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ABSTRACT

ANALYSIS OF NEAR-FIELD ULTRA-WIDEBAND RADAR IMAGING
ALGORITHMS
Arabacı, Ahmet
M.Sc., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Sencer Koç

January 2017, 150 pages

Recently, near-field ultra-wideband radar imaging algorithms have an important place in
short range imaging applications by providing high resolution in both range and crossrange. In this study, the near-field ultra-wideband radar imaging algorithms in the
literature such as Holographic Image Reconstruction Algorithm, Range Migration
Algorithm, MIMO Based Range Migration Algorithm and MIMO Based Kirchhoff
Migration Algorithm have been implemented using MATLAB. The algorithms are
applied to modeled transmitter/receiver antenna arrays and discrete scatterers are used as
targets. The algorithms are implemented in the frequency domain. Images obtained by
different algorithms are given and compared to each other to assess the performance of
the applied algorithms. Important parameters of each algorithm are specified and their
effects on the result are investigated. The algorithms are also implemented in millimeterwave band which is safe for humans (non-ionizing) and allows detection of objects
concealed under clothing.

Keywords: Near–Field Radar Imaging, MIMO Radar, Concealed Weapon Detection,
Range Migration Algorithm, Kirchhoff Migration Algorithm
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ÖZ

YAKIN-ALAN ULTRA-GENİŞBAND RADAR GÖRÜNTÜLEME
ALGORİTMALARININ ANALİZİ
Arabacı, Ahmet
Yüksek Lisans Tezi, Elektrik ve Elektronik Mühendisliği Bölümü
Tez Yöneticisi: Prof. Dr. Sencer Koç

Ocak 2017, 150 sayfa
Son zamanlarda, yakın-alan ultra-genişband radar görüntüleme algoritmaları menzil ve
çapraz menzilde sağladıkları yüksek çözünürlük ile kısa mesafe görüntüleme
uygulamalarında önemli bir yer tutmaktadır. Bu çalışmada, Holografik Görüntüleme
Algoritması, Range Migration Algoritması, MIMO Temelli Range Migartion
Algoritması ve MIMO Temelli Kirchhoff Migration Algoritması gibi literatürde yer alan
yakın-alan ultra-genişband radar görüntüleme algoritmaları MATLAB programında
modellenen verici/alıcı anten dizileri ve ayrık hedefler üzerinde uygulanmıştır.
Algoritmaların uygulanması frekans alanında gerçekleştirilmiştir. Bu uygulamaların
sonuçları verilmiş ve kullanılan algoritmaların performanslarını ölçmek için birbirleriyle
karşılaştırmaları yapılmıştır. Her bir algoritmadaki önemli faktörler belirtilmiş ve bu
faktörlerin sonuca olan etkisi gösterilmiştir. Ayrıca, algoritmalar insanlar için güvenli
olan (iyonlaştırıcı olmayan) ve giysiler altındaki objelerin algılanmasını mümkün kılan
milimetrik-dalga bandında uygulanmıştır.
Anahtar Kelimeler: Yakın-Alan Radar Görüntüleme, MIMO Radarı, Gizlenmiş
Silahların Görüntülenmesi, Range Migration Algoritması, Kirchhoff Migration
Algoritması
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CHAPTER 1

INTRODUCTION

1.1. MOTIVATION
Near field ultra-wideband radar imaging technology and its usage in imaging and
sensing have drawn significant interest in the last two decades. Today, this technology is
used in several short range applications such as medical imaging, security applications,
ground penetrating radar, through-wall imaging and traffic applications. The common
feature of these applications is using ultra-wideband whose center frequency depends on
the application. The main benefit of using ultra-wideband is providing high resolution in
both range and cross-range directions which is exactly needed by these short range
applications.

These applications require large number of antenna elements within the array aperture.
One of the reasons of this requirement is the choice of operating frequency. The Nyquist
criterion for spatial sampling says that the difference between the lengths of propagation
paths from transmitter antenna to a target point and from the target point to the
collocated receiver antennas must be smaller than half of the wavelength. So, selecting
higher operating frequency results in smaller antenna spacing which requires a
prohibitive number of elements to achieve both high-resolution and focusing capabilities
of a 2-D planar array.

The Nyquist criterion is vital for frequency sampling as well as spatial sampling. For
frequency sampling the Nyquist criterion says that, the sampling frequency step must be
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smaller than the frequency whose wavelength is equal to the target space dimension in
range direction.

Imaging applications operate at different frequency ranges and due to concerns of
interference with existing communication and navigation systems the used frequency
ranges are limited by the authorities. Some examples of generally used frequency ranges
of applications are;
Ground Penetrating Radar: 10 MHz – 2.6 GHz
Medical Imaging: 3.1 GHz – 10.6 GHz
Through-wall imaging: < 960 MHz or 1.99 GHz – 10.6 GHz

Operating at the frequencies given above requires large number of antenna elements to
be used in data gathering. Besides that, if the antenna array elements work according to
single input single output approach (monostatic antenna system) the requirement
becomes more severe. Recently, there has been important work to design imaging
algorithms alternative to the classical monostatic array design which is called as
multistatic design. This design is provided by using sequential and/or simultaneous
operations of spatially diverse transmit/receive antenna arrays. Single input multiple
output (SIMO) and multiple input multiple output (MIMO) approaches are examples of
multistatic approach and reduce the number of required antennas to a level which is
quite lower compared to monostatic approach [1].

The motivation under this thesis work is to understand the near-field ultra-wideband
algorithms with used assumptions and to study the underlying theory of the systems. The
system parameters that directly affect the imaging result are analyzed with sufficient
simulation examples. The performances of algorithms are compared with each other in
terms of resolution, accuracy, computation time and other factors. The SIMO and
MIMO array-based systems which have an important place in radar imaging systems are
studied and consequences of using it in the imaging algorithms are discussed.
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Because of the increasing attacks to civilians in the last years, personnel surveillance is
becoming important at the security checkpoints, such as airports, stadiums and other
critical places. The X-ray systems are already used at these checkpoints for imaging
bags and suitcases and they are very effective systems in this area. But X-ray systems
cannot be used for human body imaging because of their known dangerous health
effects. Besides these, in the recent years there is a great interest to use millimeter-wave
systems for 3-D body imaging. As a result of the studies, it is said that millimeter-wave
imaging systems have the capability of forming the images of concealed objects under
the common clothing barriers. Millimeter-wave is non-ionizing, so there is not any
known health hazard at reasonable power levels [2].

Another motivation under this thesis work is to implement the near-field ultra-wideband
algorithms on the millimeter-wave band and to investigate the appropriateness of these
systems to use for 3-D body imaging to detect concealed weapons. Surely, a complete 3D imaging system will be very complicated and need a lot of research, but it is aimed in
this work to implement these algorithms under simplified conditions to get preliminary
information. The algorithms are simulated using a computer program to get preliminary
information about system performance and requirements.
1.2. SCOPE OF THESIS
The scope of this thesis work is, firstly, to give general information about radar and
radar imaging systems. After the given preliminary information, it is aimed to study the
underlying theory of near-field ultra-wideband radar imaging algorithms. The studied
near-field algorithms within this scope are Holographic Image Reconstruction
Algorithm, Range Migration Algorithm, MIMO based Range Migration Algorithm and
Kirchhoff Migration Algorithm for MIMO Based Array.

The simulations of the algorithms are made using MATLAB. The antenna array
geometries and the target point geometries are also modelled using MATLAB. The
signal waveform is defined and it is emitted from transmitter antennas to the target
space. For simplicity, no beamwidth is defined for the transmitter and receiver antennas,
3

in other words the used antennas have been chosen as omnidirectional. It is also assumed
that there is enough time between signal transmissions of each transmitter antenna to let
the receiver antennas to receive the scattered signals totally and record it to the memory
coherently. The 3-D reflectivity image of target space is reconstructed by processing the
recorded data using imaging algorithms as a last step. The simulation results are
compared with each other to understand the performances of the imaging algorithms. As
a result, it is aimed to analyze the various image reconstruction algorithms in terms of
input requirements, range and cross-range resolution, accuracy, and signal processing
time.

In the simulation part, it is aimed to design proper planar arrays whose dimensions,
number of antennas and the antenna locations are determined according to needed image
resolution, Nyquist criterion and target space dimensions. The target area dimensions
and distance from planar array to target area center are other important factors that affect
the design of the imaging system. The simulation results of different setups of these
factors have been given for all four algorithms clearly.

The investigated near-field ultra-wideband radar imaging algorithms are all implemented
in the millimeter-wave band which is chosen as 30 GHz - 36 GHz. The system
requirements are investigated according to the desired image resolution, 3-D dimensions
of target area and distance between center of target area and the antenna array. Certainly,
designing and production of such a millimeter-wave imaging system consists of a
combination of very complex processes, test setups, hardware and software
requirements. But, to investigate performances of the near-field radar imaging
algorithms on such a millimeter-wave imaging system, the simplest possible system is
considered and some external factors and limitations like noise, temperature, hardware
and other effects are ignored.
1.3. ORGANIZATION OF THESIS
Chapter 1 gives the motivation of analyzing near-field ultra-wideband imaging
algorithms and scope of work.
4

Chapter 2 gives background information about radar and radar imaging. Literature
history of near-field ultra-wideband radar imaging algorithms is examined in this
chapter. The background information about concealed weapon detection and the
researches on millimeter-wave imaging to detect concealed weapons under clothing are
mentioned in this chapter.

In chapter 3, Holographic Image Reconstruction, Range Migration Algorithm, MIMO
based Range Migration Algorithm and Kirchhoff Migration Algorithm are examined in
detail.

In chapter 4, the simulation results of designed imaging setups with the image
reconstruction algorithms are presented and compared with each other. The near-field
ultra-wideband algorithms are implemented in the millimeter-wave band and the
simulation results are compared with each other.

In chapter 5, a brief summary of work and a conclusion is made, and some possible
future studies are stated.

5
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CHAPTER 2

BACKGROUND

2.1. RADAR IMAGING
Radar History
In the late nineteenth century, Heinrich Hertz demonstrated that radio waves could go
through different type of materials, reflecting back a part of the transmitted signal. Radio
waves became an important and interesting research area and many researches and
scientists worked on this area to find the way of a practical usage of radio waves in the
object detection. In this direction, several researches and scientist give their focus on
trying to find a way of providing useful information about the target by transmitting and
receiving radio waves using a practical system. As a result of these studies, the usage of
radar technology for detection of ships and aircrafts began in 1920s. The first continuous
wave radar system is demonstrated by Taylor, who is an American electrical engineer, in
1922. Another important development took place in Naval Research Laboratory (NRL)
in USA in 1934. This development was the first pulse radar system with 60 MHz
operating frequency. At the same time, there were developments about the radar systems
for tracking and detection of the aircrafts in Germany and Great Britain before the
Second World War [3].

The developments about radar systems played an important role in influencing the
course of the war. It was used for navigation of ships and airplanes and detection of
enemy combat vehicles. After the war was over nearly in 1950’s, the research was
concentrated on the civil applications of radar technology. Imaging radar which is
7

known as Side Looking Airborne Radar (SLAR) was initially developed for military
purposes and a few years later it was used for the studies of geological and natural
resource. Today, radar imaging is used in many areas such as medical imaging, security,
traffic applications, land-mine detection and military applications.
Radar Principles
Radars are electromagnetic systems which transmit radio signals to outer space and
receive the echo signal scattered from targets. Radars are classified as monostatic and
bistatic radars. In monostatic radar, the transmitters and receivers are physically very
close to each other so that they can be considered as located at the same point, while in
bistatic radar, the transmitter and receiver are located separated from each other and act
individually. (Figure 1)

Figure 1 Radar transmitter and receiver, (a) Monostatic Radar, (b) Bistatic Radar.

Certain features of the targets can be obtained by processing the received echo signal.
For instance range information can be derived from the time that echo signal has taken
from transmitting to receiving or velocity of the target can be obtained by transmitting
signals and processing the frequency shifted echo signal. Also by using directive
antennas, angular location of the targets can be found by using the arriving angle of the
received signal.

Radar imaging is an important area of radar technology, which is done by multiple
antennas or single moving antenna that acts as a multiple antenna system. A radio signal
is emitted by the transmitter antennas and reflections from targets are acquired by
8

receiver antennas and the phase information is recorded to the memory. The phase
information is processed with different imaging algorithms and as a result, RF
reflectivity map of target is reconstructed.

Some important radar parameters are;


Antenna Radiation Pattern

The antenna radiation pattern indicates the directional dependence of strength of
radiation from the antenna. (Figure 2)

Figure 2 Antenna Radiation Pattern

If the strength of the radiation from an antenna is equal for all directions, it is called as
ideal isotropic antenna and plot of its radiation pattern is a sphere. If the strength of the
radiation from the antenna is concentrated in the desired direction, it is called as
directional antenna and an example of directional radiation pattern is shown in Figure 2.


Directivity

Directivity is the measurement of the power density which is radiated in the direction of
strongest emission, versus the power density which is radiated equally in all directions,
9

in other words, the same total power radiated by an isotropic antenna. The directivity of
antenna which is denoted by 𝐷 refers to the maximum value of its directive gain.
Directive gain is denoted as 𝐷(𝜃, 𝜙) and gives the comparison of the radiant intensity
𝑈(𝜃, 𝜙) which is created by an antenna in a particular direction against the average
value over all directions.

𝐷(𝜃, 𝜙) =

𝑈(𝜃, 𝜙)
𝑃𝑡𝑜𝑡 ⁄(4𝜋)

(1)

In (1), 𝜃 and 𝜙 are the standard spherical coordinate angles, 𝑈(𝜃, 𝜙) is the radiation
intensity which refers to the power density per unit solid angle, and 𝑃𝑡𝑜𝑡 is the total
radiated power. The relation between 𝑈(𝜃, 𝜙) and 𝑃𝑡𝑜𝑡 given in the equation (2). Total
radiation power refers to the integration of radiation intensity on the unit sphere.
𝜙=2𝜋

𝑃𝑡𝑜𝑡 = ∫
𝜙=0



𝜃=𝜋

∫

𝑈(𝜃, 𝜙) sin 𝜃 𝑑𝜃𝑑𝜙

(2)

𝜃=0

Antenna Beam Width (Half Power Beamwidth)

Half power beamwidth is the angle between the two half-power points of the main lobe.
It is measured on the radiation pattern of the antenna by determining two half-power
points. Half-power points are known as -3 dB points which represent the points with 3
dB lower radiation power than the peak power of the main lobe. Beamwidth is usually
defined in degrees and in principle planes as shown in Figure 3.
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Figure 3 Antenna Beamwidth



Antenna Field Regions

Antenna field regions of a transmitting antenna are divided into two regions as near field
and far field regions as given in Figure 4. Near field region is also divided into two
regions as non-radiative and radiative regions. In the near field regions, the fields are
predominantly reactive fields, which mean the E- and H- fields are out of phase by 90
degrees to each other. In the far field region, the radiation pattern does not change its
shape with distance. Also, this region is dominated by radiated fields, with the E- and Hfields orthogonal to each other and the direction of propagation as with plane waves.
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Figure 4 Antenna Field Regions

Radar Imaging
Radar imaging is an important application of radar which is used to create twodimensional or three-dimensional images in other words the RF reflectivity maps of the
illuminated scene. Reflectivity is the ability of the material to reflect incident
electromagnetic waves. Metals have higher reflectivity values as compared to other
materials.

Imaging radars have moving single antenna (or linear array) or multiple stable antennas
to fulfill the general principle that target must be illuminated over a broad range of
angles, both horizontally and vertically. The aperture which is formed by multiple stable
antennas is called as real aperture, the aperture which is formed by moving a single
antenna or linear array is called as synthetic aperture.

There are various imaging geometries used in radar imaging applications such as planar,
cylindrical, spherical and linear array or a single antenna mounted on a moving platform.
An example of planar array geometry is shown in Figure 5.
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Figure 5 Radar imaging geometry

The imaging geometry is very important for a radar imaging system. The resolution of
imaging system depends on this geometry, especially cross-range resolution affected by
the changes in the number of antenna and the dimensions of planar array aperture. The
design of imaging geometry must be proper so that Nyquist criterion is satisfied.

The general factors that affect the radar imaging system are operating frequency,
frequency bandwidth, antenna spacings, antenna aperture, target space dimensions and
the distance between target space and the planar array. Range resolution is directly
related to the frequency bandwidth.

Radar imaging can be separated according to data collection range as far-field and near
field. The far field imaging systems are based on the fact that data collected at a far-field
point represents a sample of the 2-D or 3-D Fourier domain of the object. In the near
field imaging systems, the curved wavefront in the near field of the object is
decomposed into plane wave components using an additional Fourier transform step [4].

Radar imaging can be separated in two main processes as constructing raw data and
processing this raw data by using radar imaging algorithms. Raw data is the collection of
the reflected signal from the targets by the receiver antennas. It can be in time or
13

frequency domain according to the application. These two processes are not completely
independent from each other. The imaging algorithms are generated according to
antenna array configuration (SISO, SIMO or MIMO) used in raw data collection, so it
may not be possible to use an imaging algorithm with a given antenna array
configuration.
2.2. LITERATURE REVIEW
In 1951, Carl Wiley invented Synthetic Aperture Radar (SAR). SAR is a well-developed
method to create images of the objects with high resolution. The backscattered raw data
is acquired thorough a moving antenna platform. There are various imaging algorithms
that have been used for reconstruction of reflectivity images of the target space using
acquired raw data. The synthetic antenna aperture and a defined frequency band used
together to reconstruct the 3-D reflectivity image [2].

SAR imaging algorithms can be examined under three general groups according to their
working principle. These algorithms are Polar Format Algorithm, Chirp Scaling
Algorithm and Range Migration Algorithm [2].

Polar Format Algorithm is known as the first algorithm developed among the SAR
imaging algorithms and originates from optical signal processing. Polar Format
Algorithm sometimes called as Range-Doppler Algorithm. It uses the frequency domain
backscattered data and needs to be used under far-field condition. The interpolation
process is required in this algorithm and must be implemented prior to Fourier transform
[2]. There are two matched filtering operation which take part in the Fourier transformed
range and azimuth domains separately. The Fourier transforms are calculated using FFT
algorithm for the efficiency of processing time. The range cell migration correction
operation is applied in the range-time and the azimuth-frequency domain.

Chirp Scaling Algorithm is another method of SAR imaging algorithms. In this
algorithm range cell migration correction operation is implemented in the range-time
and the azimuth-frequency domain as in Range Doppler Algorithm. The important
14

difference of this algorithm is that there is no need for traditional interpolation operation
owing to efficient and correct implementation of range cell migration correction
operation [5].

Range Migration Algorithm (RMA) is the last method in SAR imaging algorithms. It is
originated from 𝜔 − 𝑘 algorithm which is used for 2-D radar imaging. This algorithm is
based on the seismic engineering and geophysics. It requires one-dimensional
interpolation process prior to inverse FFT operation. This interpolation process is known
as Stolt interpolation and compensates the curvature of the wavefront completely. A 3-D
radar imaging system is created by using Range Migration Algorithm and 2-D planar
antenna aperture is formulated in [2]. The formulation given is justified by using method
of stationary phase in [2].

The RMA algorithm, as other SAR algorithms, is based on Born Approximation which
is a linearization of the electromagnetic wave scattering problem. This approximation
says that the interaction between scatterers located in the target space is totally
neglected, so the incident field is the sum of the fields derived from each scatterer
independently. There haven’t any developed non-linear algorithms which have enough
appropriateness to be able to deal with the inverse scattering problem [2]. In the field of
remote sensing, the RMA firstly used for strip map mode to process the 2-D SAR data
acquired from an aircraft platform in [6]. In the later applications it was implemented in
the spotlight mode doing further adaptations as given in [7]. An extended 3-D Range
Migration Algorithm for fixed real aperture arrays which have spherical and cylindrical
geometries is presented in [8].

The performances of Range Doppler Algorithm versus Chirp Scaling Algorithm and
Range Doppler Algorithm versus Range Migration Algorithm are compared in [9] and
[10]. As a result of these comparisons, it was obvious that Range Migration Algorithm is
the most accurate one among them. Range Doppler Algorithm and Chirp Scaling
algorithm provide defocused image under near-field conditions because they can only
partially correct the range curvature [1].
15

Inverse SAR is radar imaging method analogous to conventional SAR. The main
difference between them is that, SAR technology uses the movement of the emitter
while ISAR (Inverse SAR) uses the movement of the target. Some examples of 2-D and
3-D ISAR algorithms for near field implementations are available in [11]. An example
of 2-D SAR algorithm in strip map mode for near field is given in [12].

A similar approach to RMA algorithm known as holographic image reconstruction is
presented in [4]. The holographic microwave imaging system reconstructs the
reflectivity image using the data of amplitude and phase of a wavefront scattered from
the targets. As RMA, holographic image reconstruction algorithm acquires uniformly
sampled data, which can be interpreted as the Fourier transform of a wanted image. The
1-D interpolation (Stolt interpolation) is the method that is used in RMA and
holographic image reconstruction algorithms to compensate the curvature of wavefront.

In RF communication, MIMO means multiple antennas at the transmitter and the
receiver parts. MIMO adopted RMA for 3-D near field imaging is given in [1]. Through
MIMO array, it becomes possible to reconstruct high image quality of the Kirchhoff
Migration Algorithm while keeping property of the short computational time of the
conventional Range Migration Algorithm. The MIMO based RMA compensates the
curvature of the wavefront in the near field through a 5-D to 3-D interpolation process
among the Fourier domains of separate transmit/receive apertures and the frequency
domain.

Another imaging algorithm is Kirchhoff Migration Algorithm, which is based on wave
equation, as RMA is based on scalar wave equation. The wave equation and Helmholtz–
Kirchhoff integral theorem basis for the Kirchhoff Migration Algorithm was given in
[13]. In this algorithm the calculation of difference between travel times takes very
important place, so the positive progresses in this calculation through eikonal equation
and Fermat’s principle make the Kirchhoff method more accurate and applicable [14],
[15]. The positive effect of using MIMO array for Kirchhoff Migration Algorithm is
given in [16].
16

The MIMO based Kirchhoff Migration Algorithm was implemented in [16] for UWB
MIMO array based system in both free-space and subsurface scenarios. According to
simulation results, the Kirchhoff Migration Algorithm has better values among other
conventional algorithms in the aspects of side-lobe level, range and cross-range
resolution, aperture equalization and reconstruction of shapes of distributed targets [16].

2.3. CONCEALED WEAPON DETECTION AND MILLIMETER-WAVE
IMAGING
The systems used in security systems at the security checkpoints are generally metal
detectors for personnel and X-ray for bags and hand carried items. These systems are
very effective, but there are some shortcomings in these systems that need to be
addressed [4]. Metal detectors, as the name suggest can only detect objects like
handguns, knives and other weapons that are made of metal. About the shortcomings of
metal detectors, it can be said that, the effectiveness can vary due to changes in quantity,
orientation and type of metal. As a result of these shortcomings, no discrimination is
possible between innocuous items, such as coins, belt buckles, keys, etc., and actual
threats. This leads to a rather high number of false alarms. Another example of
shortcomings of metal detectors is that it is impossible to detect some contemporary
threats including plastic or ceramic handguns and knives, as well as plastic and liquid
explosives [4].

A fundamentally different system is needed to detect these contemporary threats and
distinguish the real threats from innocuous threats. The X-ray imaging systems and
recently developed millimeter-wave imaging systems, which can penetrate clothing
barriers to image items concealed by common clothing, are able to meet the needs.
Because of the very high frequencies involved, X-ray imagers have a very good spatial
resolution, which allows identifying possible threat items of almost of every type of
material, and they are quite effective for this purpose. However, due to the bad health
effects of the X-ray systems, it is not acceptable to use these systems on human body
[4].
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Millimeter-wave imaging systems use the millimeter waves which are high-frequency
electromagnetic waves usually defined to be within the 30-300 GHz frequency band.
Even though millimeter-wave imaging systems have a lower image resolution than Xray imaging systems, they are more suitable than X-ray imaging systems for human
screening due to the non-ionizing property which does not cause any health problems at
moderate power levels. The common clothes of people are transparent to Millimeterwave systems so that these systems form image of a person and concealed items if there
is any [4].

Concealed weapon detection is an important topic which includes technologies other
than X-ray and millimeter-wave imaging. In order to overcome limitations, a wide
choice of valid concealed weapon detection systems (CWDS) alternatives to metal
detectors have been developed in the recent years. CWDS may be classified according to
five parameters [17]:

1. Form of detected energy: It specifies the type of energy source collected and/or
emitted by the CWDS. It can be Electromagnetic or Acoustic.

2. Type of Illumination: It can be passive or active. Passive systems do not radiate
any form of energy and they simply measure the energy that is naturally emitted
or reflected by the target. Active illumination systems, on the other hand,
stimulate the environment by emitting in a controlled way EM or acoustic energy
which interacts with the target and, as a result of this interaction, it is partly
scattered back to the active system sensors.
3. Proximity: Defines the operational range of the CWDS. Some devices are able
to detect dangerous items carried by an individual from a standoff distance (e.g.
MM wave radar detectors) while others require the detection system to be placed
near the person (e.g. walk-through metal detector). A proximity distance is
considered near if it is less than one meter.
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4. Portability: Describes how easy it is to transport the CWDS from one location
to another and if it can be hand held. There is a substantial difference between a
body cavity imager which is a really large device that cannot be moved and a
metal detector which in some versions can be hand held and can operate on
batteries.

5. Operating frequency range: This usually affects the resolution, operational
range (i.e. proximity), and material penetrating properties of the system.

Table 1 An overview of the more important CWDS technologies [17] - [18] and [19]
Description

Freq. Range

Illumination

Prox.

Portab.

Energy

2 Hz to 1 MHz

Active

Far

Yes

Acoustic

Up to 5 MHz

Active

Near

Yes

Magnetic

Up to 400 MHz

Active

Near

No

Magnetic

200 MHz to 2 GHz

Active

Far

Yes

EM wave

3 to 30 GHz

Active

Far

Yes

EM wave

30 GHz to 300 GHz

Active/passive

Far

Yes

EM wave

300 GHz to 300 THz

Active

Far

Yes

EM wave

IR imager

1 to 400 THz

Passive

Far

Yes

EM wave

X-ray imager

30 PHz to 30 EHz

Active

Far

Yes

EM wave

Acoustic
object detector
Metal object
detector
Body cavity
imager
EM resonance
Microwave
imager
MM-wave
imager
THz wave
imager

Considering the previous discussion on classification, let us focus in the frequency range
that goes from the microwave imagers to the X-ray imagers and discuss properties and
capabilities of these imagers:
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 THz imaging is an attractive technique for CWD due to its really high spatial
resolution and harmlessness to human body [20]. Furthermore many dangerous
materials possess a unique signature in the THz spectrum which allows spectral
identification of them. On the other hand operational range of THz imaging
systems is limited due to atmospheric attenuation [21]. The system resolution of
a THz imager is such that anatomical details of the human body are revealed
causing privacy concerns. An example of a THz CWDS produced image is
shown in Figure 6.

Figure 6 350 GHz image of a Glock 17 9mm gun [4]

 X-ray imaging provides the best quality images but it radiates ionizing radiation
which is harmful for human body therefore it still remains the best option for
screening objects such as suspicious luggage [22].
 Infrared imagers are known for its use as a night vision technology rather than
CWDS. For the particular property of allowing night vision it can be combined
with other CWDS such as MM wave imaging to give better results [23].
 Millimeter wave imagers can as well penetrate many optically opaque materials
despite the relatively long wavelength using very low power which eliminates
the harmful ionizing radiation problem of the X-ray imaging systems [24]. The
resolution of a millimeter-wave system is still really good and privacy concerns
are still valid. An example of an algorithm developed for overcoming the privacy
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problem is shown in [25]. An example of a millimeter-wave CDWS produced
image is shown in Figure 7.

Figure 7 Optical (left) and 110-115 GHz image (MM wave on the right) of a clothed
mannequin with a concealed Glock-17 handgun [4]

 Microwave imagers properties are quite similar to the ones of a Millimeter-wave
one. A microwave CWDS differs from the millimeter-wave one by using a lower
operation frequency which in turn gives a lower cross-range resolution, but still
sufficient for CWD detection, without breaching personal privacy and a
comparable down range resolution [26]. An example of a microwave CDWS
produced image is shown in Figure 8.

Figure 8 Mannequin under test (left) and microwave image of it (right) [26]
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The mentioned CWD systems generally require intervention of a certified operator to
visually inspect the output image of the CWDS in order to highlight and classify any
possible threat. But there are recent works on these systems which can highlight and
classify the possible threats automatically. These works are necessary because of privacy
concerns about these imaging systems which can see through clothes and usually
produce an image that looks like an optical one. Another important issue is the reliability
since the operator may not notice a dangerous item or give a false alarm. To overcome
these problems, digital image processing techniques are fundamental to improve both
privacy (e.g. an image of a person can be replaced by a silhouette while still pointing out
the location of the dangerous object on the body) and reliability.

Millimeter wave imaging is a part of microwave imaging which is also a part of
concealed weapon detection systems mentioned previously. It is preferred in the
concealed weapon detection systems usually because of two reasons; firstly, there is no
known hazard on human body because the radiation in the millimeter-wave band (30300 GHz) is non-ionizing and it is able to penetrate through most dielectric materials
such as clothes and poor weather conditions [27].

Another important property of MMW (millimeter-wave) imaging is enabling high
resolution due to short operating wavelength and so providing the capability of
identifying small objects. With these abilities, besides concealed weapon detection, this
frequency band is proper to use in a lot of applications such as target surveillance, safe
aircraft landing, highway traffic monitoring in fog and remote sensing for civil
applications and non-destructive testing [27].

Among these CWD areas, security applications of millimeter-wave have an important
place. In Figure 9, an example of a millimeter wave scanner which is used in security
checkpoints is seen. A series of small receiver/transmitter antenna which is located in
two vertical banks is the main part of the scanner. These banks are connected to each
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other with a pivot and rotate nearly 120° around pivot axis. The two antenna banks
located in the scanner are surrounded by protective shell known as radome.

Figure 9 An example of millimeter wave scanner

The transmitter antennas emit an electromagnetic pulse to the person who is standing in
the cabinet. This pulse passes through the clothes of person and reflected back from the
skin of the person or any concealed solid or liquid objects (material which has enough
reflectivity) and travels back to the same antenna. The transmitter now acts as a receiver
antenna, detects and stores the received signal. Through several transmitter and receiver
antennas located vertically and rotation of these vertical antenna banks around the
person, the device can form a complete picture of the person from head to toe and front
to back. Because of privacy concerns, the picture of the person is not displayed to
operator, instead of this; the picture of person is processed by internal image processing
algorithm and the results are displayed to operator by using a simulated image.

Important key parameters for any applications of millimeter-wave imaging are shown in
Table 2.
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Table 2 Important key parameters of millimeter wave imaging [28]
Choice of Frequency

30 to 300 GHz

Illumination method

Active or passive

Target distance

Far distance; close distance; near-field

Types of detector

Single detector with X-Y stage control; 1D/2D arrayed detectors

Image processing

Deblurring with holography; deblurring with blind-deconvolution

Choice of Frequency
A millimeter-wave is an electromagnetic wave with a wavelength from 10 mm to 1 mm.
There are some relations with the frequency used and design parameters. The most
important of these relations is frequency-image resolution relation. The image resolution
increases with the increase in operating frequency. However, increasing frequency
causes decreasing the ability of penetration of electromagnetic waves in the dielectric
material. The human vision system is significant example to these relations. Because of
working with higher frequency according to electromagnetic imaging systems it has a
much better image resolution compared to these systems. But, with these higher
frequencies it is generally not possible for a human to image the inside of dielectric
materials.
The higher frequencies are more attenuated by the atmospheric effects than lower
frequencies. In the MMW region, the radiated waves are attenuated by water vapor and
oxygen. However, this attenuation is not strong for all frequencies, and fortunately, there
are some regions where the attenuation is lower. These regions are given as around 35,
94, 140 and 220 GHz and called as “atmospheric windows”. It is known that 140 and
220 GHz are used by the MMIC products [28].
Illumination Method
The difference between the active and passive illumination is that there is an active
source in active illumination but in passive illumination there is not a source and only
there is naturally emitted signals by the target. If the emitted MMW signals are not
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detectable by the receiver, we have to use active illumination. The interference and
multi-path problem must be considered when using active illumination. On the other
hand, when a target scene includes a thermal source, passive sensing is generally chosen
[28].
Target Distance
MMW imaging used for security surveillance is one of the far field (> 10 wavelength)
applications. The problems in far field applications are resolution degradation and
diffusive attenuation. In this case, a focal dielectric lens is generally used to solve the
problem but, such lenses are several kilograms and makes system large and heavy. On
the other side, there are new imaging applications at close distance (< 10 wavelength)
given in [28] and at near-field region give in [4] in the recent years.
Types of Detector
It is an option to use a single detector with an X-Y motor-controlled stage. But this
sweeping operation for the detector takes long time. In this case, arrayed detectors are
the solution in order to shorten the scanning time. For this purpose, a 1D array in X axis
can be constructed and this array can be moved on the Y-axis periodically to sweep the
whole area in the scene. The scene can be swapped without any motor controlled
mechanism; the same job can be done by electronically scanning a 2-D antenna array
one by one. As a result of electronically scanning of antenna arrays fast video rate
capturing which is important for security applications can be achieved.
Image processing
There are several image processing techniques have been proposed to increase the image
resolution. Holographic approach given in [4] is an example of these techniques which
reconstructs the image reflectivity map using both magnitude and phase information of
the signal and using 2-D or 3-D Fourier transform algorithm. Another approach is blind
deconvolution, which is used when phase information is not available [29].
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CHAPTER 3

NEAR FIELD RADAR IMAGING ALGORITHMS

3.1. HOLOGRAPHIC IMAGE RECONSTRUCTION ALGORITHM
The radar imaging geometry used in this technique is seen in Figure 10. Each antenna
placed on the planar array acts as transceiver antenna as if transmitter and receiver at the
same place. This type of radar is also called as monostatic radar. Holographic image
reconstruction algorithm uses the data which is gathered by a planar array of
sequentially switched transmitters and receivers. Transmitters illuminate the target space
one by one while related receiver gathers the reflected signals from the targets at the
same time [4].

Data gathering can be done by less number of antennas; actually it can be done by
moving a single transmitter/receiver (transceiver) antenna on the aperture area. But,
scanning a single transceiver over this aperture by using this method requires at least
several minutes. Therefore, scanning the target in a reasonable time requires an
electronically switched array of antennas. A 2-D array of antennas would be ideal since
it would not require any moving parts so it can supply high video frame rates. But this
time, the cost and complexity of a large 2-D high-resolution array makes it
disadvantageous. In this situation, a linear array may be a good solution, because it can
be fabricated for reasonable cost and can be scanned quickly over the aperture [4].

Holography technique is firstly developed by Gabor. Holography is the work of
constructing 3-D image of the target. It is used firstly with light waves, then with
acoustical waves and lastly electromagnetic waves. All three forms of holographic
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imaging techniques operate by sampling the amplitude and phase of a wavefront
scattered from a target object [4].

A 3-D holography imaging technique with electromagnetic waves is given in [4]. The
given technique does not have far-field requirement and it is used for near field, the
curved (spherical) wavefronts caused by near field operation are decomposed into planewave components using an additional Fourier transform step.
The earlier algorithms used the Fresnel approximation and it caused to limit resolution
severely in the near field imaging systems. There has been a significant advance with the
Holographic Image Reconstruction Algorithm over the earlier digital reconstruction
algorithm. In the derivation of the algorithm slowly varying amplitude functions are
ignored, because it is tested that they will not have a significant effect on the
reconstructed image. The amplitude has little effect on the reconstructed image, but the
phase is quite important parameter for the algorithm. Proper handling of the phase is one
of the important determining factors of the effectiveness of the image reconstruction [4].

Fourier transform takes an important place for Holographic Imaging Reconstruction
algorithm and it is computed using the Fast-Fourier-transform (FFT) algorithm
efficiently. There is not any far-field approximation used in the derivation. Therefore,
the only limitation on the resolution obtained is the diffraction-limited resolution
imposed by the frequency, source and receiver beamwidths, size of aperture, and
distance to the target [4].

A 2-D image can be reconstructed by using information gathered by 2-D antenna array
which operate at single frequency; a 3-D image can be reconstructed by using
information gathered by 2-D planar array operating at multiple frequencies.

28

Transmitting element
Z
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O

Y

𝑅0
2-D Planar Aperture
Figure 10 Imaging geometry for Holographic Image Reconstruction Algorithm

Firstly, 2-D image formation is examined. The antennas are placed at position
(𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ) and the target points are assumed to be placed at position (𝑥, 0, 𝑧). The target
points are centered at the origin. The 𝑦-coordinate of target space is considered as
constant to reconstruct a 2-D image using single frequency 𝑘1 . In the following equation
(4), 𝐷(𝑥 ′ , 𝑧 ′ , 𝑘1 ) denotes the signal which is scattered from a single point target and
received by an antenna placed at location (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ). This equation is written using
Born assumption which says that the scattering between the point targets are neglected,
in other words there is no interaction between point targets. The single point is located at
(𝑥, 0, 𝑧) and reflectivity of the single point target is defined as 𝑓(𝑥, 0, 𝑧).
In the simplest term, 𝐷(𝑥 ′ , 𝑧 ′ , 𝑘1 ) can be written as in (4) using amplitude and roundtrip
phase information of the signal. The distance between the antenna placed at location
(𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ) and the point scatterer placed at location (𝑥, 0, 𝑧) is expressed as R.

𝑅 = √(𝑥 − 𝑥 ′ )2 + (𝑅𝑜 )2 + (𝑧 − 𝑧 ′ )2

𝐷(𝑥 ′ , 𝑧 ′ , 𝑘1 ) = 𝑓(𝑥, 0, 𝑧).
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1
. 𝑒 −𝑗𝑘1 2𝑅
2
4𝜋𝑅

(3)
(4)

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 ) denotes the signal received by the antenna placed at location (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ )
scattered from all point targets in the scene. 𝑘1 denotes the wavenumber of transmitted
signal. 𝑓(𝑥, 0, 𝑧) denotes the reflectivity function of the target. So, 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 ) is the
superposition of the signals scattered from all point targets, and obtained by integrating
𝐷(𝑥 ′ , 𝑧 ′ , 𝑘1 ) over the target space. In this process, the amplitude decay part given in (4)
is removed because it has little effect on the resulting image.

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 ) = ∬ 𝑓(𝑥, 0, 𝑧)𝑒 −𝑗𝑘1 2√(𝑥−𝑥

′ )2 +(𝑅 )2 +(𝑧−𝑧 ′ )2
𝑜

𝑑𝑥𝑑𝑧

(5)

The wavenumber is denoted by 𝑘 = 𝜔/𝑐, where 𝜔 is the temporal angular frequency
and 𝑐 is the speed of light. The exponential term given in (5) can be decomposed into a
superposition of plane wave components where 𝑘𝑥′ and 𝑘𝑧′ are the Fourier-transform
variables corresponding to 𝑥 ′ and 𝑧 ′ , respectively [4]. In equation (6), 𝑘𝑦 is 𝑦component of wavenumber vector of the plane waves.

𝑒

−𝑗2𝑘√(𝑥−𝑥 ′ )2 +(𝑅𝑜 )2 +(𝑧−𝑧 ′ )2

=

∬𝑒

(6)

𝑗𝑘𝑥′ (𝑥 ′ −𝑥)+𝑗𝑘𝑦 (𝑅𝑜 )+𝑗𝑘𝑧′ (𝑧 ′ −𝑧)

𝑑𝑘𝑥′ 𝑑𝑘𝑧 ′

When (6) is used in (5) the resulting equation becomes as shown in (7). The 2D Fourier
transform in the equation is the starting point for the next steps.

2D Fourier Transform of 𝑓(𝑥, 𝑦0 , 𝑧)
′

′

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 ) = ∬ [∬ 𝑓(𝑥, 0, 𝑧)𝑒 −𝑗(𝑘𝑥 𝑥+𝑘𝑧 𝑧) 𝑑𝑥𝑑𝑧]
′ ′ +𝑘 ′ 𝑧 ′ +𝑘 𝑅 )
𝑧
𝑦 𝑜

× 𝑒 𝑗(𝑘𝑥 𝑥

𝑑𝑘𝑥 ′ 𝑑𝑘𝑧 ′

(7)

In (5), reflectivity function 𝑓(𝑥, 0, 𝑧) can be considered as 𝑓(𝑥, 𝑧) because y-coordinate
is fixed. And 𝐹(𝑘𝑥 , 𝑘𝑧 ) is the Fourier transform of 𝑓(𝑥, 𝑧). Then using these relations,
equation given in (7) is written as given in (8).
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′ ′ +𝑘 ′ 𝑧 ′ )
𝑧

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 ) = ∬ 𝐹(𝑘𝑥 , 𝑘𝑧 ). 𝑒 𝑗𝑘𝑦 𝑅𝑜 . 𝑒 𝑗(𝑘𝑥 𝑥

𝑑𝑘𝑥 ′ 𝑑𝑘𝑧 ′

(8)

According to Fourier transform theorem, 𝑠(𝑥 ′ , 𝑧 ′ ) is the inverse Fourier transform of the
𝐹(𝑘𝑥 , 𝑘𝑧 )𝑒 𝑗𝑘𝑦 𝑅𝑜 term as given in (9).
−1
𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 ) = 𝐹𝑇2𝐷
[𝐹(𝑘𝑥 , 𝑘𝑧 )𝑒 𝑗𝑘𝑦 𝑅𝑜 ]

(9)

The goal here is to obtain 𝑓(𝑥, 𝑧) which is the target reflectivity function. To accomplish
this, using Fourier transform relations the reflectivity function is obtained in (12).
𝐹(𝑘𝑥 , 𝑘𝑧 )𝑒 𝑗𝑘𝑦 𝑦0 = 𝐹𝑇2𝐷 [𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 )]

(10)

𝐹(𝑘𝑥 , 𝑘𝑧 ) = 𝐹𝑇2𝐷 [𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 )]. 𝑒 −𝑗𝑘𝑦 𝑅𝑜

(11)

−1
𝑓(𝑥, 𝑧) = 𝐹𝑇2𝐷
[𝐹𝑇2𝐷 [𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 )]𝑒 −𝑗𝑘𝑦 𝑅𝑜 ]

(12)

Using the dispersion relation for electromagnetic plane waves 𝑘𝑦 is obtained as given in
(14).
𝑘𝑥2 + 𝑘𝑦2 + 𝑘𝑧2 = (2𝑘1 )2

𝑘𝑦 = √4𝑘1 2 − 𝑘𝑥2 − 𝑘𝑧2

(13)
(14)

In the equation given in (14), 𝑘𝑦 must be positive. The field modes which satisfy the
inequality (4𝑘1 2 > 𝑘𝑥2 + 𝑘𝑧2 ) are the so-called propagating modes, whereas those which
do not propagate are the evanescent modes.

Finally, the reconstruction algorithm is summarized in (15).
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−1
𝑓(𝑥, 𝑧) = 𝐹𝑇2𝐷
[𝐹𝑇2𝐷 [𝑆(𝑥 ′ , 𝑧 ′ , 𝑘1 )]𝑒

−𝑗√4𝑘1 2 −𝑘𝑥2 −𝑘𝑧2 .(𝑅𝑜 )

]

(15)

.
The block diagram of the formulations of the 2-D Holographic Image Reconstruction
Algorithm is given in Figure 11.

Figure 11 Block diagram of 2-D Holographic Image Reconstruction Algorithm

Construction of 3-D images of target space needs frequency multiplicity instead of
single frequency. The general requirement for reconstruction of 3-D reflectivity images
is 2-D antenna aperture which operates on wide-band. Wide-band Holographic Image
Reconstruction Algorithm is similar to single-frequency holography in principal with the
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extension to wide-band illumination which allows for true 3-D high-resolution imagery
from a 2-D planar aperture. The wide-band algorithm assumes that there are no multiple
reflections between the targets and also there are no dispersion or polarization changes
due to target.

The imaging geometry for 3-D holographic imaging is shown in Figure 10 and it is
totally same with 2-D holographic imaging. The antennas are placed at position
(𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ) and the target points are assumed to be placed at position (𝑥, 𝑦, 𝑧) inside the
given volume which is centered at the origin. The transmitter antennas located at
(𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ) and emit waveforms with the wavenumber 𝑘. In the following equation (17),
𝐷(𝑥 ′ , 𝑧 ′ , 𝑘) denotes the signal which is scattered from a single point target and received
by an antenna placed at location (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ). This equation is written using Born
assumption which says that the scattering between the point targets are neglected, in
other words there is no interaction between point targets. The single point is located at
(𝑥, 𝑦, 𝑧) and reflectivity of the single point target is defined as 𝑓(𝑥, 𝑦, 𝑧).
In the simplest term, 𝐷(𝑥 ′ , 𝑧 ′ , 𝑘) can be written as in (17) using amplitude and roundtrip
phase information of the signal. Where 𝑘 = 𝜔/𝑐 is the wavenumber, 𝜔 is the temporal
angular frequency, 𝑅 is the distance between the antenna placed at location
(𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ) and the point scatterer placed at location (𝑥, 𝑦, 𝑧).

𝑅 = √(𝑥 − 𝑥 ′ )2 + (𝑦 − 𝑅𝑜 )2 + (𝑧 − 𝑧 ′ )2

𝐷(𝑥 ′ , 𝑧 ′ , 𝑘) = 𝑓(𝑥, 𝑦, 𝑧).

1
. 𝑒 −𝑗𝑘2𝑅
4𝜋𝑅 2

(16)
(17)

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) denotes the signal received by the antenna placed at location (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ )
scattered from all point targets in the scene. 𝑘 denotes the wavenumber of transmitted
signal. 𝑓(𝑥, 𝑦, 𝑧) denotes the reflectivity function of the target. So, 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) is the
superposition of the signals scattered from all point targets, and obtained by integrating
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𝐷(𝑥 ′ , 𝑧 ′ , 𝑘) over the target space. In this process, the amplitude decay part given in (17)
is removed because it has little effect on the resulting image.

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) = ∭ 𝑓(𝑥, 𝑦, 𝑧)𝑒 −𝑗𝑘2√(𝑥−𝑥

′ )2 +(𝑦−𝑅 )2 +(𝑧−𝑧 ′ )2
𝑜

𝑑𝑥𝑑𝑦𝑑𝑧

(18)

The exponential term given in (18) can be decomposed into a superposition of plane
wave components where 𝑘𝑥′ and 𝑘𝑧′ are the Fourier-transform variables corresponding to
𝑥 ′ and 𝑧 ′ , respectively [4]. In equation (19), 𝑘𝑦 is 𝑦-component of wavenumber vector
of the plane waves.

𝑒 −𝑗2𝑘√(𝑥−𝑥

′ )2 +(𝑦−𝑅 )2 +(𝑧−𝑧 ′ )2
𝑜
′

=

∬ 𝑒 𝑗𝑘𝑥 (𝑥

′ −𝑥)+𝑗𝑘 ′ (𝑧 ′ −𝑧)+𝑗𝑘 (𝑅 −𝑦)
𝑧
𝑦 𝑜

(19)
𝑑𝑘𝑥 ′ 𝑑𝑘𝑧 ′

When (19) used in (18), the resulting equation becomes as shown in (20) and it can be
seen that there is a 2D Fourier transform in this equation. Using this relation and the 2-D
Fourier transform definitions described in Appendix A, we get (20).
𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) = ∬ [∭ 𝑓(𝑥, 𝑦, 𝑧)𝑒 −𝑗(𝑘𝑥′ 𝑥+𝑘𝑧′ 𝑧+𝑘𝑦 𝑦) 𝑑𝑥𝑑𝑦𝑑𝑧]
× 𝑒 𝑗(𝑘𝑥′ 𝑥

′ +𝑘

𝑧′

𝑧 ′ +𝑘𝑦 𝑅𝑜 )

𝑑𝑘𝑥 ′ 𝑑𝑘𝑧 ′

(20)

In the equation given in (20), 𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) represents the Fourier transform
of 𝑓(𝑥, 𝑦, 𝑧). Then equation (20) can be written as equation (21).

′ ′ +𝑘 ′ 𝑧 ′ +𝑘 𝑅 )
𝑧
𝑦 𝑜

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) = ∬ 𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ). 𝑒 𝑗(𝑘𝑥 𝑥

𝑑𝑘𝑥 ′ 𝑑𝑘𝑧 ′

(21)

According to Fourier transform theorem it can be seen that 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) is the inverse
Fourier transform of the 𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) term.
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−1
𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) = 𝐹𝑇2𝐷
[𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ). 𝑒 𝑗𝑘𝑦 𝑅0 ]

(22)

The goal here is to obtain 𝑓(𝑥, 𝑦, 𝑧) which is the target reflectivity function, for this we
can write the next steps as,
𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ). 𝑒 𝑗𝑘𝑦 𝑅0 = 𝐹𝑇2𝐷 [𝑠(𝑥 ′ , 𝑧 ′ , 𝑘)]

(23)

𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) = 𝐹𝑇2𝐷 [𝑆(𝑥 ′ , 𝑧 ′ , 𝑘)]. 𝑒 −𝑗𝑘𝑦 𝑅0

(24)

−1
𝑓(𝑥, 𝑦, 𝑧) = 𝐹𝑇3𝐷
[𝐹𝑇2𝐷 [𝑆(𝑥 ′ , 𝑧 ′ , 𝑘)]𝑒 −𝑗𝑘𝑦 𝑅0 ]

(25)

Using the dispersion relation for electromagnetic plane waves 𝑘𝑦 is obtained as given in
(27).
𝑘𝑥2 + 𝑘𝑦2 + 𝑘𝑧2 = (2𝑘)2

(26)

𝑘𝑦 = √4𝑘 2 − 𝑘𝑥2 − 𝑘𝑧2

(27)

In the equation given in (27), 𝑘𝑦 must be positive. The field modes which satisfy the
inequality (4𝑘 2 > 𝑘𝑥2 + 𝑘𝑧2 ) are the so-called propagating modes, whereas those which
do not propagate are the evanescent modes.

Thus, the reconstruction algorithm is summarized in (28).

−1
𝑓(𝑥, 𝑦, 𝑧) = 𝐹𝑇3𝐷
[𝐹𝑇2𝐷 [𝑆(𝑥 ′ , 𝑧 ′ , 𝑘)]𝑒

−𝑗√4𝑘 2 −𝑘𝑥2 −𝑘𝑧2 .(𝑅0 )

]

(28)

.
The equation given in (28) is sufficient for reconstruction of image reflectivity function
when input data is defined in 𝑥, 𝑧 and 𝜔 dimensions continuously. However, for
practical applications, the data will be discretely sampled at uniform intervals of position
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and frequency. Therefore, the data 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) is assumed to be uniformly sampled in
each variable. Since the data is uniformly sampled in 𝑥 and 𝑧 coordinates the 2-D FFT
may be used to obtain a sampled version of 𝑆(𝑘𝑥 , 𝑘𝑧 , 𝑘). Since the angular wavenumber
𝑘 is a function of 𝑘𝑥 , 𝑘𝑦 and 𝑘𝑧 , this data will contain samples of 𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ).
However, these samples are non-uniformly spaced in 𝑘𝑦 . The samples will be uniformly
spaced in 𝑘𝑥 and 𝑘𝑧 due to uniformly spaced antenna elements, and will lie on
concentric spheres of radius 𝑘 . In order to perform the inverse 3-D FFT in (28), the data
will need to be resampled to uniformly spaced positions in 𝑘𝑦 . This is easily
accomplished using linear interpolation techniques [4].

The block diagram of the formulations of the 3-D Holographic Image Reconstruction
Algorithm is given in Figure 12.

Figure 12 Block diagram of 3-D Holographic Image Reconstruction Algorithm
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Spatial and Frequency Sampling
Data gathering and image reconstruction require that the input data is sampled
discretely. Successful sampling requires that the Nyquist sampling criterion must be
satisfied. The factors that give the required sampling along the aperture are the
wavelength, size of the aperture, size of the target and distance to the target. The Nyquist
criterion for spatial sampling will be satisfied if the phase shift from one sample point to
the next is less than π rad. For this reason, antenna spacing criterion is defined in (29)
stating that practical imaging systems can often employ sampling intervals in the order
of 𝜆/2 [4].
∆𝑥 <

𝜆𝑚𝑖𝑛
2

(29)

The required frequency sampling is determined in a similar way as given in (30)
where ∆𝑅 is the length of target space in the range direction [4].

∆𝑓 <

𝑐
2. ∆𝑅

(30)

Alternatively, the number of frequency samples for a bandwidth 𝐵 must be as in (31)
where the number of frequency samples is given as 𝑁𝑓 = 𝐵/∆𝑓 [4].

𝑁𝑓 >

2. 𝐵. ∆𝑅
𝑐

(31)

Range and Cross Range Resolutions
The image-reconstruction technique mentioned in this section relies on formation of the
image in spatial frequency domain by using 2-D FFT. So, the resolution of the image
can be determined directly by examining the width of the coverage in the spatial
frequency domain.
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𝑘𝑥 , 𝑘𝑧
2(𝑘2 − 𝑘1 )

𝜃𝑏

2𝑘1

2𝑘2

𝑘𝑦

4𝑘𝑐 sin(𝜃𝑏 ⁄2)

Figure 13 Spatial frequency coverages in range and cross-range directions
For spatial domain, the spatial frequency coverage of the polar region is shown in Figure
13. If this region is approximated by a rectangle, then the width in the 𝑘𝑥 -direction is
approximately 4𝑘𝑐 sin(𝜃𝑏 ⁄2), where 𝑘𝑐 is the wavenumber at the center frequency
and 𝜃𝑏 is the lesser of the full beamwidth of the antenna or the angle subtended by the
aperture. In spatial domain, a frequency coverage of width ∆𝑘𝑥 and ∆𝑘𝑧 results in a
spatial coverage of width 𝛿𝑥 ≈ 2𝜋⁄∆𝑘𝑥 and 𝛿𝑧 ≈ 2𝜋⁄∆𝑘𝑧 . As a result, using the
relations (𝑘𝑥 = 4𝑘𝑐 sin(𝜃𝑏 ⁄2) and 𝑘𝑧 = 4𝑘𝑐 sin(𝜃𝑏 ⁄2)) cross-range resolution in 𝑥 and
𝑧 directions are same and given in (32) and (33).

𝛿𝑥 ≈

λ𝑐
4sin(𝜃𝑏 ⁄2)

(32)

𝛿𝑧 ≈

λ𝑐
4sin(𝜃𝑏 ⁄2)

(33)

For an aperture-limited system with range much greater than the aperture, the crossrange resolution may be approximated by (34) where 𝐹# ≡ 𝑅0 ⁄𝐿𝑥,𝑧 is the optical 𝐹
number, 𝐿𝑥 and 𝐿𝑧 are the lengths of the 2-D antenna aperture.
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λ𝑐
𝐹#
2

(34)

𝛿𝑥 ≈

λ𝑐 𝑅0
𝑐𝑅0
=
2𝐿𝑥
2𝑓𝑐 𝐿𝑥

(35)

𝛿𝑧 ≈

λ𝑐 𝑅0
𝑐𝑅0
=
2𝐿𝑧
2𝑓𝑐 𝐿𝑧

(36)

𝛿𝑥,𝑧 ≈

The spatial frequency width in the 𝑘𝑦 direction is given as 2(𝑘2 − 𝑘1 ). The lower and
higher wavenumbers of the system is given as 𝑘1 and 𝑘2 . The spatial frequency width
results in a range resolution 𝛿𝑦 given in (37) where the temporal frequency bandwidth of
the system is defined as 𝐵 [4].

𝛿𝑦 ≈

2𝜋
𝑐
=
2(𝑘2 − 𝑘1 ) 2𝐵

(37)

3.2. RANGE MIGRATION ALGORITHM
A 3-D imaging technique called Range Migration Algorithm is given in [2]. The
imaging geometry in Figure 14 is the same as the geometry given for Holographic Image
Reconstruction Algorithm. A planar 2-D antenna array is assumed to be located in the
near field of the target. Input data for the algorithm must be in the frequency domain.
This frequency domain data can be implemented using stepped frequency radar. The
resolutions in vertical and horizontal cross-range directions are given by the dimensions
of real or synthetic aperture. The resolution in the range is given by the synthesized
frequency bandwidth.
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Transmitting element
Z

Tx/Rx Antenna (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ )

Receiving element

(𝑥, 𝑦, 𝑧)

Target point cloud

X

Y

O

𝑅0
2-D Planar Aperture
Figure 14 Imaging geometry for Range Migration Algorithm

The transceiver antennas are positioned at (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ) and synthesize a rectangular
aperture or a planar real antenna aperture on a plane parallel to the 𝑋𝑍 plane at a
distance 𝑅0 . The measurement points form a rectangular grid with spacing ∆𝑥 and ∆𝑧 in
the horizontal and vertical cross-range directions, respectively. The target points are
assumed to be placed at a position (𝑥, 𝑦, 𝑧) in a target space around the origin. At each
antenna position the synthesized frequency bandwidth is 𝐵. Thus, the acquired
backscatter data 𝐷(𝑥 ′ , 𝑧 ′ , 𝑓) is a function of two spatial coordinates and the operating
frequency.
wavenumber

The

frequency

variable

is

directly

related

to

the

frequency

𝑘 = 2𝜋𝑓/𝑐. Consequently, the measurement data can also be denoted

as 𝐷(𝑥 ′ , 𝑧 ′ , 𝑘). Assuming that there is a point scatterer located at (𝑥, 𝑦, 𝑧) with
reflectivity 𝑓(𝑥, 𝑦, 𝑧), the measured backscattered data by the single antenna located
at (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ) is given in (38) where 𝑅 is the range to point scatterer given in (40).
𝐷(𝑥 ′ , 𝑧 ′ , 𝑘) = 𝑓(𝑥, 𝑦, 𝑧). 𝑒 𝑗𝑘2𝑅0 . 𝑒 −𝑗𝑘2𝑅

(38)

𝑓(𝑥, 𝑦, 𝑧) = 𝐷(𝑥 ′ , 𝑧 ′ , 𝑘). 𝑒 −𝑗𝑘2𝑅0 . 𝑒 𝑗𝑘2𝑅

(39)
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𝑅 = √(𝑥 − 𝑥 ′ )2 + (𝑦 − 𝑅0 )2 + (𝑧 − 𝑧 ′ )2

(40)

𝐷(𝑥 ′ , 𝑧 ′ , 𝑘) is defined differently from the defined one in the Holographic Image
Reconstruction method. The first exponential in (38) establishes the phase reference at
the center of the target space which is at a distance 𝑅0 from the aperture. The second
exponential simply accounts for the phase information associated with the point
scatterer. For the sake of simplicity, losses due to free-space propagation ignored and the
amplitude decay according to distance is removed from the equation given in (38).

Using the equation given in (38), the reflectivity of a point scatterer can be given as in
(39) according to single transceiver antenna which transmits and receives a signal with a
single frequency. Using the equation given in (39), the reflectivity map of target space
can be expressed as in (41) by integrating the received field on the antenna array
aperture with the frequency wavenumber. In (41), 𝐴 denotes the surface of the antenna
aperture, 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) denotes the signal scattered from all point targets in the scene and
received by the antenna placed at location (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ ). So, 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) is the
superposition of the signals scattered from all point targets, and obtained by integrating
𝐷(𝑥 ′ , 𝑧 ′ , 𝑘) over the target space as in (42). The backscattered data of single point
scatterer 𝐷(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) is replaced with 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) in the equation given in (41). The
reflectivity of target space is represented by 𝑓(𝑥, 𝑦, 𝑧).

𝑓(𝑥, 𝑦, 𝑧) = ∭ 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) 𝑒 −𝑗2𝑘𝑅0 𝑒 𝑗2𝑘√(𝑥−𝑥

′ )2 +(𝑦−𝑅 )2 +(𝑧−𝑧 ′ )2
0

𝑑𝑥 ′ 𝑑𝑧 ′ 𝑑𝑘

(41)

𝐴,𝑘

𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) = ∭ 𝐷(𝑥 ′ , 𝑧 ′ , 𝑘)𝑑𝑥𝑑𝑦𝑑𝑧

(42)

Equation given in (41) can be reformulated as in (43) in order to show that the equation
which gives the 3-D reflectivity map of the target space can be implemented by means
of a 2-D convolution and frequency integration.
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𝑓(𝑥, 𝑦, 𝑧) = ∫ 𝑒 −𝑗2𝑘𝑅0 ∬ 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘)
𝑘

𝐴

× 𝑒 𝑗2𝑘√(𝑥−𝑥

′ )2 +(𝑦−𝑅 )2 +(𝑧−𝑧 ′ )2
0

𝑑𝑥 ′ 𝑑𝑧 ′ 𝑑𝑘

(43)

In the equation given in (43), the 2-D convolution in the aperture coordinates (𝑥 ′ , 𝑧 ′ ) can
be computed in the Fourier domain as a complex product if 2-D Fourier transform given
in (44) is known [2].

𝐸(𝑘𝑥 , 𝑘𝑧 ) = ∬ 𝑒 𝑗2𝑘√𝑥

2 +(𝑦−𝑅 )2 +𝑧 2
0

𝑒 (−𝑗𝑘𝑥 𝑥−𝑗𝑘𝑧 𝑧) 𝑑𝑥 𝑑𝑧

(44)

The evaluation of the integral is not possible using general basic methods. Under the
suitable conditions, these kinds of integrals can be evaluated using the method of
stationary phase (MSP) which is a special method relies on the cancellation of sinusoids
with rapidly varying phase [2]. Actually, the method states that the main contribution to
integral comes from the stationary phase where the derivative of the phase is zero and
gives an asymptotic expansion for the integral. The evaluation of the integral is given in
[2] in detail and result of the integral is given in (45) where 𝑘𝑦 = √4𝑘 2 − 𝑘𝑥2 − 𝑘𝑧2 .

𝐸(𝑘𝑥 , 𝑘𝑧 ) ≅

4𝜋𝑘 −𝑗𝑘 (𝑦−𝑅 )
0
𝑒 𝑦
𝑗𝑘𝑦2

(45)

Convolution theorem states that under certain conditions the Fourier transform of a
convolution is the pointwise product of Fourier transforms. In other words, convolution
in time domain equals point-wise multiplication in the frequency domain as given in
(46) and (47).
𝐹{𝑓 ∗ 𝑔} = 𝐹{𝑓} ∗ 𝐹{𝑔}

(46)

𝑓 ∗ 𝑔 = 𝐹 −1 {𝐹{𝑓} ∗ 𝐹{𝑔}}

(47)
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The convolution part of (43) is given in (48).

∬𝐴 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘) × 𝑒 𝑗2𝑘√(𝑥−𝑥

′ )2 +(𝑦−𝑅 )2 +(𝑧−𝑧 ′ )2
0

𝑑𝑥 ′ 𝑑𝑧 ′

(48)

𝑔

𝑓

Then using the equation given in (47), the convolution given in (48) can be expressed as
in (49) by taking Fourier transforms of 𝑓 and 𝑔 parts of the equation. In (49),
𝑆(𝑘𝑥 , 𝑘𝑧 , 𝑘) denotes the Fourier transform of 𝑆(𝑥 ′ , 𝑧 ′ , 𝑘). The Fourier transform of 𝑔
part of the equation is given in (45).

𝑓 ∗ 𝑔 = 𝐹 −1 {𝑆(𝑘𝑥 , 𝑘𝑧 , 𝑘).

4𝜋𝑘 −𝑗𝑘 (𝑦−𝑅 )
0 }
𝑒 𝑦
𝑗𝑘𝑦2

(49)

The inverse Fourier transform given in (49) is represented in (50) explicitly.

𝑓 ∗ 𝑔 = ∬ 𝑆(𝑘𝑥 , 𝑘𝑧 , 𝑘).

4𝜋𝑘 −𝑗𝑘 (𝑦−𝑅 ) 𝑗𝑘 𝑥 𝑗𝑘 𝑧
0 . 𝑒 𝑥 . 𝑒 𝑧 𝑑𝑘 𝑑𝑘
𝑒 𝑦
𝑥
𝑧
𝑗𝑘𝑦2

(50)

Replacing the convolution part in (43) by the equation given in (50), the reflectivity
function is rewritten as given in (51).

𝑓(𝑥, 𝑦, 𝑧) ≅ ∭ 𝑆(𝑘𝑥 , 𝑘𝑧 , 𝑘)
𝐾

4𝜋𝑘 −𝑗2𝑘𝑅
0
𝑒
𝑗𝑘𝑦2

× 𝑒 𝑗(𝑘𝑥 𝑥+𝑘𝑧 𝑧−𝑘𝑦 (𝑦−𝑅0 )) 𝑑𝑘𝑥 𝑑𝑘𝑑𝑘𝑧

(51)

The last exponential term takes the form of the 3-D inverse Fourier transform. However,
prior to this 3-D inverse Fourier transform, the wavenumber domain backscatter data
need to be resampled uniformly in 𝑘𝑦 . Then, by substituting the frequency wavenumber
variable 𝑘 by 𝑘𝑦 , the reflectivity image takes the form given in (52). The amplitude term
given in (51) has been modified due to change of variable (𝑘 → 𝑘𝑦 ) [2].
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𝑓(𝑥, 𝑦, 𝑧) ≅ ∭ 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )
𝐾

2𝜋 −𝑗(2𝑘−𝑘 )𝑅
𝑦 0
𝑒
𝑗𝑘𝑦

× 𝑒 𝑗(𝑘𝑥 𝑥+𝑘𝑧 𝑧−𝑘𝑦 𝑦) 𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑧

(52)

Equation given in (52) is rewritten by using the relation 𝑘𝑦 = √4𝑘 2 − 𝑘𝑥2 − 𝑘𝑧2 as given
in (53).

𝑓(𝑥, 𝑦, 𝑧) ≅ ∭ 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )
𝐾

×𝑒

2𝜋 −𝑗(2𝑘−√4𝑘 2 −𝑘𝑥2 −𝑘𝑧2 )𝑅0
𝑒
𝑗𝑘𝑦

𝑗(𝑘𝑥 𝑥+𝑘𝑧 𝑧−√4𝑘 2 −𝑘𝑥2 −𝑘𝑧2 .𝑦)

𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑧

(53)

Equation given in (53) states that reflectivity image can be reconstructed by taking the 3D inverse Fourier transform of multiplication of the resampled wavenumber domain
backscatter data by a complex exponential which is known as matched filter [2].

Using the equation given in (53), the image reconstruction process can be naturally split
into four sequential steps as given in Figure 15. These steps are 2-D cross-range FFT,
matched filtering, Stolt interpolation, and 3-D IFFT.
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Figure 15 Block diagram of 3-D Range Migration Algorithm

The first and last steps are simple multidimensional FFT operations which can be done
simply using computer software. But, the matched and Stolt interpolation parts of the
algorithm deserve a more detailed investigation.

The matched filter is necessary to make correction which is called as the motion
compensation to the wavenumber domain backscatter data to correct the phenomenon of
defocus. The motion compensation corrects the wavefront curvature of all scatterers at
the same ground range as the scene center. Actually, this operation is very similar to
adjusting the focus manually by taking photos. For radar imaging, this is done by
entering the range to the scene center 𝑅0 to the algorithm manually. The phase and
amplitude of matched filter is space-invariant and depends only on the range to the scene
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center 𝑅0 , the frequency and the cross-range wavenumbers. The phase of matched filter
is given by (54) where the dispersion relation is given by (55).
∅𝑀𝐹 (𝑘𝑥 , 𝑘, 𝑘𝑧 ) = −2𝑘𝑅0 + 𝑘𝑦 𝑅0
= −2𝑘𝑅0 + √4𝑘 2 − 𝑘𝑥2 − 𝑘𝑧2 . 𝑅0

𝑘𝑦 = √4𝑘 2 − 𝑘𝑥2 − 𝑘𝑧2

(54)

(55)

In (55), 𝑘𝑦 must be real and, therefore, the region in the wavenumber domain where the
asymptotic expansion of the MSP is valid reduces to (56).

𝑘2 ≥

(𝑘𝑥2 + 𝑘𝑧2 )
4

(56)

The field modes must satisfy the inequality given in (56) to be able to be a propagating
mode otherwise they are called as evanescent modes which oscillates but do not
propagate. So, these evanescent modes must be eliminated in the algorithm and this
operation is done by discarding the data points in the wavenumber domain outside the
region defined by (56) through a mask prior to the matched filter [2].

Stolt interpolation is the third step in the 3-D Range Migration Algorithm and applied
after matched filtering. This interpolation compensates the range curvature of all
scatterers by an appropriate warping of the wavenumber domain backscatter data. After
matched filtering, the data still include frequency component (𝑘) and spatial frequency
components (𝑘𝑥 , 𝑘𝑧 ). Prior to 3-D inverse Fourier transform, the data must be resampled
in spatial frequency domain (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) uniformly. In this circumstance, change of
variables defined by Stolt interpolation must be done for all data. It is important to check
the inequality given in (56), and apply same mask, which used in matched filtering step,
for the evanescent modes to eliminate them. As a result of these processes, the
wavenumber domain backscatter data will be uniformly sampled in the 𝑘𝑦 domain [2].
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Spatial and Frequency Sampling
Assuming that the target is surrounded within a rectangular box of dimensions 𝐷𝑥 ×
𝐷𝑦 × 𝐷𝑧 and located at distance of 𝑅0 from the origin, the required sampling steps in
the measurement to satisfy the Nyquist criterion are given by (57-63) where 𝜆𝑚𝑖𝑛 is the
wavelength at the maximum working frequency, 𝐿𝑥 ad 𝐿𝑧 are the length of the antenna
array.
𝐷𝑥

Target Area

𝑅0
𝑅1

𝑅2

array aperture
∆𝑥
𝐿𝑥
Figure 16 Illustration of Nyquist sampling criteria for RMA
The Nyquist criterion for spatial sampling will be satisfied if the phase shift from one
sample point to the next is less than π rad. The difference between the propagation paths
of the first two transceivers is given in (57).

𝑘|𝑅1 − 𝑅2 | ≤ 𝜋

|𝑅1 − 𝑅2 | ≤

𝜆𝑚𝑖𝑛
2

(57)

Using the geometry given in Error! Not a valid bookmark self-reference. , the
distances 𝑅1 and 𝑅2 are written in (58) and (59).
𝑅1 = 2√𝑅0 2 + (
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𝐷𝑥 + 𝐿𝑥 2
)
2

(58)

2

𝑅2 = 2√𝑅0

2

𝐷𝑥 + 𝐿𝑥
+ ((
) − ∆𝑥 )
2

(59)

The difference between the two propagation paths can be approximated as given in (60)
[2].
(𝐷𝑥 + 𝐿𝑥 )

|𝑅1 − 𝑅2 | ≈ ∆𝑥 .

√(𝐷𝑥 + 𝐿𝑥 )2 ⁄4 + 𝑅0 2

(60)

Substituting (60) in (57), the limitation of antenna separation at the edge of tranceiver
array is given in (61). The limitation of antenna seperation for the z-axis is given in (62),
correspondingly.

.
∆𝑥 ≤

𝜆𝑚𝑖𝑛 √(𝐿𝑥 + 𝐷𝑥 )2 ⁄4 + 𝑅02
2
𝐿𝑥 + 𝐷𝑥

(61)

∆𝑧 ≤

𝜆𝑚𝑖𝑛 √(𝐿𝑧 + 𝐷𝑧 )2⁄4 + 𝑅02
2
𝐿𝑧 + 𝐷𝑧

(62)

Frequency sampling criterion is given in (63) according to Nyquist theorem.

∆𝑓 ≤

𝑐
2𝐷𝑦
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(63)

Range and Cross Range Resolutions
The parameters that determine the resulting 3-D image resolutions are the frequency
bandwidth, the center frequency of the operating bandwidth, the dimensions of the
antenna array aperture and the distance of the target space from the antenna array
aperture. The range resolution depends only on the frequency bandwidth as expressed in
(64) where 𝐵 is the frequency bandwidth and 𝑐 is the speed of light.

𝛿𝑦 ≅

𝑐
2𝐵

(64)

The horizontal and vertical cross-range resolutions are given in (65) and (66). 𝐿𝑥 and 𝐿𝑧
are the lengths of the 2-D antenna aperture and 𝜆𝑐 is the wavelength at the center
frequency 𝑓𝑐 .

𝛿𝑥 ≅

𝜆𝑐 𝑅0
𝑐𝑅0
=
2𝐿𝑥
2𝑓𝑐 𝐿𝑥

𝛿𝑧 ≅

𝜆𝑐 𝑅0
𝑐𝑅0
=
2𝐿𝑧
2𝑓𝑐 𝐿𝑧

(65)

(66)

In practice, the final resolutions are generally slightly poorer than the given theoretical
resolutions by the above formulas. There are many factors of the reason such as sidelobe
effects, multipath propagation and scattering and other approximations
3.3. MIMO BASED RANGE MIGRATION ALGORITHM
The MIMO based Range Migration Algorithm is similar with the conventional RMA
given in the previous section. As the name suggests, MIMO antenna configuration is the
main difference which also cause some modifications on the conventional RMA.

The MIMO array is an array configuration which contains multiple transmit antennas to
emit electromagnetic fields and multiple receive antennas to collect scattered or reflected
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electromagnetic fields from the target. MIMO arrays are different from the phased arrays
which transmit and receive with the same set of antenna elements. A MIMO array can
transmit different waveforms from different antenna elements to achieve simultaneous
transmission and reception. Simultaneous transmission and reception property of MIMO
array is not used in this thesis, instead of this, the same waveform transmitted from all
transmitter antennas and transmission/reception operations are done sequentially.

Because of multiple transmit and receive antennas, the spatial diversity is achieved to
collect more information about the target. This spatial diversity increases the cross-range
image resolutions. By using a large operational bandwidth with the MIMO array, high
resolution in both cross-range and range directions can be achieved with much fewer
antennas compared to monostatic antenna array. This result gives the opportunity to
reduce reducing data acquisition time, power consumption and system costs. A real-time
wideband MIMO array is designed and a fast 3-D image reconstruction algorithm is
achieved with high resolution in [1].

Conventional RMA algorithms are based on the exploding reflector model, which
assumes collocated transceiver pairs and requires monostatic (or SAR) data acquisition.
So, the conventional algorithms can’t be applied directly to MIMO array configurations.
The algorithm and formulations given for monostatic data acquisition is modified for the
separate multiple transmit and receive antennas and, as a result a modified version of
conventional RMA is given in [1]. The given formulation for MIMO array also
compensates the curvature of wavefront as in conventional one through an interpolation
process among the frequency-wavenumber and spatial frequency domains. The
spreading loss don’t eliminated in the modified formulations although it has little effect
on the result. The matched filtering improves the resolution and quality of the images by
doing a kind of focusing process. Fourier transforms is achieved by multidimensional
FFT algorithm which gives high computational efficiency to the system [1].

The imaging geometry shown in
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Figure 17 is used for gathering information to be processed by MIMO based RMA. A 2D MIMO array consisting of both transmit and receive antennas illuminates a target that
is located in the near-field of the array aperture. The receiver and transmitter antennas
are separately located, so it is an example of bistatic radars.
Transmitting element
Z

Tx Antenna (𝑥𝑇𝑥 , 0, 𝑧𝑇𝑥 )

Receiving element
Target point cloud
(𝑥, 𝑦, 𝑧)

X

Y

Rx Antenna (𝑥𝑅𝑥 , 0, 𝑧𝑅𝑥 )
𝑅0

Figure 17 Imaging geometry for MIMO based Range Migration Algorithm

The notation used in this technique has some differences compared to the previous
imaging techniques as a result of MIMO configuration. The location of transmitter
antennas are denoted as (𝑥𝑇𝑥 , 0, 𝑧𝑇𝑥 ), and the receiver antennas are denoted
as (𝑥𝑅𝑥 , 0, 𝑧𝑅𝑥 ). Both transmit and receive subarrays form a rectilinear grid in the
horizontal and vertical cross-range directions. The aperture dimensions of subarrays and
the number of antenna used in the subarrays can be chosen independently from each
other.

Born approximation assumes that there is no interaction between the target points. Under
the assumption of Born Approximation, the received field at the corresponding
transmitter

and

receiver

pair

due

to

single

point

target

at

(𝑥, 𝑦, 𝑧) with

reflectivity 𝑓(𝑥, 𝑦, 𝑧) can be expressed as in (67) where 𝑅𝑇𝑥 and 𝑅𝑅𝑥 are the distances
between transmitter to point target and receiver to point target respectively as shown in
(68) and (69).
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𝐷(𝑥𝑇𝑥 , 𝑥𝑅𝑥 , 𝑧𝑇𝑥 , 𝑧𝑅𝑥 , 𝑘) =

1
. 𝑝(𝑘). 𝑓(𝑥, 𝑦, 𝑧) . 𝑒 −𝑗𝑘𝑅𝑇𝑥 . 𝑒 −𝑗𝑘𝑅𝑅𝑥
4𝜋𝑅𝑇𝑥 𝑅𝑅𝑥

(67)

𝑅𝑇𝑥 = √(𝑥𝑇𝑥 − 𝑥)2 + 𝑦 2 + (𝑧𝑇𝑥 − 𝑧)2

(68)

𝑅𝑅𝑥 = √(𝑥𝑅𝑥 − 𝑥)2 + 𝑦 2 + (𝑧𝑅𝑥 − 𝑧)2

(69)

In the Holographic Image Reconstruction and Range Migration Algorithm, propagation
loss is ignored [4], [2]. In MIMO based RMA, spreading losses due to the free-space
propagation are taken into consideration in (67) due to the near field imaging geometry
[1].
The expression given in (67) is transformed in to the spatial frequency domain over 𝑥
and 𝑧 -dimensions of the transmitter and receiver apertures, respectively, as in (70).

𝐷(𝑘𝑥𝑇 , 𝑘𝑥𝑅 , 𝑘𝑧𝑇 , 𝑘𝑧𝑅 , 𝑘)
=

1
𝑓(𝑥, 𝑦, 𝑧) . 𝑝(𝑘). 𝐸(𝑘𝑥𝑇 , 𝑘𝑧𝑇 , 𝑘). 𝐸(𝑘𝑥𝑅 , 𝑘𝑧𝑅 , 𝑘)
4𝜋

(70)

The 4-D spatial Fourier transform can be computed as a complex product if the
following 2-D spatial Fourier transforms of the two exponentials given in (71) and (72)
were known [1].

𝐸(𝑘𝑥𝑇 , 𝑘𝑧𝑇 , 𝑘) = ∬
.𝑒

(𝑥𝑇𝑥 −

𝑥)2

1
.
+ 𝑦 2 + (𝑧𝑇𝑥 − 𝑧)2

−𝑗𝑘√(𝑥𝑇𝑥 −𝑥)2 +𝑦 2 +(𝑧𝑇𝑥 −𝑧)2

. 𝑒 −𝑗𝑘𝑥𝑇 .𝑥𝑇𝑥 . 𝑒 −𝑗𝑘𝑧𝑇 .𝑧𝑇𝑥 . 𝑑𝑥𝑇𝑥 . 𝑑𝑧𝑇𝑥
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(71)

𝐸(𝑘𝑥𝑅 , 𝑘𝑧𝑅 , 𝑘) = ∬

.𝑒

1
2

(𝑥𝑅𝑥 − 𝑥) + 𝑦 2 + (𝑧𝑅𝑥 − 𝑧)

2.

−𝑗𝑘√(𝑥𝑅𝑥 −𝑥)2 +𝑦 2 +(𝑧𝑅𝑥 −𝑧)2

(72)

. 𝑒 −𝑗𝑘𝑥𝑅 .𝑥𝑅𝑥 . 𝑒 −𝑗𝑘𝑧𝑅 .𝑧𝑅𝑥 . 𝑑𝑥𝑅𝑥 . 𝑑𝑧𝑅𝑥
By applying the Method of Stationary Phase (MSP), the evaluation of the Fourier
transforms (71) and (72) results in (73) and (74) [1].

𝐸(𝑘𝑥𝑇 , 𝑘𝑧𝑇 , 𝑘) =

𝑗2𝜋 −𝑗𝑘𝑦 .𝑦−𝑗𝑘𝑥 .𝑥−𝑗𝑘𝑧 .𝑧
𝑇
𝑇
𝑇
.𝑒
𝑘𝑦𝑇

(73)

𝐸(𝑘𝑥𝑅 , 𝑘𝑧𝑅 , 𝑘) =

𝑗2𝜋 −𝑗𝑘𝑦 .𝑦−𝑗𝑘𝑥 .𝑥−𝑗𝑘𝑧 .𝑧
𝑅
𝑅
𝑅
.𝑒
𝑘𝑦𝑅

(74)

The used dispersion relations are given in (75) and (76).

𝑘𝑦𝑇 = √𝑘 2 − 𝑘𝑥𝑇 2 − 𝑘𝑧𝑇 2

(75)

𝑘𝑦𝑅 = √𝑘 2 − 𝑘𝑥𝑅 2 − 𝑘𝑧𝑅 2

(76)

By utilizing the expressions in (73) and (74), the 4-D spatial Fourier transform in (70)
can be written as in (77).

𝐷(𝑘𝑥𝑇 , 𝑘𝑥𝑅 , 𝑘𝑧𝑇 , 𝑘𝑧𝑅 , 𝑘) = −

𝜋
. 𝑓(𝑥, 𝑦, 𝑧) . 𝑝(𝑘)
𝑘 𝑦𝑇 . 𝑘 𝑦𝑅

𝑒 −𝑗𝑘𝑦𝑇 .𝑦−𝑗𝑘𝑥𝑇 .𝑥−𝑗𝑘𝑧𝑇 .𝑧 . 𝑒 −𝑗𝑘𝑦𝑅 .𝑦−𝑗𝑘𝑥𝑅 .𝑥−𝑗𝑘𝑧𝑅 .𝑧
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(77)

The expression given in (77) is further simplified as given in (78) where the 3-D
dispersion relations are defined as in (79).
𝐷(𝑘𝑥𝑇 , 𝑘𝑥𝑅 , 𝑘𝑧𝑇 , 𝑘𝑧𝑅 , 𝑘) = − 𝑘

𝜋
𝑦𝑇 .𝑘𝑦𝑅

. 𝑓(𝑥, 𝑦, 𝑧). 𝑝(𝑘)
. 𝑒 −𝑗𝑘𝑥 .𝑥 . 𝑒 −𝑗𝑘𝑦 .𝑦 . 𝑒 −𝑗𝑘𝑧 .𝑧

(78)

𝑘𝑥 = 𝑘𝑥𝑇 +𝑘𝑥𝑅
𝑘𝑧 = 𝑘𝑧𝑇 + 𝑘𝑧𝑅

(79)

𝑘𝑦 = √𝑘 2 − 𝑘𝑥𝑇 2 − 𝑘𝑧𝑇 2 + √𝑘 2 − 𝑘𝑥𝑅 2 − 𝑘𝑧𝑅 2

Based on (78) and (79), the total received wave field 𝑆(𝑘𝑥𝑇 , 𝑘𝑥𝑅 , 𝑘𝑧𝑇 , 𝑘𝑧𝑅 , 𝑘) of the 2-D
MIMO array due to a distributed target over the space 𝑜(𝑥, 𝑦, 𝑧) can be expressed as in
(80).

𝑆(𝑘𝑥𝑇 , 𝑘𝑥𝑅 , 𝑘𝑧𝑇 , 𝑘𝑧𝑅 , 𝑘) = ∭ 𝐷 (𝑘𝑥𝑇 , 𝑘𝑥𝑅 , 𝑘𝑧𝑇 , 𝑘𝑧𝑅 , 𝑘)𝑑𝑥𝑑𝑦𝑑𝑧
𝑜(𝑥,𝑦,𝑧)

= −𝑘

𝜋
𝑦𝑇 .𝑘𝑦𝑅

. 𝑝(𝑘). ∭𝑜(𝑥,𝑦,𝑧) 𝑓(𝑥, 𝑦, 𝑧). 𝑒 −𝑗𝑘𝑥 𝑥 . 𝑒 −𝑗𝑘𝑦 𝑦 . 𝑒 −𝑗𝑘𝑧 𝑧 𝑑𝑥 𝑑𝑦𝑑𝑧

(80)

It is clear from (80) that the reflectivity map 𝑓(𝑥, 𝑦, 𝑧) can be expressed as the inverse
Fourier transform of the collected MIMO array data set. The 3-D image reconstruction
−1
procedure takes the form as given in (81) where 𝐹𝑇3𝐷
indicates 3-D inverse Fourier

transformation and 𝑆̅(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) represents the resampled backscatter data over 3-D
spatial frequencies after multiplying with a scaling factor.

𝑓(𝑥, 𝑦, 𝑧) = ∭ 𝑆̅ (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ). 𝑒 𝑗𝑘𝑥 𝑥 . 𝑒 𝑗𝑘𝑦 𝑦 . 𝑒 𝑗𝑘𝑧 𝑧 𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑧
−1 ̅
= 𝐹𝑇3𝐷
{𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )}

𝑆̅(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) =

𝑘𝑦𝑇 . 𝑘𝑦𝑅
𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )
𝜋𝑝(𝑘)
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(81)

(82)

The scaling factor 𝑘𝑦𝑇 . 𝑘𝑦𝑅 given in (82) has the significant effect in the filtering
operation because, the parameters 𝑘𝑦𝑇 and 𝑘𝑦𝑅 are directly related to the frequency –
wavenumber 𝑘. In the equation (81), it is indicted that the 3-D reflectivity image can be
represented as 3-D inverse Fourier transform of the filtered and interpolated MIMO
array dataset. Interpolation process rearranges the originally collected data sets into a
new data format over 𝑘𝑥 , 𝑘𝑦 and 𝑘𝑧 using the dispersion relations defined in (79). This
arrangement is a 5-D to 3-D data interpolation process which enables to achieve image
reconstruction for 2-D multiple input multiple output array configurations [1].

The formulations are given above and the implementation method of these formulations
needs to be determined. Based on the formulations given in (81) and (82), the image
reconstruction algorithm can be investigated in four sequential steps. These steps can be
given as 4-D cross-range FFT (it can be 5-D if the original data is gathered in time
domain), filtering operation, interpolation between the spatial frequency and frequencywavenumber domains (5-D to 3-D interpolation) and 3-D inverse FFT operation. The
block diagram of the image reconstruction algorithm is given in Figure 18.
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Figure 18 Block diagram of MIMO based Range Migration Algorithm

The first and last steps of the given block diagram are related to FFT operation on a
multidimensional matrix. If the input data is taken in time domain, FFT operation in the
first step would be 5-D instead of 4-D. The Nyquist criteria must be satisfied of all
spatial frequencies in order to avoid aliasing. In order to prepare the data for
interpolation where spatial frequencies over transmit and receive arrays must be fused
into the same grid of data; the sampling steps of spatial frequencies for both arrays shall
be the same. The antenna array must be designed significantly so that the relations given
in (83) and (84) must be satisfied where 𝑁𝑇𝑥 , 𝑁𝑅𝑥 , 𝑁𝑇𝑧 , 𝑁𝑅𝑧 and represent the number of
array elements, and ∆𝑇𝑥 , ∆𝑅𝑥 , ∆𝑇𝑧 , ∆𝑅𝑧 and are the sampling steps (antenna spacing) for
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transmit/receive arrays along both cross-range directions. Specifically, zero-padding is
an option to satisfy the relations given in (83) and (84) before the FFT operation [1].
𝑁𝑇𝑥 . ∆𝑇𝑥 = 𝑁𝑅𝑥 . ∆𝑅𝑥

(83)

𝑁𝑇𝑧 . ∆𝑇𝑧 = 𝑁𝑅𝑧 . ∆𝑅𝑧

(84)

Among all the steps of the block diagram given in Figure 18, the interpolation process
has the most important place. The interpolation process compensates the range curvature
of all scatterers by appropriate warping of the wavenumber-domain backscatter data.
After the multidimensional FFT and filtering operation, the data is still in the spatial
frequency domains (𝑘𝑥𝑇 , 𝑘𝑥𝑅 , 𝑘𝑧𝑇 , 𝑘𝑧𝑅 ) as well as in wavenumber-frequency (𝑘) domain.
Firstly, the distributed data over the transmitters and receivers must be rearranged into
common spatial frequencies according to the relations given in (79). In this
rearrangement process, it is important that these common spatial frequencies must be
distributed uniformly. So, if the evaluated value as a result of the relations given in (79)
does not coincide with a uniformly distributed frequency value, then using an
interpolation method, the most reasonable value must be chosen among the uniformly
distributed frequency set. Prior to 3-D IFFT operation the data must be represented in
the k x , k y , k z domain. So the next step consists of change of variables from k to k y . The
point should be noted here is that 𝑘𝑦𝑇 and 𝑘𝑦𝑅 in (75) and (76) must be real values.
Therefore, the relations given in (85) and (86) must be met.
𝑘 2 > 𝑘𝑥𝑇 2 + 𝑘𝑧𝑇 2

(85)

𝑘 2 > 𝑘𝑥𝑅 2 + 𝑘𝑧𝑅 2

(86)

Spatial and Frequency Sampling
The performance of the image reconstruction depends largely on the spatial sampling of
the MIMO array. Due to Nyquist criterion, large antenna spacing result in aliasing which
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can be spread over the spatial frequencies by the interpolation process. To avoid aliasing
effects, the phase difference between two neighboring transmit/receive pairs has to be
less than π rad [1].

𝐷𝑥

Target Area

𝑅0
𝑅𝑇1

𝑅𝑇2

𝑅𝑅1

𝑅𝑅2

MIMO array
aperture

∆𝑅𝑥𝑎

∆ 𝑇𝑥𝑎

𝐿𝑅_𝑥
𝐿𝑇_𝑥
Figure 19 Illustration of Nyquist sampling criteria for the MIMO array

The method for estimating the Nyquist criteria based on the configuration of the MIMO
array is illustrated in Figure 19. For a target space located in the near field region, the
maximum phase difference among the transceiver pairs occurs at the opposite edges
between the target and the array aperture. If this maximum phase difference would be
less than π rad, then there will be no problem of aliasing. Thus, the relation that has to be
satisfied is given in (87).

𝑘|𝑅𝑅1 − 𝑅𝑅2 | ≤ 𝜋

𝑘|𝑅𝑅1 − 𝑅𝑅2 | ≤

𝜆𝑚𝑖𝑛
2

(87)

Using the geometry given in Figure 19, the distances 𝑅𝑅1 and 𝑅𝑅2 are written in (88) and
(89).
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𝑅𝑅1 = √𝑅0 2 + (

𝐷𝑥 + 𝐿𝑅_𝑥 2
)
2

(88)
2

𝑅𝑅2

= √𝑅0 2 + ((

𝐷𝑥 + 𝐿𝑅_𝑥
) − ∆𝑅𝑥𝑎 )
2

(89)

The difference between the two propagation paths can be approximated as given in (90)
[1].

(𝐷𝑥 + 𝐿𝑅_𝑥 )⁄2

|𝑅𝑅1 − 𝑅𝑅2 | ≈ ∆𝑅𝑥𝑎 .

2

√(𝐷𝑥 + 𝐿𝑅_𝑥 ) ⁄4 + 𝑅0 2

(90)

Substituting (90) in (87), the limitation of antenna separation at the edge of receive array
is given in (91). The limitation of antenna seperation at the edge of transmit array is
given in (92), correspondingly.

.

√(𝐿𝑅_𝑥 + 𝐷𝑥 )2 ⁄4 + 𝑅02
∆𝑅𝑥𝑎 ≤ 𝜆𝑚𝑖𝑛

.

(91)

𝐿𝑅_𝑥 + 𝐷𝑥

√(𝐿𝑇_𝑥 + 𝐷𝑥 )2⁄4 + 𝑅02
∆ 𝑇𝑥𝑎 ≤ 𝜆𝑚𝑖𝑛

(92)

𝐿𝑇_𝑥 + 𝐷𝑥

And also the results for z-axis are the same with x-axis as given (93) and (94).

.

√(𝐿𝑅_𝑧 + 𝐷𝑧 )2⁄4 + 𝑅02
∆𝑅𝑧𝑎 ≤ 𝜆𝑚𝑖𝑛

𝐿𝑅_𝑧 + 𝐷𝑧
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(93)

.

√(𝐿𝑇_𝑧 + 𝐷𝑧 )2 ⁄4 + 𝑅02
∆ 𝑇𝑧𝑎 ≤ 𝜆𝑚𝑖𝑛

(94)

𝐿𝑇_𝑧 + 𝐷𝑧

Frequency sampling criterion is given in (95) according to Nyquist theorem.
𝑐
∆𝑓 ≤
2𝐷𝑦

(95)

Range and Cross Range Resolutions
The resolution in the resulting 3-D image is affected by several parameters including the
dimensions of antenna array aperture, bandwidth, operating frequency, distance between
the array aperture and the center of the target space. The range resolution (along the
direction perpendicular to the array plane) is defined by the frequency bandwidth as
given in (96) [1].

𝛿𝑦 =

𝑐
2𝐵

(96)

The cross range resolutions along horizontal and vertical directions is given in (97) and
(98) where 𝐿𝑇_𝑥 and 𝐿𝑅_𝑥 are the widths of transmit and receive apertures along the
horizontal direction, whereas 𝐿𝑇_𝑧 and 𝐿𝑅_𝑧 are the widths along the vertical direction. In
addition, 𝜆𝑐 denote the wavelength at the center frequency [1].

𝛿𝑥 =

𝜆𝑐 𝑅0
𝐿𝑇_𝑥 + 𝐿𝑅_𝑥

(97)

𝛿𝑧 =

𝜆𝑐 𝑅0
𝐿𝑇_𝑧 + 𝐿𝑅_𝑧

(98)
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3.4. KIRCHHOFF MIGRATION ALGORITHM
MIMO based Kirchhoff Migration Algorithm is last radar imaging algorithm contained
in this thesis. It is a near field algorithm which operates at ultra-wideband frequency
range. A complete Kirchhoff Migration Algorithm which is used with SIMO and MIMO
array configurations is given in [16].

Kirchhoff migration algorithm is based on scalar wave equation and represents a
rigorous statement of Huygen’s principle. It provides significantly higher image quality
and lower sidelobe level compared to other migration techniques. Therefore, itis still the
most practical and efficient method used for seismic imaging. The Kirchhoff migration
algorithm originally based on exploding reflector model and applicable for monostatic
antenna arrays. According to several advantages of the MIMO array compared to
monostatic antenna array, it is reasonable to use MIMO array for Kirchhoff migration
algorithm to be able to collect more information about the target. But, it is not
straightforward to use MIMO array with Kirchhoff migration algorithm directly [16].
The Huygen’s principle states that if the value of a wave field is known on a closed
surface along with the normal and time derivative on that surface, the wave field at any
point interior to the surface can be calculated by the integration over the surface [16].
Due to this definition, an antenna array which has an enclosing surface geometry must
be provided for data acquisition so that all scattered fields are able to be intercepted by
the receivers. This requirement can be provided theoretically, but for a practical
implementation it is difficult to realize due to economic reasons, data acquisition time
limit and difficulties of using a closed cabin. On the other hand, there are negative
effects of using limited data-acquisition aperture inevitably. The limited aperture causes
different array responses to different locations of the same target. To explain it more
clearly, the same target located underneath the center of the array aperture and closer to
the aperture will have larger array response in the resulting image than those that are
placed closer to the edge of the aperture and further away from the aperture. In the near
field, the effect of limited aperture is far more severe than in far field. As suggested in
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[16], using a modified Kirchhoff migration algorithm with a backward expression of
Green’s function minimizes this effect of limited aperture.

The principle of Kirchhoff migration is to back propagate the field measured by the
receivers to the source plane at time zero through the migration point. The migration
point is the point whose reflectivity value is desired to know. The integration of the back
propagated field at time zero gives the reflectivity value of that migration point. In the
homogeneous isotropic medium, the vector wave equations reduce to scalar wave
equations, so it is suitable to apply the Kirchhoff migration to electromagnetic waves.
Time harmonic form of the vector wave equation in a source-free homogeneous medium
is given in (99).
∇ × ∇ × 𝐄 − 𝜔2 𝜇𝜀𝐄 = 0

(99)

By using the vector identity given in (100) and the fact that the divergence of the E-field
𝐄 is equal to zero in a source-free medium, equation given in (101) can be rewritten as
given in (102), where 𝑘 2 = 𝜔2 𝜇𝜀𝐄 with 𝜔 as the angular frequency and 𝜀 and 𝜇 as the
permittivity and permeability of the medium.
∇ × 𝐄 = ∇(∇. 𝐄) − ∇2 𝐄

(100)

∇2 𝐄 + 𝑘 2 𝐄 = 0

(101)

Kirchhoff’s Integral Theorem is valid for any solution 𝐄 of the scalar time independent
Helmholtz equation given in (102).
𝜕 2𝐄
+ 𝑘2𝐄 = 0
𝜕𝑥 2
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(102)

For the radial direction 𝑟 in a spherical coordinate system this equation becomes as
given in (103) which is satisfied by the field given in (104) where 𝐸0 ⁄𝑟 is the amplitude
at a distance 𝑟 from the origin of a spherical electromagnetic wave.
.
𝜕 2 𝐄 2 𝜕𝐄
+
=0
𝜕𝑟 2 𝑟 𝑑𝑟

𝐄=

𝐸0 𝑗𝑘𝑟
𝑒
𝑟

(103)

(104)

Kirchhoff’s Theorem states that the wave field 𝑈(𝑃) at a point 𝑃 is related to the wave
field 𝑈 on a surface 𝑆 enclosing 𝑃 by (105) where 𝑅 is the distance from 𝑃 to the surface
element 𝑑𝑆 and n is the direction normal to 𝑑𝑆 as given in Figure 20.

𝑈(𝑃) =

1
𝑒 𝑗𝑘𝑅 𝜕𝑈
𝜕 𝑒 𝑗𝑘𝑅
∬(
−𝑈
)𝑑𝑆
4𝜋 𝑆 𝑅 𝜕𝑛
𝜕𝑛 𝑅

(105)

Figure 20 Geometry of Kirchhoff Integral

Mathematically, the Kirchhoff integral is formulated in the related work [16] as given in
(106) which is also known as Rayleigh-Sommerfeld’s Formulation for planar screen
where 𝑆0 is the surface of the planar screen.
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𝑈(𝑃) =

1
𝜕𝑅 𝑗𝑘. 𝑈. 𝑒 −𝑗𝑘𝑅 𝑈. 𝑒 −𝑗𝑘𝑅
∬
[
+
] 𝑑𝑆
2𝜋 𝑆0 𝜕𝑛
𝑅
𝑅2

(106)

This formulation is rewritten according to geometry of migration for MIMO array in the
frequency domain as given in (107) and in the time domain as given in (108). The wave
field in the source-free medium surrounded by surface 𝑆0 is denoted by 𝑈 and unit
normal to 𝑆0 is denoted by 𝒏. The vector from the origin to the point where the wave
field is estimated is denoted by 𝒓. The vector from the origin to integration point is
denoted by 𝒓𝟎 . The distance between the integration point and the migration point is
denoted by 𝑅 = |𝒓 − 𝒓𝟎 |, and the related time is 𝜏 = 𝑅/𝑣 with 𝑣 as the propagation
speed in the medium.

𝑈(𝒓, 𝜔) =

1
𝜕𝑅 𝑗𝜔
1
−𝑗𝜔𝜏
∫
[
𝑈(𝒓
,
𝜔)𝑒
+
𝑈(𝒓𝟎 , 𝜔)𝑒 −𝑗𝜔𝜏 ] 𝑑𝑆0
𝟎
2
2
8𝜋 𝑆0 𝜕𝑛 𝑣𝑅
𝑅

(107)

1
𝜕𝑅 1 𝜕
1
∫
[
𝑢(𝒓𝟎 , 𝑡 − 𝜏) + 2 𝑢(𝒓𝟎 , 𝑡 − 𝜏)] 𝑑𝑆0
2
8𝜋 𝑆0 𝜕𝑛 𝑣𝑅 𝜕𝑡
𝑅

(108)

𝑢(𝒓, 𝑡) =

Data acquisiton surface 𝑆0

transmitter

Migration surface 𝑆1
X
𝑅′
Y

𝒓′𝟎
𝒓𝟎
receiver

𝒓𝟏
Z

𝑅

Figure 21 Geometry of migration for MIMO array
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The given Kirchhoff integral formulation has to be adapted to MIMO configuration
short range imaging. There are two issues have to be solved primarily. One of the issues
is that the derivation of the integrals are in (107) and (108) in one-way travel time.
These integrals can be only applied for collocated monostatic transmitter or receiver
which is located at the same place. So, it is not applicable to use the integrals directly
with MIMO array which consists of transmitters and receivers located at different
places.

The other issue have to be solved is that the approximation used in the far field
applications of the Kirchhoff Migration is not appropriate in the near field applications.
In the far field applications of the Kirchhoff integrals given in (107) and (108), the farfield approximation 𝜔⁄𝑅𝑣 ≫ 1⁄𝑅 2 is used for the first term and the second term is
dropped for the for the higher computation efficiency. So, in the near field ultrawideband application given in [16], both terms are kept in the integrals (107) and (108).

As a first step of implementation of integral formulation for the migration of MIMO
array, the wave fields on the migration surface 𝑆1 must be expressed using the wave
fields on the transmitters and the receivers of the surface 𝑆0 as shown in Figure 21. It is
assumed that the magnitudes of all radiating sources are identical.
Using the extrapolation operators, the scattered field from the point target 𝑈𝑆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑
is
1
expressed by using the received field 𝑈𝑆𝑟0 as given in (109) [16].
(𝑘𝑥 , 𝑘𝑧 , 𝑦1 , 𝜔) = 𝑈𝑆𝑟0 (𝑘𝑥 , 𝑘𝑧 , 𝑦0 , 𝜔). 𝐻(𝑘𝑥 , 𝑘𝑧 , ∆𝑦, 𝜔)
𝑈𝑆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑
1

𝐻(𝑘𝑥 , 𝑘𝑧 , ∆𝑦, 𝜔) =

𝜔
𝑗|∆𝑦|√( )2 −𝑘𝑥2 −𝑘𝑧2
𝑣
𝑒

∆𝑦 = 𝑦1 − 𝑦0

(109)

(110)

Using the same methods, the incident field to the point target 𝑈𝑆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
is expressed by
1
using the transmitted field 𝑈𝑆𝑠𝑜𝑢𝑟𝑐𝑒
as given in (111) [16].
0
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(𝑘𝑥 , 𝑘𝑧 , 𝑦0 , 𝜔). 𝐻(𝑘𝑥 , 𝑘𝑧 , −∆𝑦 ′ , 𝜔)
𝑈𝑆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
(𝑘𝑥 , 𝑘𝑧 , 𝑦1 , 𝜔) = 𝑈𝑆𝑠𝑜𝑢𝑟𝑐𝑒
1
0

𝐻(𝑘𝑥 , 𝑘𝑧 , ∆𝑦, 𝜔) = 𝑒

𝜔
−𝑗|∆𝑦 ′ |√( )2 −𝑘𝑥2 −𝑘𝑧2
𝑣

∆𝑦 ′ = 𝑦1 − 𝑦0′

(111)

(112)

Assuming the Born approximation is applicable for the scattered field, the relation
between incident field and scattered field for the point targets is expressed as given in
(113).
(𝑘𝑥 , 𝑘𝑧 , 𝑦, 𝜔) = 𝑓. 𝑈𝑆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
𝑈𝑆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑
(𝑘𝑥 , 𝑘𝑧 , 𝑦1 , 𝜔)
1
1

(113)

Now, using the (109), (111) and (113), the reflectivity is expressed as given in (114).
𝑈𝑆𝑟0 (𝑘𝑥 , 𝑘𝑧 , 𝑦0 , 𝜔). 𝐻(𝑘𝑥 , 𝑘𝑧 , ∆𝑦, 𝜔)
𝑓 = 𝑠𝑜𝑢𝑟𝑐𝑒
(𝑘𝑥 , 𝑘𝑧 , 𝑦0 , 𝜔). 𝐻(𝑘𝑥 , 𝑘𝑧 , −∆𝑦 ′ , 𝜔)
𝑈𝑆0

(114)

This equation is simplified assuming 𝑈𝑆𝑠𝑜𝑢𝑟𝑐𝑒
is a constant and taking into account that
0
𝐻(∆𝑦 ′ ) = 1⁄𝐻(− 𝑦 ′ ) as given in (115).
𝑓 = 𝑈𝑆𝑟0 (𝑘𝑥 , 𝑘𝑧 , 𝑦0 , 𝜔). 𝐻(𝑘𝑥 , 𝑘𝑧 , ∆𝑦, 𝜔). 𝐻(𝑘𝑥 , 𝑘𝑧 , ∆𝑦 ′ , 𝜔)

(115)

This equation is transformed into time domain and expressed as convolution operation
as given in (116).
𝑓 = 𝑈𝑆𝑟0 (𝑥, 𝑧, 𝑦0 , 𝑡) ∗ 𝐻(𝑥, 𝑧, ∆𝑦, 𝑡) ∗ 𝐻(𝑥 ′ , 𝑧 ′ , ∆𝑦 ′ , 𝑡)

𝐻(𝑥, 𝑧, ∆𝑦, 𝑡) =

(116)

1 𝜕 𝛿(𝑡 − 𝑟⁄𝑣 )
[
]
2𝜋 𝜕𝑦0
𝑟
(117)

𝐻(𝑥 ′ , 𝑧 ′ , ∆𝑦 ′ , 𝑡) =

′⁄

1 𝜕 𝛿(𝑡 − 𝑟 𝑣)
[
]
2𝜋 𝜕𝑦0′
𝑟′
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𝑟 2 = ∆𝑦 2 + 𝑥 2 + 𝑧 2
2

(118)

2

𝑟 ′ = ∆𝑦 ′ + 𝑥 2 + 𝑧 2

Using the formulation given in (108) and the time domain extrapolation operators given
in (117), the convolution is resulted as given in (119) where 𝑅 = |𝒓𝟏 − 𝒓𝟎 | and 𝑅 ′ =
|𝒓𝟏 − 𝒓′𝟎 | as shown in Figure 22, 𝜏 = 𝑅 ⁄𝑣 and 𝜏 ′ = 𝑅 ′ ⁄𝑣 are time delays for
corresponding transceivers, and 𝑆0 and 𝑆0′ represent the transmit and receive apertures,
respectively [16].
Transmitting element
Z

Tx Antenna (𝑥𝑇𝑥 , 0, 𝑧𝑇𝑥 )

Receiving element
Target point cloud

X

Y

O

Rx Antenna (𝑥𝑅𝑥 , 0, 𝑧𝑅𝑥 )
𝑅0

Figure 22 Imaging geometry for MIMO based Kirchhoff Migration Algorithm

𝜕𝑅 𝜕𝑅 ′ 1
′
𝑆0′ 𝜕𝑛 𝜕𝑛 𝑅𝑅

𝑓(𝒓1 ) = ∫ ∫
𝑆0

1 𝜕2
× [ 2 2 𝑈(𝒓𝟎 , 𝒓′𝟎 , 𝑡 − 𝜏 − 𝜏 ′ )
𝑣 𝜕𝑡
1 1 1 𝜕
+ ( + ′ ) 𝑈(𝒓𝟎 , 𝒓′𝟎 , 𝑡 − 𝜏 − 𝜏 ′ )
𝑣 𝑅 𝑅 𝜕𝑡
1
+
𝑈(𝒓𝟎 , 𝒓′𝟎 , 𝑡 − 𝜏 − 𝜏 ′ )] 𝑑𝑆0′ 𝑑𝑆0 | 𝑡=0
𝑅𝑅 ′
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(119)

Equation (119) is referred as forward MIMO based Kirchhoff migration integral and
used to reconstruct reflectivity images when the array aperture is able to intercept most
of the backscattered field from the target. If the data acquisition surface 𝑆0 is limited and
does not enclose the surface totally, the forward formulation is not good at
reconstructing of the images of the targets. The limited data acquisition surface gives
undesired different array responses to the targets with the same reflectivity due to
different positions of targets. For example; the targets located at longer distances has
weaker array response because smaller part of the scattered field are intercepted by the
data acquisition surface. The same effect is seen on the targets that are close to the edge
of the array compared to targets located close to the center. In order to reduce the
negative effects of limited aperture, the forward Green’s function is replaced with the
backward Green’s function given in (120) [16].
𝑅
𝐺𝑓𝑠 = 4𝜋𝑅. 𝛿(𝑡 + )
𝑣

(120)

The negative effect of array response can be minimized if the backward formulation is
used in the implementation. This minimization can be realized due to the compensation
of propagation loss at the transceiver pair level. Thus, weak array responses to the
targets at large distance or the limited coverage of data acquisition surface are corrected
prior to integration process. Therefore, the backward formulation gives the opportunity
of reducing the effects due to limited data acquisition surface. Despite the Huygen’s
principle which assumes that there is no source exists inside the integration surface 𝑆0
and backward Green’s function doesn’t satisfy the scalar wave equations, the results of
the experiments given in [16] show that the backward Kirchhoff migration practically
implements aperture equalization and gives complementary results to forward Kirchhoff
migration. Based on the backward Green’s function, after some derivations, the equation
in (121) is obtained in [16].

𝑢(𝒓, 𝑡) = 2 ∫
𝑆0

𝜕𝑅 1 𝜕
1
[
𝑢(𝒓𝟎 , 𝑡 + 𝜏) + 2 𝑢(𝒓𝟎 , 𝑡 + 𝜏)] 𝑑𝑆0
𝜕𝑛 𝑣𝑅 𝜕𝑡
𝑅
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(121)

The expression given in (121) represents the formulation for backward migration of the
wave field while the expression given in (108) represents the forward formulation. When
there is not enough data acquisition surface, it is recommended to use the backward
formulation [16].

The same procedure with the forward condition is followed for the backward condition
for array with multiple transmitter and receiver antennas. Then, the backward MIMO
Kirchhoff integral is given in (122) [16].
𝜕𝑅 𝜕𝑅 ′
𝑓(𝒓𝟏 ) = 4 ∫ ∫
𝑆0 𝑆0′ 𝜕𝑛 𝜕𝑛
×[

𝑅𝑅 ′ 𝜕 2
𝑢(𝒓𝟎 , 𝒓′𝟎 , 𝑡 − 𝜏 − 𝜏 ′ )
𝑣 2 𝜕𝑡 2
1
𝜕
+ (𝑅 + 𝑅 ′ ) 𝑢(𝒓𝟎 , 𝒓′𝟎 , 𝑡 − 𝜏 − 𝜏 ′ )
𝑣
𝜕𝑡
+𝑢(𝒓𝟎 , 𝒓′𝟎 , 𝑡 − 𝜏 − 𝜏 ′ )]𝑑𝑆0′ 𝑑𝑆0 | 𝑡=0

(122)

Equation given in (122) produces migrated images that are further compensated for
spreading loss and limited aperture effects according to [16].

The formulations given in (119) and (122) are time domain formulations. So, in order to
use them for wideband imaging system they must be written in frequency domain. They
are rewritten in (123) and (124) in the frequency domain.
𝜕𝑅 𝜕𝑅 ′ 1
′
𝑆0′ 𝜕𝑛 𝜕𝑛 𝑅𝑅

𝑓(𝒓1 ) = ∫ ∫
𝑆0

×[

1
′
(−𝜔2 ). 𝑈(𝒓0 , 𝒓′ 0 , 𝜔)𝑒 −𝑗𝜔𝜏 𝑒 −𝑗𝜔𝜏
2
𝑣
1 1 1
′
+ ( + ′ ). (𝑗𝜔). 𝑈(𝒓0 , 𝒓′ 0 , 𝜔)𝑒 −𝑗𝜔𝜏 𝑒 −𝑗𝜔𝜏
𝑣 𝑅 𝑅
1
′
+
𝑈(𝒓0 , 𝒓′ 0 , 𝜔)𝑒 −𝑗𝜔𝜏 𝑒 −𝑗𝜔𝜏 ] 𝑑𝑆0′ 𝑑𝑆0 | 𝑡=0
′
𝑅𝑅
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(123)

𝜕𝑅 𝜕𝑅 ′
𝑆0′ 𝜕𝑛 𝜕𝑛

𝑓(𝒓1 ) = 4 ∫ ∫
𝑆0

𝑅𝑅 ′
′
× [ 2 . (−𝜔2 ). 𝑈(𝒓0 , 𝒓′ 0 , 𝜔)𝑒 −𝑗𝜔𝜏 𝑒 −𝑗𝜔𝜏
𝑣
1
′
+ . (𝑅 + 𝑅 ′ ). (𝑗𝜔). 𝑈(𝒓0 , 𝒓′ 0 , 𝜔)𝑒 −𝑗𝜔𝜏 𝑒 −𝑗𝜔𝜏
𝑣
′

+𝑈(𝒓0 , 𝒓′ 0 , 𝜔)𝑒 −𝑗𝜔𝜏 𝑒 −𝑗𝜔𝜏 ]𝑑𝑆0′ 𝑑𝑆0 | 𝑡=0
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(124)

CHAPTER 4

SIMULATION RESULTS

In this chapter a few target models are defined and numbered to be used in the
simulations. These models simulate small metallic point targets that are located in a
defined cubic target space. The center of the target space is located at a distance of 𝑅0
from antenna array. The imaging geometry used in simulations is shown in Figure 23.
Working principle of antenna system on 2-D planar aperture differs according to used
imaging algorithm. It works monostatic (SISO), MIMO or SIMO based.

Z
𝐿𝑥

Tx/Rx Antenna (𝑥 ′ , 𝑦 ′ , 𝑧 ′ )
𝑫𝒚

X

𝑫𝒛

𝐿𝑧

(𝒙, 𝒚, 𝒛)
𝑫𝒙

𝑅0

Target Space

2-D Planar Aperture

Figure 23 Imaging geometry used in simulations
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Y

The used symbols for the lengths;
𝐿𝑥 = Length of planar array in 𝑥-dimension.
𝐿𝑧 = Length of planar array in 𝑧-dimension.
𝑅0 = Distance between the centers of target space to antenna array plane (in ydimension)
𝐷𝑥 = Length of target space in 𝑥-dimension.
𝐷𝑧 = Length of target space in 𝑧-dimension.
𝐷𝑦 = Length of target space in 𝑦-dimension.
𝑙1= Length of 1st set of target points
𝑙2 = Length of 2nd set of target points
The used target model is given in Figure 25. The point sets used in these models are
given in Figure 24.
𝑙2
𝑙1

𝑙2

Figure 24 Set of target points
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𝑙1

Figure 25 Target model 1 (left: front view; right: top view)

The four different planar antenna array models that are used in the simulations are given
in Figure 26, Figure 27, Figure 28 and Figure 29.

Z

Transmitting element

Tx/Rx Antenna (𝑥 ′ , 𝑅𝑜 , 𝑧 ′ )

Receiving element
Target point cloud
X

O

Y

𝑅0
2-D Planar Aperture
Figure 26 Planar array 1
“Planar array 1” is a SISO (Single Input Single Output) based system and used for 3-D
Holographic Image Reconstruction Algorithm and Range Migration Algorithm. In this
system receiver and transmitter are located at the same position which is called as
transceiver and act as monostatic radar. It can be done by using static transceiver
antennas which are electronically scanned, by a single antenna moving in the 𝑥 and 𝑦
directions mechanically or by a linear array moving 𝑥 or 𝑦 direction to scan the aperture.
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Scanning aperture mechanically is time consuming due to time needed for scanning.
Mechanical scanning takes more time compared to electronical scanning. If the target
position changes with time during scanning, it will cause distortions in the resulting
reflectivity image.
Transmitting element
Z

Tx Antenna (𝑥𝑇𝑥 , 0, 𝑧𝑇𝑥 )

Receiving element
Target point cloud

X

O

Y

Rx Antenna (𝑥𝑅𝑥 , 0, 𝑧𝑅𝑥 )
𝑅0
Figure 27 Planar array 2
“Planar array 2” is a MIMO (Multiple Input Multiple Output) system and is used for
MIMO based Range Migration Algorithm and MIMO based Kirchhoff Migration
Algorithm. In this system receivers and transmitters are located at different positions and
act as bistatic radar. Transmitter antennas transmit signals sequentially to the target
space. Reflected signal is gathered by all receivers and recorded. In this system
transmitter and receiver antennas are generally static and if necessary, electronic
scanning is used.
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Transmitting element
Z
Receiving element

Tx Antenna (𝑥𝑇𝑥 , 0, 𝑧𝑇𝑥 )

Target point cloud
X

O

Y

Rx Antenna (𝑥𝑅𝑥 , 0, 𝑧𝑅𝑥 )
𝑅0
Figure 28 Planar array 3
“Planar array 3” is another MIMO based antenna system which is used in MIMO based
Range Migration Algorithm.

Receiving element

Z

Transmitting element
Tx Antenna (𝑥𝑇𝑥 , 0, 𝑧𝑇𝑥 )
Target point cloud
X

O

Y

Rx Antenna (𝑥𝑅𝑥 , 0, 𝑧𝑅𝑥 )
𝑅0
Figure 29 Planar array 4

“Planar array 4” is a SIMO (Single Input Multiple Output) system and used for SIMO
based Kirchhoff Migration algorithm. Actually, it is single transmitter version of MIMO
array. Single transmitter antenna transmits signal to the target space and the scattered
signal is gathered by all receiver antennas.
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The resulting reflectivity images have been given in two forms in the next sections. Each
form consists of a pair of image. The 3-D image seen in Figure 30 consists of small
point targets located in the image space.

Figure 30 3-D reflectivity image

One form of reflectivity image representations is seen in the Figure 31 which represents
3-D image given in Figure 30 in the 2-D image format of XZ plane (front view) and XY
plane (top view). It is preferred to use 2-D images to represent 3-D reflectivity image,
because it may be hard to visualize a 3-D image for some simulation results. The 2-D
images, as in 3-D image, consist of small dots that represent the target points with
reflectivity values greater than a threshold value. It is important to use the same
threshold value for the simulations whose results are needed to be compared with each
other. So, unless indicated otherwise, the same threshold value is used for the
simulations.
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Figure 31 Reflectivity Image, (a) XZ plane, (b) XY plane

Second form of reflectivity image representation is seen in the Figure 32, which
represents the reflectivity of target space using colors. Red colors represent higher
reflectivity regions, blue colors represents low reflectivity regions. The images are in
2-D format and show the XZ plane cross-sections individually in the 𝑦-dimension where
1st and 2nd set of points are located. This representation form is used to support the first
representation form when it is needed.

Figure 32 Reflectivity Image, (a) 1st set of points, (b) 2nd set of points

77

4.1. Assumptions on Point Targets
It is said that the reflectivity of targets are uniform and the reflection between target
points are neglected in the calculations and simulations. Reflectivity is one of the factors
that affect radar cross section (RCS). RCS is also depends on other factors like absolute
size of target, relative size of target compared to wavelength, scattering angle and
polarization of scattered fields in terms of orientation of target.

In the simulations, RCS of the point targets is defined as uniform and unchanging
according to frequency and orientation of the point targets. So, the simulation results
given in this thesis may not be valid for the targets whose RCS varies highly according
to frequency and scattering angle.
4.2. Simulation Results Based on Theoretical Input Parameters
The antenna aperture dimensions, target space dimensions and input parameters used in
the simulations given in this chapter are listed below;

Antenna Aperture:

Target Space:

Other Parameters:

 𝐿𝑥 = 2m

 𝐷𝑥 = 1m

 𝑅0 = 1m

 𝐿𝑧 = 2m

 𝐷𝑧 = 1m

 Bandwidth = 9 – 15 GHz

 𝐷𝑦 = 1m
The “Target model 1” is used for all simulations given in this section. The used planar
array systems differ according to used algorithm. Other input parameters like antenna
spacing and frequency sampling are defined according to theoretical equations given in
Chapter 3 for each algorithm. The resulting resolutions are calculated according to
theoretical equations given in Chapter 3 for each algorithm.
3-D Holographic Image Reconstruction Algorithm
3-D Holographic Image Reconstruction Algorithm is applied to “Planar array 1” which
has an 𝐿𝑥 × 𝐿𝑧 aperture of transceiver antennas. There are some limitations that must be
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taken in consideration in the designed geometry. First of them is the spacing between the
antennas. The Nyquist criterion must be satisfied to avoid distortions on the reflectivity
image. The Nyquist criterion will be satisfied if the phase shift from one antenna to the
next is less than 𝜋 rad. According to equation given in (29), the upper limit for antenna
spacing is calculated as given in (125).
𝜆𝑚𝑖𝑛
𝑐
3 × 108
∆𝑥 ≤
=
=
= 10 × 10−3
9
2
2𝑓𝑚𝑎𝑥 2 × 15 × 10

(125)

The antenna spacing in the z-axis ∆𝑧 is the same with the antenna spacing in the 𝑥axis ∆𝑥. Then, the number of antennas 𝑁𝑥 and 𝑁𝑧 in 𝑥 and 𝑧-axes are the same and
determined as given in (126) and (127).
𝑁𝑥 ≥

𝐿𝑥
2
=
= 200
∆𝑥 10 × 10−3

(126)

𝑁𝑧 ≥

𝐿𝑧
2
=
= 200
∆𝑧 10 × 10−3

(127)

The required frequency sampling (in Hertz) is determined as given in (128).
𝑐
𝑐
3 × 108
∆𝑓 <
=
=
= 15 × 107
2. ∆𝑅
2. 𝐷𝑦
2×1

(128)

Then the resulting resolutions (in meter) are given in (129), (130) and (131) where the
beamwidth 𝜃𝑏 is taken as 𝜋.

𝛿𝑥 ≈

λ𝑐
20 × 10−3
=
= 5 × 10−3
⁄
)
⁄
)
4 sin(𝜃𝑏 2
4 × sin(𝜋 2

(129)

𝛿𝑧 ≈

λ𝑐
20 × 10−3
=
= 5 × 10−3
4 sin(𝜃𝑏 ⁄2) 4 × sin(𝜋⁄2)

(130)
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𝛿𝑦 ≈

2𝜋
𝑐
3 × 108
=
=
= 25 × 10−3
2(𝑘2 − 𝑘1 ) 2𝐵 2 × 6 × 109

(131)

3-D Holographic Image Reconstruction Algorithm applied according to calculated input
parameters above in MATLAB. The MATLAB code is given in Appendix B. The
resulting 3-D reflectivity image represented in XZ and XY planes are shown in Figure
33 and Figure 34.

Figure 33 Simulation result on XZ plane

Figure 34 Simulation result on XY plane
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Range Migration Algorithm
Range Migration Algorithm is applied to “Planar array 1” which has an 𝐿𝑥 × 𝐿𝑧 aperture
of transceiver antennas. The limitation about antenna spacing given in the Chapter 3 is
calculated in (132) and (133) (in meter).

𝜆𝑚𝑖𝑛 √(𝐿𝑥 + 𝐷𝑥 )2 ⁄4 + 𝑅02
= 𝜆𝑚𝑖𝑛 . 0.3 = 6 × 10−3
2
𝐿𝑥 + 𝐷𝑥

(132)

𝜆𝑚𝑖𝑛 √(𝐿𝑧 + 𝐷𝑧 )2⁄4 + 𝑅02
∆𝑧 ≤
= 𝜆𝑚𝑖𝑛 . 0.3 = 6 × 10−3
2
𝐿𝑧 + 𝐷𝑧

(133)

∆𝑥 ≤

Then 𝑁𝑥 and 𝑁𝑧 , the number of antenna in 𝑥 and 𝑧-axes, are the same and determined as
given in (134) and (135).

𝑁𝑥 ≥

𝐿𝑥
2
=
= 333.3
∆𝑥 6 × 10−3

(134)

𝑁𝑧 ≥

𝐿𝑧
2
=
= 333.3
∆𝑧 6 × 10−3

(135)

The step frequency (in Hertz) is determined according to the formulation given in (136).

∆𝑓 ≤

𝑐
3 × 108
=
= 15 × 107
2𝐷𝑦
2

(136)

Then the resulting image resolutions (in meter) are given in (137), (138) and (136).

𝛿𝑦 ≅

𝑐
3 × 108
=
= 25 × 10−3
2𝐵 2 × 6 × 107
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(137)

𝛿𝑥 ≅

𝜆𝑐 𝑅0
𝑐𝑅0
3 × 108 × 1
=
=
= 6.25 × 10−3
2𝐿𝑥
2𝑓𝑐 𝐿𝑥 2 × 12 × 109 × 2

(138)

𝛿𝑧 ≅

𝜆𝑐 𝑅0
𝑐𝑅0
3 × 108 × 1
=
=
= 6.25 × 10−3
2𝐿𝑧
2𝑓𝑐 𝐿𝑧 2 × 12 × 109 × 2

(139)

The Range Migration Algorithm is applied according to calculated input parameters
above in MATLAB. The MATLAB code is given in Appendix C. The resulting 3-D
reflectivity image represented in XZ and XY planes are shown in Figure 35 and Figure
36.

Figure 35 Simulation result on XZ plane

Figure 36 Simulation result on XY plane
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MIMO Based Range Migration Algorithm
MIMO based Range Migration Algorithm is applied to “Planar array 3” which has an
𝐿𝑥 × 𝐿𝑧 aperture of MIMO antenna system. The limitation about antenna spacing given
in the Chapter 3 is calculated as in (140) and (141) (in meter). Due to the geometry of
“Planar array 3”, ∆𝑅𝑧 and ∆𝑇𝑥 which are antenna spacings of receiver antennas in 𝑧dimension and transmitter antennas in 𝑥-dimension are not applicable.

2

∆𝑅𝑥 ≤ 𝜆𝑚𝑖𝑛

√(𝐿𝑅𝑥 + 𝐷𝑥 ) ⁄4 + 𝑅02
𝐿𝑅𝑥 + 𝐷𝑥

= 𝜆𝑚𝑖𝑛 . 0.6 = 12 × 10−3

(140)

= 𝜆𝑚𝑖𝑛 . 0.6 = 12 × 10−3

(141)

2

∆𝑇𝑧 ≤ 𝜆𝑚𝑖𝑛

√(𝐿𝑇𝑧 + 𝐷𝑧 ) ⁄4 + 𝑅02
𝐿𝑇𝑧 + 𝐷𝑧

Then the number of antennas for transmitting antenna array and receiving antenna array
in 𝑥 and 𝑦 dimensions (𝑁𝑇𝑧 , 𝑁𝑅𝑥 ) are the same and determined as given in (142) and
(143).

𝑁𝑅𝑥 ≥

𝐿𝑅𝑥
2
=
= 166.6
∆𝑅𝑥 12 × 10−3

(142)

𝑁𝑇𝑧 ≥

𝐿 𝑇𝑧
2
=
= 166.6
∆𝑇𝑧 12 × 10−3

(143)

Then the antenna number in the planar array can be taken as 167 for the transmitting and
receiving linear antenna array. The resulting image resolutions (in meter) are given in
(144), (145) and (146).

𝛿𝑦 =

𝑐
3 × 108
=
= 25 × 10−3
2𝐵 2 × 6 × 109
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(144)

𝛿𝑥 =

𝜆𝑐 𝑅0
3 × 108 × 1
=
= 12.5 × 10−3
𝐿𝑇_𝑥 + 𝐿𝑅_𝑥 2 × 12 × 109

(145)

𝛿𝑧 =

𝜆𝑐 𝑅0
3 × 108 × 2
=
= 12.5 × 10−3
𝐿𝑇_𝑧 + 𝐿𝑅_𝑧 2 × 12 × 109

(146)

The MIMO based Range Migration Algorithm is applied according to calculated input
parameters above in MATLAB. The MATLAB code is given in Appendix D. The
resulting 3-D reflectivity image represented in XZ and XY planes are shown in
Figure 37 and Figure 38.

Figure 37 Simulation result on XZ plane

Figure 38 Simulation result on XY plane
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Kirchhoff Migration Algorithm
Kirchhoff Migration Algorithm is applied to “Planar array 2” and “Planar array 4” which
are MIMO and SIMO antenna array of an 𝐿𝑥 × 𝐿𝑧 aperture. The Nyquist criterion is not
meaningful for this algorithm so that it is not a used for determining the minimum
antenna spacing. In this case, the minimum antenna spacing is determined under the goal
of minimal mutual coupling between the antenna elements. Mutual coupling is an
important design factor from the hardware point of view.

The antenna spacing and the resulting image resolutions are not given theoretically in
this thesis work. They are determined according to experimental results which are given
in Table 6. According to experimental results, 10×10 MIMO array on 2𝑚 ×2𝑚
aperture can be an example of proper design for data acquisition.

The MIMO based Kirchhoff Migration Algorithm is applied in MATLAB according to
determined input parameters. The MATLAB codes are given in Appendix E. The
resulting 3-D images are shown in Figure 39 and Figure 40 (10×10 MIMO array).

Figure 39 Simulation result on XZ plane
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Figure 40 Simulation result on XY plane

4.3. Detailed Analysis of Imaging Algorithms
The imaging algorithms have been implemented in the previous section on a defined
imaging geometry with the parameters calculated according to equations given in
Chapter 3. In this section, the effect of imaging geometry and the input parameters of the
system to the result is investigated.
3-D Holographic Image Reconstruction Algorithm
The simulation results of the algorithm with its input parameters are given in Table 3
which lies on a few pages. The first column on the left shows the simulation number.
Input parameters are given for each simulation and each simulation contains two
resulting reflectivity image. The image on the left shows XZ plane and the image on the
right shows XY plane. The simulations given in Table 3 are organized to explain the
effect of the input parameters to the simulation results.
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Table 3 Simulation results of Holographic Image Reconstruction Algorithm
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (150 × 150)

𝑓𝑐 = 12 × 109

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (100 × 100)

𝑓𝑐 = 12 × 109

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (75 × 75)

𝑓𝑐 = 12 × 109

1

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

2

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 =1

𝑅0 = 1

3
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Table 3 (continued)
#

Input Parameters & Simulation Results
target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1 𝑅0 = 1

𝐿𝑥 =1 𝐿𝑧 =1 (75 × 75)

𝑓𝑐 = 12 × 109

target model 1

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 12 × 109

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (150 × 150)

𝑓𝑐 = 12 × 109

4

𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 0.4

𝑅0 = 1

5

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 =0.4

𝑅0 = 1

6
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Table 3 (continued)
#

Input Parameters & Simulation Results
target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 =0.4 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (100 × 100)

𝑓𝑐 = 12 × 109

target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 =0.1 𝐷𝑦 =0.4 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 12 × 109

target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 =0.1 𝐷𝑦 =0.4 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 36 × 109

7

8

9
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Table 3 (continued)
#

Input Parameters & Simulation Results
target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 =0.1 𝐷𝑦 =0.4 𝑅0 = 0.2

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 12 × 109

target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 =0.1 𝐷𝑦 =0.4 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (400 × 400)

𝑓𝑐 = 12 × 109

target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 =0.1 𝐷𝑦 =0.4 𝑅0 = 1

𝐿𝑥 =4 𝐿𝑧 =4 (400 × 400)

𝑓𝑐 = 12 × 109

10

11

12
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Table 3 (continued)
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 1

∆𝑓 = 18 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (150 × 150)

𝑓𝑐 = 12 × 109

13

Formulation about antenna spacing to satisfy Nyquist criterion given in [4] may be
considered as a rough calculation to determine the minimum required spacing between
the transceiver antennas. It is determined for the worst case of input parameters and says
that the antenna spacing is only related with the minimum operating wavelength.
Although the given formulation says that the minimum required antenna spacing is
determined according to minimum operating frequency, it also depends on other factors
such as target space dimensions, distance of target space and antenna array aperture.

Although the formulations (126) and (127) say that at least 200×200 transceiver
antennas must be used on 2𝑚 ×2𝑚 aperture to satisfy the Nyquist criterion, as shown in
1st simulation result given in Table 3, the target image can be reconstructed satisfactorily
on the same aperture by using 150×150 transceiver antennas. In the 2nd simulation
result, because of reduction in the number of antennas to 100×100, some faulty points
begin to appear on the resulting reflectivity image. In the 3rd simulation result, because
of further reduction in the number of antennas to 75×75, the effect of noncompliance of
Nyquist criterion is shown obviously.
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In the previous paragraph the effect of increasing antenna spacing is given in terms of
Nyquist criterion and done by changing the number of antennas on the same aperture
which causes change in the antenna spacing. In this case there are two variables as
antenna spacing and the number of antenna, but the actual variable related with the
Nyquist criterion is the antenna spacing. Independently from Nyquist criterion, the
number of antenna must be a proper value to obtain reflectivity image correctly. The 4th
simulation result is given to understand the reason of the distortion of the reflectivity
image given in 3rd simulation result is not because of the inadequate number of antennas.
As shown in the 4th simulation result, 75×75 antenna array is used with enough antenna
spacing and the reflectivity image is reconstructed correctly.
The group of 5th, 6th and 7th simulation results is another set which shows the effects of
change in antenna spacing on the reflectivity image. In this set of simulations, the target
space dimensions are reduced to 0.4𝑚 ×0.4𝑚 ×0.4𝑚, in other words target points are
brought closer. Although only 150×150 antenna array is used in the 6th simulation,
result show that there is little difference compared to results of the 5th simulation. When
antenna number is reduced to100×100, distortion in the reconstructed image is seen
mainly due to aliasing which give rise to replicas of the image points on the resulting
image.
The 6th and 7th simulation results can be compared respectively with 1st and 2nd
simulation results which have the same number of antenna and antenna spacing. The
difference between two simulation sets is the spacing between the point targets and the
result of this difference is shown in terms of the distortions on the reflectivity image.

Reducing the spacing between target points too much and getting closer them to each
other results in the merging of image points as shown in the 8th simulation result. This
merging effect occurs because of the insufficient resolution of the imaging system to
resolve the closed spaced target points. This merging problem can be resolved using the
parameters in the equations (35) and (36) which are given for the cross range resolutions
of the imaging system.
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Increasing the center frequency increases the cross-range resolution according to
equations given in (35) and (36). The center frequency is chosen as 36 GHz in the 9th
simulation, while it is 12 GHz in the 8th simulation. As a result of increasing the center
frequency, the merged image points become distinguishable from each other as shown in
the 9th simulation.

Another parameter which is inversely proportional to resolution of the imaging system
is 𝑅0 which denotes the distance between target space and antenna array as given in (35)
and (36). The effect of reducing 𝑅0 is shown in the 8th and 10th simulation results. The
target space distance is chosen as 0.2𝑚 in the 10th simulation, while it is 1𝑚 in the 8th
simulation. As a result of reducing 𝑅0 , the merged image points become distinguishable
from each other as shown in the 10th simulation.
In the 11th simulation, the effect of antenna spacing to the resolution is examined
reducing antenna spacing to 5𝑚𝑚 when it is 10𝑚𝑚 in the 8th simulation. As a result,
400×400 antenna array is used for image reconstruction on 2𝑚 × 2𝑚 aperture. When
the 8th and 11th simulation results are compared with each other, it is seen that the effect
of reducing antenna spacing (or increasing antenna number on the same aperture) to
simulation result is not considerable. As shown in the 11th simulation result, the point
targets are merged to each other as in the 8th simulation result and there is not a
considerable effect of reducing antenna spacing to the image resolution. In other words,
once Nyquist criterion is satisfied, increasing antenna number further on the same
aperture does not make any contribution to the resolution.

Antenna array aperture dimensions are directly proportional to the resolution of imaging
system as given in (35) and (36). This situation can be observed in the 8th and 12th
simulations. In the 12th simulation, the antenna aperture is enlarged to 4𝑚 ×4𝑚 while
keeping the antenna spacing unchanged. As a result of increasing array aperture
dimensions, the merged image points become distinguishable from each other as shown
in the 12th simulation.
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The effect of frequency step is shown in the comparison of 1st and 13th simulation
results. The 1st simulation is done using a step frequency of 3 × 107 Hz, where
15 × 107 is the maximum value which is allowed by the Nyquist criterion. The 13th
simulation is done by using a step frequency of 18 × 107 Hz in the same frequency
band. Consequently, the distortion effects of the noncompliance with Nyquist criterion
are shown in the 13th simulation result.
Range Migration Algorithm
Range Migration Algorithm has been implemented on a defined imaging geometry with
the parameters calculated according to formulations given in Chapter 3. In this section,
the effect of imaging geometry and the input parameters of the system to the result are
investigated. The simulation results of the algorithm with its input parameters are given
in Table 4 which lies on a few pages. The simulations given in Table 4 are organized to
explain the effect of the input parameters to the simulation results.

Table 4 Simulation results of RMA
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 12 × 109

1
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Table 4 (continued)
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (100 × 100)

𝑓𝑐 = 12 × 109

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (75 × 75)

𝑓𝑐 = 12 × 109

planar array 1

∆𝑓 = 3 × 107

𝐿𝑥 =1 𝐿𝑧 =1 (75 × 75)

𝑓𝑐 = 12 × 109

2

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

3

target model 4
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

4
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Table 4 (continued)
#

Input Parameters & Simulation Results
target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 = 0.1 𝐷𝑦 = 0.4 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (350 × 350)

𝑓𝑐 = 12 × 109

target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 = 0.1 𝐷𝑦 = 0.4 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (350 × 350)

𝑓𝑐 = 36 × 109

target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 = 0.1 𝐷𝑦 = 0.4 𝑅0 = 0.2

𝐿𝑥 =2 𝐿𝑧 =2 (350 × 350)

𝑓𝑐 = 12 × 109

5

6

7
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Table 4 (continued)
#

Input Parameters & Simulation Results
target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 = 0.1 𝐷𝑦 = 0.4 𝑅0 = 1

𝐿𝑥 =4 𝐿𝑧 =4 (700 × 700)

𝑓𝑐 = 12 × 109

8

Operating frequency, antenna array aperture dimensions, target space dimensions and
the distance of target space from antenna array are the factors that affect the antenna
spacing to meet the Nyquist criterion according to equations (134) and (135).

In the first three simulations given in Table 4, the effect of antenna spacing is examined.
The result of the examination is the same with Holographic Image Reconstruction
Algorithm. Minimum required antenna spacing is determined theoretically according to
equations given in (134) and (135), and in this case minimum 334 × 334 antennas on
2m × 2m aperture must be used to satisfy the Nyquist criterion. But, it is observed in the
simulations that the reflectivity image can be reconstructed correctly by using fewer
antennas than the theoretical value. For the “Target model 1”, the image is correctly
reconstructed when 200 × 200 antenna array is used as shown in the 1st simulation
result. When the number of antenna reduced to 100 × 100, the distortion effects began to
appear on the reflectivity image in the 2nd simulation result. Distortion effects due to
noncompliance with Nyquist criterion can be observed totally when antenna number is
reduced to 75 × 75 in the 3rd simulation result.
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In the previous paragraph the effect of increasing antenna spacing is given in terms of
Nyquist criterion and done by changing the number of antennas on the same aperture
which causes change in the antenna spacing. In this case there are two variables as
antenna spacing and the number of antenna, but the actual variable related with the
Nyquist criterion is the antenna spacing. Independently from Nyquist criterion, the
number of antenna must be a proper value to obtain reflectivity image correctly. The 4 th
simulation result is given to understand the reason of the distortion of the reflectivity
image given in 3rd simulation result is not because of the inadequate number of antennas.
As shown in the 4th simulation result, 75×75 antenna array is used with enough antenna
spacing and the reflectivity image is reconstructed correctly.

Reducing the spacing between target points too much and getting closer them to each
other results in the merging of image points as shown in the 5th simulation result. This
merging effect occurs because of the insufficient resolution of the imaging system to
resolve the closed spaced target points. This merging problem can be resolved using the
parameters in the equations (65) and (66) which are given for the cross range resolutions
of the imaging system.

Increasing the center frequency increases the cross-range resolution according to
equations given in (65) and (66). The center frequency is chosen as 36 GHz in the 6th
simulation, while it is 12 GHz in the 5th simulation. As a result of increasing the center
frequency, the merged image points become distinguishable from each other as shown in
the 6th simulation.
In the 6th simulation result, the resolution is not enough to distinguish the point targets
from each other. In the 7th simulation, the effect of operating frequency is observed. As a
result of using 36 GHz, the image resolution is increased so that the target points
become distinguishable.
In the 7th simulation, the effect of distance between target points and the antenna
aperture which is denoted 𝑅0 is considered. It is selected as 0.2𝑚 while it is 1𝑚 for the
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5th simulation. As a result of reducing 𝑅0 , the cross range image resolution is increased
so that the target points become distinguishable.
In the 8th simulation, the effect of the dimensions of the antenna aperture 𝐿𝑥 × 𝐿𝑧 is
examined. It is selected as 4𝑚 × 4𝑚 while it is 2𝑚 × 2𝑚 for the 5th simulation. As a
result of increasing antenna aperture dimensions, the cross range image resolution is
increased so that the target points become distinguishable.
MIMO Based Range Migration Algorithm
MIMO based RMA has been implemented on a defined imaging geometry with the
parameters calculated according to formulas given in Chapter 3. In this section, the
effect of imaging geometry and the input parameters of the system to the result are
investigated. The simulation results of the algorithm with its input parameters are given
in Table 5 which lies in a few pages. The simulations given in Table 5 are organized to
explain the effect of the input parameters to the simulation results.

Table 5 Simulation results of MIMO based RMA
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 3

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (150 × 150)

𝑓𝑐 = 12 × 109

1
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Table 5 (continued)
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 3

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (125 × 125)

𝑓𝑐 = 12 × 109

2

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 3

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (100 × 100)

𝑓𝑐 = 12 × 109

3
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Table 5 (continued)
#

Input Parameters & Simulation Results
planar array 3

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (75 × 75)

𝑓𝑐 = 12 × 109

target model 1

planar array 3

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 = 0.1 𝐷𝑦 = 0.4 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 12 × 109

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

4

5
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Table 5 (continued)
#

Input Parameters & Simulation Results
target model 1

planar array 3

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 = 0.1 𝐷𝑦 = 0.4 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 36 × 109

target model 1

planar array 3

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 = 0.1 𝐷𝑦 = 0.4 𝑅0 = 0.2

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 12 × 109

6

7
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Table 5 (continued)
#

Input Parameters & Simulation Results
target model 1

planar array 3

∆𝑓 = 3 × 107

𝐷𝑥 , 𝐷𝑧 = 0.1 𝐷𝑦 = 0.4 𝑅0 = 1

𝐿𝑥 =4 𝐿𝑧 =4 (400 × 400)

𝑓𝑐 = 12 × 109

8

target model 1
𝐷𝑥 , 𝐷𝑦 , 𝐷𝑧 =1 𝑅0 = 1

planar array 2
𝐿 𝑇_𝑥 =2 𝐿 𝑇_𝑧 =2 (40 × 40)
𝐿𝑅_𝑥 =2 𝐿𝑅_𝑧 =2 (40 × 40)

9
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∆𝑓 = 3 × 107
𝑓𝑐 = 12 × 109

Table 5 (continued)
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑦 , 𝐷𝑧 =0.5 𝑅0 = 0.5

planar array 2
𝐿 𝑇_𝑥 =0.5 𝐿 𝑇_𝑧 =0.5 (20 × 20)
𝐿𝑅_𝑥 =1 𝐿𝑅_𝑧 =1 (60 × 60)

∆𝑓 = 3 × 107
𝑓𝑐 = 12 × 109

10

For the first eight simulations, “Planar array 3” and “Target model 1” is used. In the first
four simulations, the effect of antenna spacing is examined. Theoretically, the antenna
spacing has been determined according to equations given in (142) and (143) and it is
calculated that minimum 167 antennas on 𝑧-axis and 167 antennas on 𝑥-axis must be
located on a 2m × 2m aperture to satisfy the Nyquist criterion. The required antenna
spacing is double of antenna spacing required by standard RMA algorithm due to the
effect of MIMO antenna array configuration.

Although the formulations (142) and (143) say that at least 167 transceiver antennas on
z-axis and 167 transceiver antennas on x-axis must be used on 2𝑚 ×2𝑚 aperture to
satisfy the Nyquist criterion, as shown in 2nd simulation result given in Table 5, the
target image can be reconstructed satisfactorily on the same aperture by using 125
transceiver antennas on each axis. In the 3rd simulation result, because of reduction in
the number of antennas to 100 on each axis, some faulty points begin to appear on the
resulting reflectivity image. In the 4th simulation result, because of further reduction in
the number of antennas to 75 each axis, the effect of noncompliance of Nyquist criterion
is shown obviously.
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In the 5th, 6th, 7th and 8th simulation results, the effect of input parameters to the
resolution is examined. According to formulations given in (97) and (98), the input
parameters 𝑓𝑐 , 𝑅0 , 𝐿𝑇_𝑥 , 𝐿𝑅_𝑥 , 𝐿𝑇_𝑧 and 𝐿𝑅_𝑧 are directly related with the image
resolution. Reducing the spacing between target points too much and getting closer them
to each other results in the merging of image points as shown in the 5th simulation result.
This merging effect occurs because of the insufficient resolution of the imaging system
to resolve the closed spaced target points. This merging problem can be resolved using
the parameters in the equations (97) and (98) which are given for the cross range
resolutions of the imaging system.

Increasing the center frequency increases the cross-range resolution according to
equations given in (97) and (98). The center frequency is chosen as 36 GHz in the 6th
simulation, while it is 12 GHz in the 5th simulation. As a result of increasing the center
frequency, the merged image points become distinguishable from each other as shown in
the 6th simulation.

Another parameter which is inversely proportional to resolution of the imaging system
is 𝑅0 which denotes the distance between target space and antenna array as given in (97)
and (98). The effect of reducing 𝑅0 is shown in the 7th and 5th simulation results. The
target space distance is chosen as 0.2𝑚 in the 7th simulation, while it is 1𝑚 in the 5th
simulation. As a result of reducing 𝑅0 , the merged image points become distinguishable
from each other as shown in the 7th simulation.
In the 8th simulation, the effect of the dimensions of the antenna aperture 𝐿𝑥 × 𝐿𝑧 is
examined. It is selected as 4𝑚 × 4𝑚 while it is 2𝑚 × 2𝑚 for the 5th simulation. As a
result of increasing antenna aperture dimensions, the cross range image resolution is
increased so that the target points become distinguishable.
“Planar array 2” is used instead of “Planar array 3” in the 9th and 10th simulations. The
antenna spacing requirement is same for “Planar array 3” and “Planar array 2”. In this
case, total transceiver antenna number used for “Planar array 2” is 27889 (167 × 167),
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while it is 334 (167+167) for “Planar array 3”. Because of large antenna number usage
for the “Planar array 2”, the simulation requires large memory and processing time
especially for the 5-D to 3-D interpolation process. The antenna array may be an array
consisting of transceiver antennas or may be an array consisting of separate transmitter
and receiver antennas which lie on different apertures with the same aperture center.
In the 9th simulation, “Planar array 2” with 40×40 transceiver array is used on 2𝑚 ×2𝑚
aperture. Although theoretical results given in (142) and (143) say that at least 167×167
antennas must be used on 2𝑚 ×2𝑚 aperture, the simulation result of the same array with
40×40 antennas can be considered as successful as a result.
In the 10th simulation, “Planar array 2” with 20×20 transmitter array is used on
0,5𝑚 ×0,5𝑚 aperture and 60×60 receiver array used on 1𝑚 ×1𝑚 aperture. The
simulation result shows that the used antenna array is proper to get the resulting
reflectivity image successfully.
As seen on the 9th and 10th simulation results, it is possible to get resulting reflectivity
images with different qualities by using different combinations of the transmitter and
receiver antenna arrays.
Kirchhoff Migration Algorithm
Kirchhoff Migration Algorithm has been implemented on a defined imaging geometry
with the parameters calculated according to equations given in Chapter 3. In this section,
the effect of imaging geometry and the input parameters of the system to the result are
investigated. The simulation results of the algorithm with its input parameters are given
in Table 6 which lies in a few pages. The simulations given in Table 6 are organized to
explain the effect of the input parameters to the simulation results.
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Table 6 Simulation results of Kirchhoff Migration Algorithm
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 4

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (30 × 30)

𝑓𝑐 = 12 × 109

1
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Table 6 (continued)
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 4

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (20 × 20)

𝑓𝑐 = 12 × 109

2

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 4

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (15 × 15)

𝑓𝑐 = 12 × 109

3
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Table 6 (continued)
#

Input Parameters & Simulation Results

3

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 4

∆𝑓 = 3 × 107

𝐿𝑥 =2 𝐿𝑧 =2 (10 × 10)

𝑓𝑐 = 12 × 109

4
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Table 6 (continued)
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 4

∆𝑓 = 3 × 107

𝐿𝑥 =1 𝐿𝑧 =1 (10 × 10)

𝑓𝑐 = 12 × 109

planar array 4

∆𝑓 = 3 × 107

𝐿𝑥 =1 𝐿𝑧 =1 (20 × 20)

𝑓𝑐 = 12 × 109

5

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

6
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Table 6 (continued)
#

Input Parameters & Simulation Results

6

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 2
𝐿 𝑇𝑥 =1.6 𝐿 𝑇𝑧 =1.6 (3 × 3)
𝐿𝑅𝑥 =2 𝐿𝑅𝑧 =2 (4 × 4)

7
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∆𝑓 = 3 × 107
𝑓𝑐 = 12 × 109

Table 6 (continued)
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 2
𝐿 𝑇𝑥 =1.6 𝐿 𝑇𝑧 =1.6 (4 × 4)
𝐿𝑅𝑥 =2 𝐿𝑅𝑧 =2 (6 × 6)

∆𝑓 = 3 × 107
𝑓𝑐 = 12 × 109

8

target model 1
𝐷𝑥 , 𝐷𝑧 , 𝐷𝑧 = 1

𝑅0 = 1

planar array 2
𝐿 𝑇𝑥 =2 𝐿 𝑇𝑧 =2 (6 × 6)
𝐿𝑅𝑥 =2 𝐿𝑅𝑧 =2 (8 × 8)

9
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∆𝑓 = 3 × 107
𝑓𝑐 = 12 × 109

Table 6 (continued)
#

Input Parameters & Simulation Results

9

target model 1
𝐷𝑥 =1 𝐷𝑧 =1 𝑅0 = 1

planar array 2
𝐿 𝑇𝑥 =0.2 𝐿 𝑇𝑧 =0.2 (2 × 2)
𝐿𝑅𝑥 =1.5 𝐿𝑅𝑧 =1.5 (10 × 10)

10
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∆𝑓 = 3 × 107
𝑓𝑐 = 12 × 109

Table 6 (continued)
#

Input Parameters & Simulation Results
target model 1
𝐷𝑥 =1 𝐷𝑧 =1 𝑅0 = 1

planar array 2
𝐿 𝑇𝑥 =0.2 𝐿 𝑇𝑧 =0.2 (2 × 2)
𝐿𝑅𝑥 =2 𝐿𝑅𝑧 =2 (15 × 15)

∆𝑓 = 3 × 107
𝑓𝑐 = 12 × 109

11

In the first four simulations given in Table 6, SIMO antenna array configuration named
as “Planar array 4” seen in the Figure 29 is used. In the simulations between 5th and 9th,
planar MIMO antenna array configuration seen in Figure 27 and named as “Planar array
2” is used.
In the 1st simulation, 30 × 30 receiver antennas are used on 2𝑚 × 2𝑚 aperture with a
single transmitter. As seen on the simulation result, the reflectivity image has been
reconstructed correctly.
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In the 2nd simulation, 20 × 20 receiver antennas are used on 2𝑚 × 2𝑚 aperture with a
single transmitter. As seen on the simulation result, the reflectivity image has been
reconstructed correctly.

Reducing antenna number on the same aperture decreases the resulting image quality. In
the 3rd simulation, 15 × 15 receiver antennas are used on a 2𝑚 × 2𝑚 aperture with a
single transmitter.
In the 4th simulation, 10 × 10 receiver antennas are used on a 2𝑚 × 2m aperture with a
single transmitter. As seen on the simulation result, further increase in the antenna
spacing, increases the effect of false target points. In the resulting image the false target
points becomes indistinguishable from actual targets.
In the 5th simulation, 10 × 10 receiver antennas are used on 1𝑚 × 1𝑚 aperture with a
single transmitter. As seen on the simulation result, the effect of false target points is
powerful so that the real points are not distinguishable. This result shows that the
distortions on the resulting image are not only due to large antenna spacing but also due
to reducing antenna number and array aperture. In the 5th and 2nd simulations antenna
spacing is the same, but due to reduction in array aperture dimensions and antenna
number, the reflectivity image is not reconstructed correctly in the 5th simulation while it
is quite good in the 2nd simulation.
In the 6th simulation, 20 × 20 receiver antennas are used on a 1𝑚 × 1𝑚 aperture with a
single transmitter. It is compared with the 2nd simulation to assess the effect of aperture
dimensions. The reflectivity image reconstructed successfully in both two simulations,
but in the 6th simulations the target points on the image looks bigger as a result of the
reduced antenna aperture.

When the results of 2nd, 4th, 5th and 6th simulations are evaluated together, the main
reason which causes deterioration of the image is the number of the receiver antenna.
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Inadequate number of receiver antenna makes it impossible to collect enough
information to reconstruct the reflectivity image correctly.
In the 7th simulation, 3 × 3 transmitter antenna array on a 1.6𝑚 × 1.6𝑚 planar aperture
and 4 × 4 receiver antenna array on 2𝑚 × 2𝑚 planar aperture are used for data
acquisition. As seen on the 7th simulation result, there is too much distortion on the
reconstructed image.
In the 8th simulation, 4 × 4 transmitter antenna array on a 1.6𝑚 × 1.6𝑚 planar aperture
and 6 × 6 receiver antenna array on a 2𝑚 × 2𝑚 planar aperture is used for data
acquisition. As seen on the simulation result, there is not too much distortion on the
reconstructed image. But, there is a false target point seen on the XY plane which
doesn’t exist in “Target model 1”, and there is a missing point seen on the XZ plane
which exists in “Target model 1”.
In the 9th simulation, 6 × 6 transmitter antenna array on a 2𝑚 × 2𝑚 planar aperture and
8 × 8 receiver antenna array on a 2𝑚 × 2𝑚 planar aperture is used for data acquisition.
As seen on the simulation result, there is not too much distortion on the reconstructed
image. But there are two missing points seen on the XZ plane which exist in the “Target
model 1”.
In the 10th simulation, 2 × 2 transmitter antenna array on a 0.2𝑚 × 0.2𝑚 planar aperture
and 10 × 10 receiver antenna array on a 1.5𝑚 × 1.5𝑚 planar aperture is used for data
acquisition. As seen on the result, the image can be reconstructed correctly.
In the 11th simulation, 2 × 2 transmitter antenna array on a 0.2𝑚 × 0.2𝑚 planar aperture
and 15 × 15 receiver antenna array on a 2𝑚 × 2𝑚 planar aperture is used for data
acquisition. As seen on the result, the image can be reconstructed correctly. When
looked at the colored reflectivity maps, an increase in the quality of resulting image can
be seen in the 11th simulation as compared to the 10th simulation.
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4.4. Simulation Results at Millimeter-wave Band
The near field ultra-wide band algorithms have been implemented at millimeter-wave
frequencies. For this purpose, 30-36 GHz frequency band, which is close to the lower
limits in the millimeter-wave band, is chosen in the simulations. The simulation results
of each algorithm with its input parameters are given in Table 7. An increase in
operating frequency causes an increase in antenna number for the same aperture as a
common feature of each algorithm. The simulations whose resulting image is
reconstructed correctly with the minimum antenna requirement are given in the table for
each algorithm. The effect of antenna spacing, antenna aperture, distance between target
space and antenna aperture, target space dimensions, frequency step is the same with the
results given in the previous section. So, the similar simulation results are not repeated.

Table 7 Simulation Results at millimeter-wave band
#

Input Parameters & Simulation Results
3-D Holographic Image Reconstruction Algorithm
target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 =0.5 𝐷𝑧 =0.5 𝑅0 = 0.5

𝐿𝑥 =2 𝐿𝑧 =2 (300 × 300)

𝑓𝑐 = 33 × 109

1
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Table 7 (continued)

1

Range Migration Algorithm
target model 1

planar array 1

∆𝑓 = 3 × 107

𝐷𝑥 =0.5 𝐷𝑧 =0.5 𝑅0 = 0.5

𝐿𝑥 =2 𝐿𝑧 =2 (300 × 300)

𝑓𝑐 = 33 × 109

2
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Table 7 (continued)
#

Input Parameters & Simulation Results
MIMO based Range Migration Algorithm
target model 1

planar array3

∆𝑓 = 3 × 107

𝐷𝑥 =1 𝐷𝑧 =1 𝑅0 = 1

𝐿𝑥 =2 𝐿𝑧 =2 (200 × 200)

𝑓𝑐 = 33 × 109

3
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Table 7 (continued)
#

Input Parameters & Simulation Results
Kirchhoff Migration Algorithm
target model 1
𝐷𝑥 =1 𝐷𝑧 =1 𝑅0 = 1

planar array 2
𝐿 𝑇𝑥 =0.2 𝐿 𝑇𝑧 =0.2 (2 × 2)
𝐿𝑅𝑥 =2 𝐿𝑅𝑧 =2 (30 × 30)

4
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∆𝑓 = 3 × 107
𝑓𝑐 = 33 × 109

CHAPTER 5

CONCLUSION

In this thesis, ultra-wideband near field imaging algorithms are analyzed. These
algorithms are implemented using MATLAB and codes are given in appendix.

Near field ultra-wideband radar imaging systems are used in a wide variety of areas for
imaging of different target types. Used antenna array configuration, operating frequency,
imaging algorithms differ according to application to reconstruct 3-D reflectivity image
of the scene correctly.

The first design rule in these imaging systems is to comply with Nyquist criterion. The
Nyquist criterion is a general rule in signal processing area when the data sampling is
concerned. The spatial and frequency data sampling in the imaging systems are
determined according to Nyquist criterion.

The second important design issue in these imaging systems is to choose the antenna
array aperture, antenna number and bandwidth to meet the range and cross-range
resolution requirements. The range resolution generally depends on the bandwidth. The
range resolution is increased when the target space is exposed with electromagnetic
signals which have different frequencies. The cross range resolution generally depends
on array aperture and operating frequency. It indirectly depends on the antenna number,
because increasing array aperture needs increase in antenna number due to Nyquist
criterion. The cross-range resolution is increased when the target space is observed from
different positions. The cross-range resolution is increased when operating frequency
has larger values.
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The methods to increase range and cross-range resolutions are clear, but to implement
these methods requires some effort and some cost. Larger antenna apertures are not
practical to be used indoors, especially in buildings where there is not enough space.
Increasing antenna number means increasing cost for manufacture, maintenance and
repairs. Also large number of antenna consumes more energy, and requires more
memory to record the input signal. Using high frequency generally needs small antenna
spacing, so it is necessary to manufacture small antennas which operate at high
frequencies. Designing and manufacturing antennas which operates at wideband is
another issue to be worked on.

Because of the factors given in the previous paragraph, the designer is not free to use the
design parameters abundantly. The design parameters of imaging system should be
determined according to the minimum requirements of the application. For example, if
the application does not require too much resolution, the designer should not strive to
manufacture a high resolution system.

When looked in the simulation results given in Chapter 4, the antenna number required
for data acquisition is highest for SISO antenna configurations used in Holographic
Image Reconstruction Algorithm and Range Migration Algorithm. In these algorithms
antenna system works as monostatic and used transmitter and receiver antenna numbers
are the same. For these two algorithms the required antenna numbers are close to each
other; Holographic Image Reconstruction Algorithm requires 200 × 200 transceiver
antennas which mean 40000 receiver antennas and 40000 transmitter antennas, Range
Migration Algorithm requires 334 × 334 transceiver antennas which mean 111556
receiver antennas and 111556 transmitter antennas.

The results found in the previous paragraph are really huge and it is reasonable to use a
linear array moving in a direction perpendicular to line of linear array. So in this case the
required antenna number is reduced to 200 transceiver antennas for Holographic Image
Reconstruction Algorithm and to 334 transceiver antennas for Range Migration
Algorithm. Using mechanical scanning requires a significant amount of time compared
122

to mechanical scanning. This factor must be taken into account when mechanical
scanning is used.

MIMO antenna array configuration is more attractive than the monostatic configuration
(or SISO configuration). This is examined in the simulation results; MIMO based Range
Migration Algorithm requires 167 × 167 transceiver antennas which mean 27889
transmitter antennas and 27889 receiver antennas while conventional Range Migration
Algorithm requires 111556 transmitter antennas and 111556 receiver antennas. Owing to
MIMO configuration the number of required antennas reduced to % 25 of the required
antenna number for SISO configuration while keeping cross-range and range resolutions
the same.

The antenna numbers calculated in the previous paragraph has been for the array given
as “Planar array 2”. Another type of MIMO configuration, which is given as “Planar
array 3” in Figure 28, requires only 167 transmitter and 167 receiver antennas while the
cross-range resolution reduces to ½ of the cross-range resolution of the “Planar array 2”.
When the required cross-range resolution is provided, it is really advantageous to use
“Planar array 3” because of a huge reduction in antenna number.

SIMO antenna array configuration has been used only in Kirchhoff Migration Algorithm
in this thesis. The antenna array configurations MIMO and SIMO are compared with
each other through this algorithm. According to simulation results, MIMO antenna array
configuration requires fewer antennas than SIMO antenna array configuration. In
Section 4.2, as given in Table 6 Simulation results of Kirchhoff Migration Algorithm, 1st
simulation is done with SIMO antenna array configuration using a single transmitter
antenna and 30 × 30 receiver antenna array which means totally 901 antenna, 10th
simulation is done with MIMO antenna array configuration using 2 × 2 transmitter
antennas and 10 × 10 receiver antenna array which means totally 104 antenna. While
there is nearly 1/9 rate for the required antenna number, the resulting image qualities are
nearly the same. This result makes MIMO antenna array configuration more preferably
than other antenna array configurations.
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When looked at all imaging algorithms, the required antenna number at MIMO based
Kirchhoff Migration Algorithm is minimum. SIMO based Kirchhoff Migration
Algorithm requires the second fewest antenna number. However, due to space-time
integration process for Kirchhoff migration algorithm, high computing process required
in order to achieve real-time image reconstruction.

The MIMO based Range Migration Algorithm requires fewer antenna numbers
according to Holographic Image Reconstruction Algorithm and conventional Range
Migration Algorithm. The antenna number can be reduced further to minimum levels by
constructing 2-D antenna aperture using 1-D transmitter array and 1-D receiver array
bearing the consequence of reduction in the reflectivity image. Memory requirement for
5-D to 3-D interpolation process is a disadvantage for MIMO based Range Migration
Algorithm. As a result, if the memory and processor requirements are met by reasonable
designs, the Kirchhoff and MIMO based Range Migration Algorithms are very suitable
to use.

In Section 4.3, the near field ultra-wideband imaging algorithms are implemented at the
millimeter-wave band. For the simulations 30 GHz - 36 GHz band is chosen and other
input parameters are the same with the simulations given in Section 4.4. Because of
using higher frequencies, the required antenna number increases at millimeter-wave
band. As a result, cross-range resolutions are increase so that the point targets with a
distance of 2 𝑚𝑚 can be resolved and placed in the reflectivity map as two individual
point targets.

The required antenna number and antenna aperture increase if a larger target space size
and a higher resolution is required. In this thesis, target space dimensions are chosen as
1𝑚 × 1𝑚 × 1𝑚 and the required resolution is chosen to be in the order of a few
millimeters. As a result of these requirements, the required antenna numbers are
generally high, but it would be lower if the target space size decreases or the required
image resolution is lower.
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This thesis work is done to obtain information about near field ultra-wideband radar
imaging algorithms. Important information is obtained by doing MATLAB simulations
and studying the simulation results. This obtained information is the software part of a
complete radar imaging system. As a future work, the hardware requirements,
maintenance requirements and quality requirements of a complete radar imaging system
can be studied. Within this scope, the researches in the literature will be examined to
design a complete concealed weapon detection system.
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APPENDIX A

FOURIER TRANSFORM DEFINITIONS

Fourier transform is the transformation of a signal from time domain to frequency
domain or vice versa. It is also used for transformation between space domain and
spatial frequency domains. Both temporal and spatial Fourier transforms are commonly
used in the wide-band radar imaging implementations. In the formulations, the time and
space domain function is denoted with a lower case letter, while the frequency domain
function is denoted with a capital letter. The temporal Fourier transform and its inverse
are defined by (A1) and (A2).

𝐹(𝜔) = ∫ 𝑓(𝑡)𝑒 −𝑗𝜔𝑡 𝑑𝑡 = 𝐹𝑇{𝑓(𝑡)}

𝑓(𝑡) =

1
∫ 𝐹(𝜔)𝑒 𝑗𝜔𝑡 𝑑𝜔 = 𝐹𝑇 −1 {𝐹(𝜔)}
2𝜋

(A1)

(A2)

The 1-D spatial Fourier transform and its inverse are defined by (A3) and (A4).

𝐹(𝑘𝑥 ) = ∫ 𝑓(𝑥)𝑒 −𝑗𝑘𝑥 𝑥 𝑑𝑥 = 𝐹𝑇1𝐷 {𝑓(𝑥)}

𝑓(𝑥) =

1
−1 {𝐹(𝑘 )}
∫ 𝐹(𝑘𝑥 ) 𝑒 𝑗𝑘𝑥 𝑥 𝑑𝑘𝑥 = 𝐹𝑇1𝐷
𝑥
2𝜋

The 2-D spatial Fourier transform and its inverse are defined by (A5) and (A6).
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(A3)

(A4)

𝐹(𝑘𝑥 , 𝑘𝑦 ) = ∬ 𝑓(𝑥, 𝑦)𝑒 −𝑗(𝑘𝑥 𝑥+𝑘𝑦 𝑦) 𝑑𝑥𝑑𝑦 = 𝐹𝑇2𝐷 {𝑓(𝑥, 𝑦)}

𝑓(𝑥, 𝑦) =

1
−1
∬ 𝐹(𝑘𝑥 , 𝑘𝑦 ) 𝑒 𝑗(𝑘𝑥 𝑥+𝑘𝑦 𝑦) 𝑑𝑘𝑥 𝑑𝑘𝑦 = 𝐹𝑇2𝐷
{𝐹(𝑘𝑥 , 𝑘𝑦 )}
(2𝜋)2

(A5)

(A6)

The 3-D spatial Fourier transform and its inverse are defined by (A7) and (A8).

𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) = ∭ 𝑓(𝑥, 𝑦, 𝑧) 𝑒 −𝑗(𝑘𝑥 𝑥+𝑘𝑦 𝑦+𝑘𝑧 𝑧) 𝑑𝑥𝑑𝑦𝑑𝑧

(A7)

= 𝐹𝑇3𝐷 {𝑓(𝑥, 𝑦, 𝑧)}

𝑓(𝑥, 𝑦, 𝑧) =

1
∭ 𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) 𝑒 𝑗(𝑘𝑥 𝑥+𝑘𝑦 𝑦+𝑘𝑧 𝑧) 𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑧
3
(2𝜋)
=

−1
𝐹𝑇3𝐷
{𝐹(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 )}
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(A8)

APPENDIX B

MATLAB CODES OF HOLOGRAPHIC IMAGE RECONSTRUCTION
ALGORITHM

%% clear all
clear;
%% Target Space
% target space dimensions
Dx=1; % 1 m
Dy=1;
Dz=1;
% distance between antenna aperture and center of target space
R0=1; % 1 m
% number of scatteter in the target space
scatter_select = [1:18];
Ns = length(scatter_select);
% location and
xs(1) = -0.1;
xs(2) = -0.1;
xs(3) = -0.1;
xs(4) =
0;
xs(5) =
0;
xs(6) =
0;
xs(7) = 0.1;
xs(8) = 0.1;
xs(9) = 0.1;
xs(10) = -0.2;
xs(11) = -0.2;
xs(12) = -0.2;
xs(13) =
0;
xs(14) =
0;
xs(15) =
0;
xs(16) = 0.2;
xs(17) = 0.2;
xs(18) = 0.2;

reflectivity of target points (m)
zs(1) = -0.1; ys(1) = -0.3;
fs(1) = 1;
zs(2) = 0.0;
ys(2) = -0.3;
fs(2) = 1;
zs(3) = 0.1;
ys(3) = -0.3;
fs(3) = 1;
zs(4) = -0.1; ys(4) = -0.3;
fs(4) = 1;
zs(5) = 0.0;
ys(5) = -0.3;
fs(5) = 1;
zs(6) = 0.1;
ys(6) = -0.3;
fs(6) = 1;
zs(7) = -0.1; ys(7) = -0.3;
fs(7) = 1;
zs(8) = 0.0;
ys(8) = -0.3;
fs(8) = 1;
zs(9) = 0.1;
ys(9) = -0.3;
fs(9) = 1;
zs(10) = -0.2; ys(10) = 0.3;
fs(10) =
zs(11) = 0.0;
ys(11) = 0.3;
fs(11) =
zs(12) = 0.2;
ys(12) = 0.3;
fs(12) =
zs(13) = -0.2; ys(13) = 0.3;
fs(13) =
zs(14) = 0.0;
ys(14) = 0.3;
fs(14) =
zs(15) = 0.2;
ys(15) = 0.3;
fs(15) =
zs(16) = -0.2; ys(16) = 0.3;
fs(16) =
zs(17) = 0.0;
ys(17) = 0.3;
fs(17) =
zs(18) = 0.2;
ys(18) = 0.3;
fs(18) =

xs = xs(scatter_select); ys = ys(scatter_select); zs =
zs(scatter_select);
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1;
1;
1;
1;
1;
1;
1;
1;
1;

fs
xs
zs
ys

=
=
=
=

fs(scatter_select);
xs*2.5; % scale factor
zs*2.5;
ys*1;

%% Antenna Aperture
% # of transceiver antennas
Ntrx=200; % x-axis
Ntrz=200; % z-axis
% dimensions of array aperture (m)
Lx=2; % x-axis
Lz=2; % z-axis
% spatial and spatial frequency domains
if Ntrx == 1
xtr=0;
else
xtr=linspace(-Lx/2 , Lx/2 , Ntrx); % spatial domain in x-axis
kxtr=2*pi*(0:Ntrx-1)/Ntrx/(xtr(2)-xtr(1)); % spatial frequency
domain in x-axis
end
if Ntrz == 1
ztr=0;
else
ztr=linspace(-Lz/2 , Lz/2 , Ntrz); % spatial domain in z-axis
kztr=2*pi*(0:Ntrz-1)/Ntrz/(ztr(2)-ztr(1)); % spatial frequency
domain in z-axis
end
%% Frequency Definitions
c=3e8; % free space
cj=sqrt(-1); % complex number (j)
fmin=9e9; % min. operating freq.
fmax=15e9; % max. operating freq.
fstep=3e7; % freq. step (for sampling)
fo=fmin:fstep:fmax; % frequncy domain
B=fmax-fmin; % bandwidth
k=2*pi*fo/c; % wavenumber
Nk=numel(k); % number of sampling frequency
%% Data acquisition- Freq. Domain Data Sampling
S=zeros(Ntrx,Ntrz,Nk);
for kk=1:Ns
for m=1:Ntrx
for n=1:Ntrz
Rtr = sqrt((xtr(m)-xs(kk))^2 + ((-R0)-ys(kk))^2 +
(ztr(n)-zs(kk))^2 );
S(m,n,:)=squeeze(S(m,n,:)) + (exp(cj*2*k(:)*Rtr)*fs(kk));
end
end
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end
%% 2-D Cross Range FFT
Sf=S;
for p = 1:2
Sf = (fft(Sf,[],p));
end
%% Matched Filtering
Sm=zeros(Ntrx,Ntrz,Nk);
for w=1:Nk
for m=1:Ntrx
for n=1:Ntrz
temp_ky=4*k(w)^2-kxtr(m)^2-kztr(n)^2;
if temp_ky>=0
% ky must be positive
temp_s_ky=sqrt(temp_ky);
Sm(m,n,w)=Sf(m,n,w)*exp(-cj*temp_s_ky*(-R0));
end
end
end
end
%% Interpolation
ky=linspace(0,2*max(k),Nk);
fark=ky(2)-ky(1);
Ntry=numel(ky);
Nxx=400; Nzz=400; Nyy=Ntry; % for zero-padding
SS=zeros(Nxx,Nyy,Nzz);
for w=1:Nk
for m=1:Ntrx
for n=1:Ntrz
temp_ky=4*k(w)^2-kxtr(m)^2-kztr(n)^2;
if temp_ky>=0 %ky must be positive
temp_s_ky=sqrt(temp_ky);
indx=round(temp_s_ky/fark)+1; % interpolation to ky
SS(m,indx,n)=SS(m,indx,n)+Sm(m,n,w);
end
end
end
end
%% Show Reflectivity Image
Sson=fftshift(ifftn(SS),2); % 3D Inverse Fourier Transform
Sson=abs(Sson);
Simage=Sson/max(Sson(:)); % normaized image
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x_samples=linspace(-Dx/2,Dx/2,Nxx);
z_samples=linspace(-Dz/2,Dz/2,Nzz);
y_samples=linspace(-Dy/2,Dy/2, Nyy);
dat.im = Simage; dat.x = x_samples; dat.y = y_samples; dat.z =
z_samples;
for indx=1:Nyy
image(x_samples,z_samples,squeeze(60*Simage(:,indx,:)));
xlabel('Z, m'); ylabel('X, m');
pause(0.05);
end
%% 3D Display
Simage_db = 20*log10(Simage);
fsparse = Simage_db>-20;
% threshold
figure, hold all
for ix=1:Nxx
ix
x = x_samples(ix);
for iy=1:Nyy
y = y_samples(iy);
for iz=1:Nzz
z = z_samples(iz);
if fsparse(ix,iy,iz)
plot3(x,y,z,'b.')
end
end
end
end
axis([(-Dx/2) (Dx/2) (-Dy/2) (Dy/2) (-Dz/2) (Dz/2) ])
xlabel('X'); ylabel('Y'); zlabel('Z');
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APPENDIX C

MATLAB CODES OF RANGE MIGRATION ALGORITHM

%% clear all
clear;
%% Target Space
% target space dimensions
Dx=1; %1m
Dz=1;
Dy=1;
% distance between antenna aperture and center of target space
R0=1; % 1m
% number of scatteter in the target space
scatter_select = [1:18];
Ns = length(scatter_select);
% location and
xs(1) = -0.1;
xs(2) = -0.1;
xs(3) = -0.1;
xs(4) =
0;
xs(5) =
0;
xs(6) =
0;
xs(7) = 0.1;
xs(8) = 0.1;
xs(9) = 0.1;
xs(10)
xs(11)
xs(12)
xs(13)
xs(14)
xs(15)
xs(16)
xs(17)
xs(18)

= -0.2;
= -0.2;
= -0.2;
=
0;
=
0;
=
0;
= 0.2;
= 0.2;
= 0.2;

reflectivity of target points (m)
zs(1) = -0.1; ys(1) = -0.3;
fs(1)
zs(2) = 0.0;
ys(2) = -0.3;
fs(2)
zs(3) = 0.1;
ys(3) = -0.3;
fs(3)
zs(4) = -0.1; ys(4) = -0.3;
fs(4)
zs(5) = 0.0;
ys(5) = -0.3;
fs(5)
zs(6) = 0.1;
ys(6) = -0.3;
fs(6)
zs(7) = -0.1; ys(7) = -0.3;
fs(7)
zs(8) = 0.0;
ys(8) = -0.3;
fs(8)
zs(9) = 0.1;
ys(9) = -0.3;
fs(9)
zs(10)
zs(11)
zs(12)
zs(13)
zs(14)
zs(15)
zs(16)
zs(17)
zs(18)

=
=
=
=
=
=
=
=
=

-0.2;
0.0;
0.2;
-0.2;
0.0;
0.2;
-0.2;
0.0;
0.2;

ys(10)
ys(11)
ys(12)
ys(13)
ys(14)
ys(15)
ys(16)
ys(17)
ys(18)
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=
=
=
=
=
=
=
=
=

0.3;
0.3;
0.3;
0.3;
0.3;
0.3;
0.3;
0.3;
0.3;

=
=
=
=
=
=
=
=
=

fs(10)
fs(11)
fs(12)
fs(13)
fs(14)
fs(15)
fs(16)
fs(17)
fs(18)

1;
1;
1;
1;
1;
1;
1;
1;
1;
=
=
=
=
=
=
=
=
=

1;
1;
1;
1;
1;
1;
1;
1;
1;

xs = xs(scatter_select); ys = ys(scatter_select); zs =
zs(scatter_select);
fs = fs(scatter_select);
xs = xs*2.5; % scale factor
zs = zs*2.5;
ys = ys*1;
%% Antenna Aperture
% # of transceiver antennas
Ntrx=300; % x-axis
Ntrz=300; % z-axis
% dimensions of array aperture (m)
Lx=2; % x-axis
Lz=2; % z-axis

% spatial and spatial frequency domains
if Ntrx == 1
xtr=0;
kxtr=0;
else
xtr=linspace(-Lx/2 , Lx/2 , Ntrx); % spatial domain in x-axis
kxtr=2*pi*(0:Ntrx-1)/Ntrx/(xtr(2)-xtr(1)); % spatial frequency
domain in x-axis
end
if Ntrz == 1
ztr=0;
kztr=0;
else
ztr=linspace(-Lz/2 , Lz/2 , Ntrz); % spatial domain in z-axis
kztr=2*pi*(0:Ntrz-1)/Ntrz/(ztr(2)-ztr(1)); % spatial frequency
domain in z-axis
end
%% Frequency Definitions
c=3e8; % free space
cj=sqrt(-1); % complex number (j)
fmin=9e9; % min. operating freq.
fmax=15e9; % max. operating freq.
fstep=3e7; % freq. step (for sampling)
fo=fmin:fstep:fmax; % frequncy domain
B=fmax-fmin; % Bandwidth
k=2*pi*fo/c; % wavenumber
Nk=numel(k); % number of sampling frequency
%% Data acquisition- Freq. Domain Data Sampling
S=zeros(Ntrx,Ntrz,Nk);
for kk=1:Ns
for m=1:Ntrx
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for n=1:Ntrz
Rtr = sqrt((xtr(m)-xs(kk))^2 + (R0-ys(kk))^2 + (ztr(n)zs(kk))^2 );
S(m,n,:)=squeeze(S(m,n,:)) + (exp(cj*2*k(:)*Rtr).*exp(+cj*2*k(:)*R0))*fs(kk);
end
end
end

%% 2D cross range FFT
Sf=S;
for p = 1:2
Sf = (fft(Sf,[],p));
end
%% Matched Filtering
Sm=zeros(Ntrx,Ntrz,Nk);
for m=1:Ntrx
for n=1:Ntrz
for w=1:Nk
temp_ky=4*k(w)^2-kxtr(m)^2-kztr(n)^2;
if temp_ky>0
% ky must be positive
temp_s_ky=sqrt(temp_ky);
Sm(m,n,w)=Sf(m,n,w)*2*pi*(1/(cj*temp_s_ky))*exp(cj*(2*k(w)-temp_s_ky)*R0);
end
end
end
end
%% Interpolation
ky=linspace(0,2*max(k), Nk);
fark=ky(2)-ky(1);
Ntry=numel(ky);
Nxx=400; Nzz=400; Nyy=Ntry; %200; % for zero-padding
SS=zeros(Nxx,Nyy,Nzz);
for m=1:Ntrx
for n=1:Ntrz
for w=1:Nk
temp_ky=4*k(w)^2-kxtr(m)^2-kztr(n)^2;
if temp_ky>0 %ky must be positive
temp_s_ky=sqrt(temp_ky);
index=round((temp_s_ky)/fark)+1; %
interpolation to ky
if index>0
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SS(m,index,n)=SS(m,index,n)+Sm(m,n,w);
else
end
end
end
end
end
%% Show Reflectivity Image
Sson = ifftn(SS); % 3D Inverse Fourier Transform
Sson = abs(Sson);
Simage = Sson/max(Sson(:)); % Normalized image
x_samples=linspace(-Dx/2,Dx/2,Nxx);
z_samples=linspace(-Dz/2,Dz/2,Nzz);
y_samples=linspace(-Dy/2, Dy/2, Nyy);
dat.im = Simage; dat.x = x_samples; dat.y = y_samples; dat.z =
z_samples;
for indx=1:Nyy
image(x_samples,y_samples,squeeze(60*Simage(:,indx,:)));
xlabel('Z, m'); ylabel('X, m');
pause(0.1);
end
%% 3D Display
Simage_db = 20*log10(Simage);
fsparse = Simage_db>-20;
figure, hold all
for ix=1:Nxx
ix
x = x_samples(ix);
for iy=1:Nyy
y = y_samples(iy);
for iz=1:Nzz
z = z_samples(iz);
if fsparse(ix,iy,iz)
plot3(x,y,z,'b.')
end
end
end
end
axis([(-Dx/2) (Dx/2) (-Dy/2) (Dy/2) (-Dz/2) (Dz/2) ])
xlabel('X'); ylabel('Y'); zlabel('Z');
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APPENDIX D

MATLAB CODES OF MIMO RANGE MIGRATION ALGORITHM

%% clear all
clear;
%% Target Space
% target space dimensions
Dx=1;
%1m
Dz=1;
Dy=1;

% distance between antenna aperture and center of target space
R0=1; % 1m
% number of scatteter in the target space
scatter_select = [1:18];
Ns = length(scatter_select);
% location and reflectivity of target points (m)
d=0.3*1;
xn(1)
xn(2)
xn(3)
xn(4)
xn(5)
xn(6)
xn(7)
xn(8)
xn(9)
xn(10)
xn(11)
xn(12)
xn(13)
xn(14)
xn(15)
xn(16)
xn(17)

= -0.1;
= -0.1;
= -0.1;
=
0;
=
0;
=
0;
= 0.1;
= 0.1;
= 0.1;
= -0.2;
= -0.2;
= -0.2;
=
0;
=
0;
=
0;
= 0.2;
= 0.2;

zn(1)
zn(2)
zn(3)
zn(4)
zn(5)
zn(6)
zn(7)
zn(8)
zn(9)

=
=
=
=
=
=
=
=
=

zn(10)
zn(11)
zn(12)
zn(13)
zn(14)
zn(15)
zn(16)
zn(17)

-0.1;
0.0;
0.1;
-0.1;
0.0;
0.1;
-0.1;
0.0;
0.1;
=
=
=
=
=
=
=
=

yn(1)
yn(2)
yn(3)
yn(4)
yn(5)
yn(6)
yn(7)
yn(8)
yn(9)

-0.2;
0.0;
0.2;
-0.2;
0.0;
0.2;
-0.2;
0.0;

=
=
=
=
=
=
=
=
=

yn(10)
yn(11)
yn(12)
yn(13)
yn(14)
yn(15)
yn(16)
yn(17)
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-d+R0;
-d+R0;
-d+R0;
-d+R0;
-d+R0;
-d+R0;
-d+R0;
-d+R0;
-d+R0;
=
=
=
=
=
=
=
=

d+R0;
d+R0;
d+R0;
d+R0;
d+R0;
d+R0;
d+R0;
d+R0;

fn(1)
fn(2)
fn(3)
fn(4)
fn(5)
fn(6)
fn(7)
fn(8)
fn(9)

=
=
=
=
=
=
=
=
=

fn(10)
fn(11)
fn(12)
fn(13)
fn(14)
fn(15)
fn(16)
fn(17)

1;
1;
1;
1;
1;
1;
1;
1;
1;
=
=
=
=
=
=
=
=

1;
1;
1;
1;
1;
1;
1;
1;

xn(18) =

0.2;

zn(18) = 0.2;

yn(18) =

d+R0;

fn(18) = 1;

xn = xn(scatter_select); yn = yn(scatter_select); zn =
zn(scatter_select);
fn = fn(scatter_select);
xn = xn*2.5;
zn = zn*2.5;

%% Antenna Aperture
% # of transmitter antennas
Nxt =200; % x-axis
Lxt=2; % dimension of array aperture (m) for x-axis
Nzt = 1; % z-axis
Lzt=0; % dimension of array aperture (m) for z-axis
% # of receiver antennas
Nxr = 1; % x-axis
Lxr=0; % dimension of array aperture (m) for x-axis
Nzr=200; % z-axis
Lzr=2; % dimension of array aperture (m) for z-axis
% spatial and spatial frequency domains
% spatial domain of
xt=linspace(-Lxt/2,Lxt/2,Nxt);
zt=linspace(-Lzt/2,Lzt/2,Nzt);
xr=linspace(-Lxr/2,Lxr/2,Nxr);
zr=linspace(-Lzr/2,Lzr/2,Nzr);

%
%
%
%

transmitters
transmitters
receivers in
receivers in

in x-axis
in z-axis
x-axis
z-axis

% spatial frequency domain of
if Nxt>1
kxt=2*pi*(0:Nxt-1)/Nxt/(xt(2)-xt(1)); % transmitters
else
kxt=0;
end
if Nzt>1
kzt=2*pi*(0:Nzt-1)/Nzt/(zt(2)-zt(1)); % transmitters
else
kzt=0;
end
if Nxr>1
kxr=2*pi*(0:Nxr-1)/Nxr/(xr(2)-xr(1)); % receivers
else
kxr=0;
end
if Nzr>1
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in x-axis

in z-axis

in x-axis

kzr=2*pi*(0:Nzr-1)/Nzr/(zr(2)-zr(1)); % receivers

in z-axis

else
kzr=0;
end
%% Frequency Definitions
izt=3e8; % Propagation speed,
cj=sqrt(-1); % complex number (j)
fmin=9e9; % min. operating freq.
fmax=15e9; % max. operating freq.
fstep=3e7; % freq. step (for sampling)
f=fmin:fstep:fmax; % frequncy range
k=2*pi*f/izt;
% wavenumber
Nk = numel(k); % number of sampling frequency
%% Data acquisition- Freq. Domain Data Sampling
S=zeros(Nxt,Nxr,Nzt,Nzr,Nk);
for ii=1:Ns
% Rtx: distance between transmitter antenna and point target
Rtx = sqrt((xt-xn(ii)).^2+yn(ii)^2+(zt(1)-zn(ii)).^2);
% Rtx: distance between receiver antenna and point target
Rrz = (sqrt((xr(1)-xn(ii)).^2+yn(ii)^2+(zr-zn(ii)).^2))';
for ik=1:Nk
S(:,1,1,:,ik) = squeeze(S(:,1,1,:,ik))+fn(ii)/4/pi./(1).*exp(cj*k(ik)*(ones(Nxt,1)*Rtx+Rrz*ones(1,Nzr)));%(Rrz*Rtx)
end
end
%% Spectral domain signal- 4D Cross Range FFT
S_5D=S;
for p = 1:4
S_5D = fft(S_5D,[],p);
end
%% Matched Filtering
[kxtg,kztg] = meshgrid(kxt,kzt);
[kxrg,kzrg] = meshgrid(kxr,kzr);
kxtg=transpose(kxtg);
kztg=transpose(kztg);
kyr_tmp = kxrg.^2+kzrg.^2;
kyt_tmp = kxtg.^2+kztg.^2;
for ixt=1:Nxt
for izt=1:Nzt
for ik=1:Nk
kyt=sqrt(k(ik)^2-kyt_tmp(ixt,izt));
kyr=sqrt(k(ik)^2-kyr_tmp);
S_5D(ixt,:,izt,:,ik)=(kyt/pi)*kyr.*squeeze(S_5D(ixt,:,izt,:,ik));
end
end
end
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%% Interpolation
Nxx=400;
% Number of samples in spatial domain for x-axis
xx_start=-Lxt/2;
xx_stop=Lxt/2;
xx=linspace(xx_start,xx_stop,Nxx); % 3D spatial domain for x-axis
Nzz=400; % Number of samples in spatial domain for z-axis
zz_start=-Lzr/2;
zz_stop=Lzr/2;
zz=linspace(zz_start,zz_stop,Nzz); % 3D spatial domain for z-axis
Nyy=201; % Number of samples in spatial domain for x-axis
if Nxx>1
kx=2*pi*(0:Nxx-1)/Nxx/(xx(2)-xx(1)); % 3D spatial frequency domain
for x-axis
else
kx=0;
end
if Nzz>1
kz=2*pi*(0:Nzz-1)/Nzz/(zz(2)-zz(1)); % 3D spatial frequency domain
for z-axis
else
kz=0;
end
ky=linspace(0,2*max(k),Nyy); % 3D spatial frequency domain for y-axis
fark=ky(2)-ky(1);
S_3D=zeros(length(kx),length(ky),length(kz));
S_3D_temp=squeeze(S_5D);
for ixt=1:Nxt
kxs=kxt(ixt);
for izr=1:Nzr
kzs=kzr(izr);
for ik=1:Nk;
temp_tt=k(ik)^2-kxs^2;
temp_rr=k(ik)^2-kzs^2;
if((temp_tt>=0)&&(temp_rr>=0)) % ky must be
positive (kyt and kyr must be positive)
kyt=sqrt(temp_tt);
kyr=sqrt(temp_rr);
ky_temp=kyt+kyr;
index=round(ky_temp/fark)+1; %
interpolation to ky
S_3D(ixt,index,izr)=S_3D(ixt,index,izr)+S_3D_temp(ixt,izr,ik);
end
end
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end
end
%% Show Reflectivity Image
S = ifftn(S_3D); % 3D Inverse Fourier Transform
S_image = abs(S);
S_imagen = S_image/max(S_image(:)); % Normalized image
x_samples=linspace(-Dx/2,Dx/2,Nxx);
z_samples=linspace(-Dz/2,Dz/2,Nzz);
y_samples=linspace(R0-Dy/2, R0+Dy/2, Nyy);
dat.im = S_imagen; dat.x = x_samples; dat.y = y_samples; dat.z =
z_samples;
for ii=1:Nyy
image(squeeze(60*S_imagen(:,ii,:)))
xlabel(ii)
pause(0.05);
end

%% 3D Display
x_samples=linspace(-Dx/2,Dx/2,Nxx);
y_samples=linspace(-(Dy/2)+R0,(Dy/2)+R0,Nyy);
z_samples=linspace(-Dz/2, Dz/2, Nzz);
Simage_db = 20*log10(S_imagen);
fsparse = Simage_db>-10;
figure, hold all
for ix=1:Nxx
x = x_samples(ix);
for iy=1:Nyy
y = y_samples(iy);
for iz=1:Nzz
z = z_samples(iz);
if fsparse(ix,iy,iz)
plot3(x,y,z,'b.')
end
end
end
end
axis([-Dx/2 Dx/2 (-(Dy/2)+R0) ((Dy/2+R0)) -Dz/2 Dz/2
xlabel('X'); ylabel('Y'); zlabel('Z');
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])
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APPENDIX E

MATLAB CODES OF KIRCHHOFF MIGRATION ALGORITHM

%% Target Space
% target space dimensions
Dx=1;
%1m
Dy=1;
Dz=1;
% distance between antenna aperture and center of target space
R0=1; % 1m
% number of scatteter in the target space
scatter_select = [1:18];
Ns = length(scatter_select);
% location and
xs(1) = -0.1;
xs(2) = -0.1;
xs(3) = -0.1;
xs(4) =
0;
xs(5) =
0;
xs(6) =
0;
xs(7) = 0.1;
xs(8) = 0.1;
xs(9) = 0.1;
xs(10)
xs(11)
xs(12)
xs(13)
xs(14)
xs(15)
xs(16)
xs(17)
xs(18)

= -0.2;
= -0.2;
= -0.2;
=
0;
=
0;
=
0;
= 0.2;
= 0.2;
= 0.2;

reflectivity of target points (m)
zs(1) = -0.1; ys(1) = -0.3+R0;
zs(2) = 0.0;
ys(2) = -0.3+R0;
zs(3) = 0.1;
ys(3) = -0.3+R0;
zs(4) = -0.1; ys(4) = -0.3+R0;
zs(5) = 0.0;
ys(5) = -0.3+R0;
zs(6) = 0.1;
ys(6) = -0.3+R0;
zs(7) = -0.1; ys(7) = -0.3+R0;
zs(8) = 0.0;
ys(8) = -0.3+R0;
zs(9) = 0.1;
ys(9) = -0.3+R0;
zs(10)
zs(11)
zs(12)
zs(13)
zs(14)
zs(15)
zs(16)
zs(17)
zs(18)

=
=
=
=
=
=
=
=
=

-0.2;
0.0;
0.2;
-0.2;
0.0;
0.2;
-0.2;
0.0;
0.2;

ys(10)
ys(11)
ys(12)
ys(13)
ys(14)
ys(15)
ys(16)
ys(17)
ys(18)

=
=
=
=
=
=
=
=
=

0.3+R0;
0.3+R0;
0.3+R0;
0.3+R0;
0.3+R0;
0.3+R0;
0.3+R0;
0.3+R0;
0.3+R0;

fs(1)
fs(2)
fs(3)
fs(4)
fs(5)
fs(6)
fs(7)
fs(8)
fs(9)

fs(10)
fs(11)
fs(12)
fs(13)
fs(14)
fs(15)
fs(16)
fs(17)
fs(18)

xs = xs(scatter_select); ys = ys(scatter_select); zs =
zs(scatter_select);
fs = fs(scatter_select);
xs = xs*2.5;
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=
=
=
=
=
=
=
=
=

1;
1;
1;
1;
1;
1;
1;
1;
1;
=
=
=
=
=
=
=
=
=

1;
1;
1;
1;
1;
1;
1;
1;
1;

zs = zs*2.5;
%% Antenna Aperture
% # of transmitter antennas
Ntx=3; % x-axis
Ntz=3; % z-axis
Ltx=0.2; % dimension of array aperture (m) for x-axis
Ltz=0.2; % dimension of array aperture (m) for z-axis
% # of transmitter antennas
Nrx=10; % x-axis
Nrz=10; % z-axis
Lrx=2; % dimension of array aperture (m) for x-axis
Lrz=2; % dimension of array aperture (m) for z-axis
% spatial domains of
if Ntx == 1
xt=0;
else
% transmitters in x-axis
xt=linspace(-Ltx/2 , Ltx/2 , Ntx);
end
if Ntz == 1
zt=0;
else
% transmitters in z-axis
zt=linspace(-Ltz/2 , Ltz/2 , Ntz);
end
[zt,xt] = ndgrid(zt,xt);
Nt=Ntx*Ntz; % # of transmitter antennas
yt=zeros(Ntx,Ntz);
% spatial domains of
if Nrx == 1
xr=0;
else
% receivers in x-axis
xr=linspace(-Lrx/2 , Lrx/2 , Nrx);
end
if Nrz == 1
zr=0;
else
% receivers in z-axis
zr=linspace(-Lrz/2 , Lrz/2 , Nrz);
end
[zr,xr] = ndgrid(zr,xr);
Nr=Nrx*Nrz;
yr=zeros(Nrx,Nrz);
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%% Frequency Definitions
Eo=1;
izt=3e8; % Propagation speed
cj=sqrt(-1); % complex number (j)
fmin=9e9; % min. operating freq.
fmax=15e9; % max. operating freq.
fstep=3e7; % freq. step (for sampling)
f = fmin:fstep:fmax;
% frequncy range
k=2*pi*f/izt;
% wavenumber
Nk = numel(k); % number of sampling frequency
%% Data acquisition- Freq. Domain Data Sampling
U = zeros(Nt,Nr,Nk); % received field
Ud = zeros(Nr,Nk);
sc = 1/4/pi;
for n=1:Nt
for ii=1:Ns
% Rt: distance between transmitter antenna and point target
Rt = sqrt((xt(n)-xs(ii)).^2 + (yt(n)-ys(ii)).^2 + (zt(n)zs(ii)).^2 );
for m=1:Nr
% Rr: distance between transmitter antenna and point target
Rr = sqrt((xr(m)-xs(ii))^2 + (yr(m)-ys(ii))^2 + (zr(m)zs(ii))^2 );
R=(Rt+Rr); % total distance
% Field transmitted from a single antenna and received by
% multiple receiver antennas
U(n,m,:)=transpose(squeeze(U(n,m,:)))+(Eo*sc/(Rr*Rt))*exp(cj*2*pi*f*R/izt)*fs(ii);
end
end
end
%% Signal Processing
NX_tar=200;
NZ_tar=200;
NY_tar=100;
xtar_im=linspace(-Dx/2 , Dx/2 , NX_tar);
ztar_im=linspace(-Dz/2 , Dz/2 , NZ_tar);
ytar_im=linspace(R0-(Dy/2) , R0+(Dy/2) , NY_tar);
[xtar,ytar,ztar] = ndgrid(xtar_im,ytar_im,ztar_im);
Stotal=zeros(NX_tar, NY_tar, NZ_tar);

for n=1:Nt
S=zeros(NX_tar, NY_tar, NZ_tar);
for m=1:Nr
U1(m,:)=cj*2*pi*f.*transpose(squeeze(U(n,m,:))); % first
derivative of received field
U2(m,:)=cj*2*pi*f.*(U1(m,:)); % second derivative of received
field
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end
% Rt: distance between transmitter antenna and migration point
Rt = sqrt((xt(n)-xtar).^2 + (yt(n)-ytar).^2 + (zt(n)-ztar).^2 );
der_Rt=(yt(n)-ytar)./Rt;
for ir=1:Nr
Rr = sqrt((xr(ir)-xtar).^2 + (yr(ir)-ytar).^2 + (zr(ir)ztar).^2 );
der_Rr=(yr(ir)-ytar)./Rr;
R=(Rt+Rr);
der=der_Rt.*der_Rr;
t1=der.*Rr.*Rt/izt^2;
t2=der.*R/izt;
for ii=1:Nk
kk = k(ii);
tmp = (t1*U2(ir,ii)+t2*U1(ir,ii)+der*U(n,ir,ii));
tmp = tmp.*exp(cj*kk*R);
S = S-4*tmp;
end
end
Stotal=Stotal+S;
end
Stotal=abs(Stotal);
Simage=Stotal/max(Stotal(:));
figure
for ii=1:NY_tar
image(squeeze(60*Simage(:,ii,:)))
xlabel(ii)
pause(0.3);
end
x_samples=linspace(-Dx/2,Dx/2,NX_tar);
y_samples=linspace(-(Dy/2)+R0,(Dy/2)+R0,NY_tar);
z_samples=linspace(-Dz/2, Dz/2, NZ_tar);
Simage_db = 20*log10(Simage);
fsparse = Simage_db>-10;
figure, hold all
for ix=1:NX_tar
ix
x = x_samples(ix);
for iy=1:NY_tar
y = y_samples(iy);
for iz=1:NZ_tar
z = z_samples(iz);
if fsparse(ix,iy,iz)
plot3(x,y,z,'b.')
end
end
end
end
axis([-Dx/2 Dx/2 R0-(Dy/2) R0+(Dy/2) -Dz/2 Dz/2])
xlabel('X'); ylabel('Y'); zlabel('Z');
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