Doppler frequency
is commonly defined as;

fd = 2v fc

c
. (B.4)

When the signal is processed without compensating the Doppler in the imaging grid, large errors occur. In
figure B.2 it is shown that without Doppler compensations the target locations can not be retrieved.

Figure B.2: ISAR backprojection with uncompensated Doppler

To compensate for the Doppler mismatch, the time dependent range bins of the imaging grid need to
take into account shifting due to Doppler. This can be done by considering the new beat-frequency, where
the terms including 1

c2 have been discarded.

ωb = fc 2v(t )+2kR +2kv(t )t

c
. (B.5)
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Since both the beat-frequency and velocity are known, the range can be expressed in terms of these;

R = fb
c

2k
− fc

v

k
− vT. (B.6)

Since the velocity does not change rapidly over time, the mean value can be taken of the velocity to make R
independent of fast time. This compensation is applied to each grid cell, which yields a better result as shown
in figure B.3.

Figure B.3: ISAR backprojection with compensated Doppler



C
Pre-Processing

Target detection is done based on reflected power from certain AOA. The procedure is as follows.
When a target occupies a certain position at an angle θ with respect to the normal of the radar, while measur-
ing in the far-field, the range offset of the target to the different receivers is described as;

rd = λ

2
sinθ. (C.1)

As long as the distance between the receivers is;

rr = λ

2
. (C.2)

Then the phase offset for receiver n is given as;

φdn = 2π fc
rd

c
n =πsin(θ)(n −1). (C.3)

And the demodulated signal perceived by receiver n is described as;

Sn( f , t ) = exp

(
i

4π

c
( f + f c)

(
rn + ṙn t + r̈n

2
t 2

)
− iφdn

)
. (C.4)

The data-set, now containing real valued data in 3 dimensions (slow time, fast time, sensors) is converted to
the slow-time-angle domain. This is done by taking an FFT in the sensor direction, while considering a single
pulse.

Sat (r,θ) =F(Sn( f , t )). (C.5)

It is important to taken into account that the received angles are not linearly spaced. The actual AOA can be
found as;

θAO A = arcsin(θ). (C.6)

Just using the Fourier transform is not enough to clearly distinguish the targets from the background and
each other. A moving average filter is used to smooth the targets in the slow-time dimension, making each
one more coherent.

cm = (cm−n/2 + cm−n/2+1...+ cm+n/2)

n
. (C.7)

Where cm is the considered cell and n is the number of cells taken into account. After the moving average
filter the complete data-set is normalized. Since targets closer to the radar can contain more power than the
targets far from the radar have in their main lobe, CFAR windowing is applied to clearly distinguish targets
from the background noise.

Figure C.1 shows the evolution from the raw FFT signal to after the CFAR detection. As long as it is un-
known how many ships are present, it is difficult to tell which reflections are from ships and which are from
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Figure C.1: Data pre-processing results to effectively detect targets and estimate their AOA

waves. In this case in particular, there are a lot of ships contained in the same range bins, making the proba-
bility of missed detection higher.

To detect the locations of the different targets a variation on the CLEAN algorithm is used [37]. The algo-
rithm is performed in the following steps.

• A threshold is set which equals the minimum power a target may reflect.

• The maximum value of the complete image is located, if it is above the threshold, the location is stored
as a target.

• The neighbouring cells are checked if they exceed the threshold.

• This procedure is repeated for neighbours until all edges of the ’target’ are below the threshold.

• This form containing values above the threshold is removed from the image.

• The procedure is repeated until there are no more values which exceed the threshold.

Figure C.2 shows the located targets in the image with their maximum reflection point indicated as a red
cross. It is important to note that some targets are extended quite far in the AOA dimension (also azimuth). It
should be considered that the accuracy of AOA estimation may not be good enough, causing the sharp beam
to miss the target.
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Figure C.2: Targets found in the raw dataset by applying CFAR detection and adjusted CLEAN





D
Design Methods

Generating the image can be done in many different ways. To give an idea of which trade-offs are important,
6 different methods are proposed. These methods are shown in figure D.1 and will be discussed individually.
It should be noted that these methods do not contain all possible options and that it is possible to combine
some of the methods.

Method 1 This is the most straightforward and brute-force method of all the methods which are mentioned.
The idea is to ’try’ all possible angles by steering the beam over the data-set. In this manner, the targets can
be detected relatively easily since they are at some point illuminated at their exact location, giving a strong
reflection. The acceleration of the target can be compensated by an iterative procedure which tries different
accelerations and checks the image quality. Although this method is probably the least error-sensitive, it is
also extremely computationally expensive given the large data-set.

Method 2 To avoid the scanning procedure as performed on the angles in Method 1, this method uses angle
of arrival estimation to determine at which angles targets are located. Hereafter the beam can be steered to
the relevant angles and beam forming only needs to be performed for each individual target. This method
will be faster, but may also suffer from errors in the AOA estimation.

Method 3 To speed up the algorithm some more, the acceleration parameter for each individual target can
be estimated in an earlier stage. And can later on be compensated directly without the need for an iterative
solution.

Method 4 An alternative way to suppress clutter is to apply the displaced phase centre antenna (DPCA)
technique. It involves steering multiple beams on the target from different locations in the same time in-
stance. Subtracting both measurements from each other will remove stationary targets. Whether this will be
applicable at sea is uncertain since the surroundings of the targets will be moving as well.

Method 5 To evade the need to use beam forming on the entire data-set, an adaptive beam forming tech-
nique is proposed. Beam forming can be done only on the relevant range bins which contain the correspond-
ing target. Here the keystone algorithm will be applied on a cropped dataset

Method 6 The keystone transform can also be applied in an earlier stage. Although this procedure avoids
the use of keystone on a cropped image, the transform will now have to be performed on each individual
receiver.

Method selection
Determining the most effective algorithm structure is done based on several important conditions.

• First and most important, the algorithm should create an ISAR image which clearly distinguishes fea-
tures of the target.
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Figure D.1: Different methods on how the ISAR image can be generated given a data set which contains raw data

Figure D.2: Flow chart of the algorithm application method which will be evaluated in practice

• This first point is constrained by the limited processing capabilities of the system.

• The final product should be a genuine algorithm which does not solely depend on methods which are
already known. There is room for improvements to increase the performance in terms of image-quality.

Based on these confinements, a new combined method is found which will be applied in practice. A flow
chart of the chosen method is shown in figure D.2. Each subcomponent of this scheme will be discussed
individually.

AOA based target detection
This block contains a function that both detects targets and estimates their location. Detecting moving targets
at sea is different than on land. Standard techniques as CFAR detection or STAP have issues due to the moving
and varying sea surface. Especially with small, slow moving targets, which show similar Doppler spectra as the
waves which carry them [38–40]. In order to circumvent this problem, many techniques have been developed
to estimate and/or suppress the sea clutter [41–44].
The target detection itself is not exactly aligned with the end goal of this thesis. A target detection algorithm is
set up as a preprocessing step. The target detection is performed in the range-angle domain. Such that with
the detection, an estimation of the target’s location can immediately be performed.

DBF on individual targets
Although in some literature a scanning procedure of the digital receive array, such as in Method 1, is used [45],
this comes at the cost of computational resources. Especially in a dense sea environment [46]. To image dif-
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ferent ships from different AOA, DBF has to be applied on the complete data-set repeatedly, which is a heavy
operation on such a large data set.
To limit the computational load, DBF can be applied to a small part of the data-set in range direction. Con-
sidering only the range-bins which cover the target. By aiming the digital-beam towards a target, a lot of
clutter from other directions is already suppressed. On top of this, standard techniques such as windowing
can be applied to improve the SNR even more. Furthermore, techniques which steer nulls in the direction of
unwanted strong clutter (secondary targets or interference) can be used to increase the image quality [47].

Cropped Keystone formatting
As mentioned in [48], motion compensation is usually applied for a single target and generally the keystone
algorithm is applied to the complete image. But since an individual beam is aimed at each target separately,
applying the Keystone algorithm will need to be done differently. Two different solutions to the problem exist.
Either first apply the Keystone algorithm to each individual receiver and then do beam forming, or first apply
beam forming and apply Keystone to each individual target.
As mentioned before the received data is cut in smaller segments each containing a limited amount of range-
bins which hold information on the target. As the keystone is an interpolation filter, it can also be applied on
these range cropped data-pieces. Even without the use of the fast keystone transform [30], the computational
load of the algorithm drops significantly by this cropped keystone procedure.

DPCA on individual targets
DPCA is a well known technique which uses two or more antenna sub arrays to simulate a stationary radar on
a moving platform. The first sub array measures from location x at t0 and as the platform moves, the second
sub array reaches location x, measuring at t1. Subtracting two sub arrays from each other will remove all the
stationary components in the image, as their reflection did not change over time.
Although this algorithm is quite useful to image moving targets on the ground, the difficulty for this project
lies with the moving ocean surface. As there are no stationary targets, they can not be filtered. Therefore
an alternative technique was created considering the motion of the ocean. An additional phase shift was
estimated and added to compensate for moving waves in the ocean. The technique is called the Oceanic Dis-
placed Phase Center Antenna (ODPCA) technique [27].
As an alternative to the ODPCA, a new method is proposed which forces the target to be stationary and then
filters all non-stationary targets. In chapter 7 the performance of the different DPCA approaches are dis-
cussed. The choice of approach for DPCA will be done dependent on the performance results.

Motion parameter estimation
When applying the first order Keystone transform, velocity is compensated within the ambiguous limits. An
estimation still needs to be made to determine the correct folding factor. Apart from this, an estimation and
compensation for the acceleration needs to be done as well.
A first crude estimation of the velocity and acceleration can be done solely on the motion characteristics of
the areal vehicle carrying the radar. Consecutive estimation can be done based on sparse measurement target
tracking.

Motion compensation by IC minimization
Applying the motion compensation is simply done by using the equations for the Keystone algorithm. How-
ever the estimation on acceleration does only depend on the radar motion and will thus not be very accurate.
To determine the correct acceleration component a simplified version of the image contrast maximisation
technique used in [19] is used. Although the image contrast function is a good performance indicator for
the general filtering procedures, it is not as effective when evaluating the performance of clutter suppression
techniques.





E
Subcomponent Contribution

To verify the contributions of the individual subcomponents a performance evaluation is performed on the
subcomponents which are crucial for the algorithm. This will be done based on real-measured data. The
radar settings during the measurement are given in table E.1. Two targets are considered, having different
clutter characteristics:

• Target 1 has medium range and medium clutter

• Target 2 has medium range and low clutter

Single receiver
To evaluate the impact of each individual processing step, first consider the most simple imaging scheme.
With this a single receiver with no motion compensation, windowing or other processing techniques is as-
sessed. Figure E.1 shows the range Doppler image for the 2 given targets. Evidently, the targets are unrecog-
nisable due to clutter and motion distortion. Note that for all figures given in this section, normalization is
applied on the range Doppler images according to the strongest back-scatterer.

Multiple receivers
In the second stage of this evaluation process, the impact of adding more receivers and velocity compensation
is assessed. Figure E.2 shows the different range Doppler images for 1, 8, 16 and 24 receivers where only the
foldover correction for Keystone is applied and no acceleration compensation.

Motion compensation
The effect of applying the acceleration compensation is shown in figure E.3. This final step in the motion
compensation procedure greatly increases the image quality, making the ships distinguishable from their
surroundings. The acceleration compensation is performed by image contrast maximization. For the two
different targets, the image contrast is plotted versus a parameter sweep on acceleration. The results are

Parameter Value
Carrier Frequency 9.45 GHz
Bandwidth 1 GHz
PRF 301.2 Hz
Number of sweeps 304
Sampling Frequency 19.44 MHz
Array Size 24
Element Distance λ

2

Table E.1: AMBER parameters
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Figure E.1: Range Doppler image of 2 different targets without any further processing

Target 1 Target 2
1 receiver VC 0.8935 1.8695
8 receivers VC 1.3556 3.1487
16 receivers VC 1.5972 3.7476
24 receivers VC 1.7523 3.9537
AC 2.4472 5.1700
Windowing 3.1305 6.6934
Without Keystone 3.0774 6.4213

Table E.2: IC values for both targets at different stages in the basic processing chain

shown in figure E.4. This shows that there is a clear optimum for the acceleration estimation, that is, the
actual acceleration of the target relative to the radar position.

Windowing
After motion compensation is applied, a Blackman window in slow time and a hamming window in fast time
are tested on the image. The result of these windowing functions is shown in figure E.5.
To get a different idea of how the images have improved, the IC has been computed for all cases in this section
and is given in table E.2. Where V C stands for Velocity Compensation and AC for Acceleration Compensation
The table also indicates what the IC is when the Keystone transform is not applied.
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(a) Target 1 - 1 receiver
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(b) Target 2 - 1 receiver
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(c) Target 1 - 8 receivers
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(d) Target 2 - 8 receivers
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(e) Target 1 - 16 receivers

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Doppler (m/s)

1120

1130

1140

1150

1160

1170

1180

R
an

ge
 (

m
)

-60

-50

-40

-30

-20

-10

0

(d
B

)

(f) Target 2 - 16 receivers
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(g) Target 1 - 24 receivers
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(h) Target 2 - 24 receivers

Figure E.2: Range Doppler image of 2 different targets with varying array sizes after velocity compensation
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Figure E.3: Range Doppler image of 2 different targets after motion compensation

(a) Target 1 (b) Target 2

Figure E.4: Image contrast function versus acceleration estimation
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Figure E.5: Range Doppler image of 2 different targets after motion compensation and windowing



F
AOA Estimation by Phase Variance

As the AOA is related to the phase variance, there could be a possibility to exploit this to estimate the AOA.
This chapter discusses the limitations and possibilities of this approach for non overlapping sub arrays.

The relation between AOA and phase variance is different for non overlapping sub arrays than for overlap-
ping sub arrays. This is shown for 3 different sub array sizes in figure F.1. This figure also shows an important
artefact which should be discussed. When there are less sub arrays, there appear more grating lobes. Such
that the value of the circular variance becomes ambiguous. Meaning, that a value for the circular variance of
zero will not necessarily mean that this object is at the considered AOA.

However, this phenomenon is greatly cancelled out by beam forming. When there are less sub arrays,
there are more ambiguities, but the beam is focussed more as well. Due to this effect, the clutter from ambi-
guities is attenuated and does not dominate the variance in its pixels. Very strong clutter could theoretically
still trump this and be mistaken as the target. Due to this effect, the choice to use 8 sub arrays of 3 receivers
is substantiated even more due to the small amount of grating lobes.

Nevertheless, figure F.1 shows that with non overlapping sub arrays AOA estimation only based on the
phase variance of clutter is very difficult. Clutter may have a very clearly defined phase variance, but this
value is ambiguous for a lot of different angles.

A solution to this problem is to sweep the beam over θ and measure at each angle how many pixels have
a circular variance lower than the threshold, in other words, a target. When applying this technique, consider
the following points;

• When a target is located in the beam, the number of pixels that are below the threshold relate to the
size of the target.

• If motion compensation is not applied on a target, it is focussed less and more susceptible to get lost
in noise above the phase variance threshold level. However, if the target trumps the noise while being
unfocussed, it will appear larger than it is.

• If motion compensation is applied to a target, the chance that the target is below the threshold is higher.
But the number of pixels that correspond to the target will also be less.

• Applying motion compensation to every angle corresponds to imaging and focussing at each angle.
This results in a very high computational load.

• Even when no motion compensation is applied at all, a target could still become focussed if it shows a
foldover factor, relative velocity and relative acceleration of zero.

This approach is applied for several different ranges while considering all the possible combinations of sub
arrays. The considered range gates are: 740 m - 820 m, 840 m - 920 m, 1110 m - 1190 m. The results of the
sweep on theta for these range gates are shown in figure F.2. From the figures the AOA of different targets can
be distinguished. In figure F.2b, motion compensation has been applied to focus on the target at 18 degrees.
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Figure F.1: Relation between circular variance and AOA for non overlapping sub arrays

On the contrary, figure F.2c shows the targets while no motion compensation is applied. As was expected, the
unfocussed figure gives a higher peak as the target is more spread in the image. However, it is not possible to
distinguish the two targets at 18 and 23 degrees from each other when motion compensation is not applied.
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(a) Unfocussed range gate 740-820 m
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(b) Focussed range gate 840-920 m
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(c) Unfocussed range gate 840-920 m
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(d) Focussed range gate 1110-1190 m

Figure F.2: Number of pixels below phase variance threshold for angle sweep of θ
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